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ABSTRACT: A hollow cylindrical torsional apparatus (HCTA) estly developed at University of Bristol, UK is peased. The HCTA
apparatus is testing granular soils in drained amdrained, in monotonic but also dynamic loadingditions, and it is equipped with a
complex strain measurement system based on highuties non-contact transducers. The experimergaébpments are designed to allow
the study of the pre-failure deformation charast&s and the large strains behaviour, via a canotis test on a single specimen and, thus,
analyse the soil stiffness with the evolution & girain and stress levels. While the experimatgaélopments and apparatus capabilities in
large strains have been explored and validated ieaalier study, this paper describes mainly threeigion measurement system, including

the assessment of its performance with referenteetsoil stiffness.

1. INTRODUCTION

Rotation of principal axes of stress or strain oséarmpractice under
most types of loading (Arthur et al., 1980) and,owing the
anisotropic nature of strength and deformation attaristics of
soils, this cannot be ignored. One approach toysidaboratory
the effect of principal stress or strain rotatianto apply to a
cylindrical sample simultaneously a combined asat torsional
loads (or axial and shear strains) so that thededwshear stress will
cause the principal stress to rotate from the eartiirection. There
is however an inevitable radial variation of stemssnd of strains
and this can be minimized via a thin wall hollowigirical sample.
A Hollow Cylinder Torsional Apparatus (HCTA) can théore
control four degree of external freedom includitigtteree principal
stresses and the rotation of one set of principesd.a

In most geotechnical problems, excluding partidylar
deformable soils such as soft clays or loose sahéspperational
strain domain ranges from very small to medium,s lékan
around 1¢ m/m (Jardine et al., 1986). Advanced numerical ysisl
can be used to predict serviceability response @dterhnical
systems. However, owing to the complexity of th# Behavior in
this range of strains, realistic prediction of grdudeformations and
geotechnical structural displacements is only fobssiif the
constitutive models of soil deformation and stifee— essential
ingredients of any numerical analysis — are supgohty relatively
sophisticated soil laboratory testing and data (Blay2010).

In the laboratory the measurement of stiffnessaifs in the
small strain domain can be achieved using the vdtlg three
methods: the resonant column test (Hardin and RicH#63,
Hardin and Black, 1966), the measurements of they bedve
velocities within the soil element (Shirley and Haton, 1978,
Schultheiss, 1980, Dyvik and Madshus, 1985, Viggiamd
Atkinson, 1995, Brignoli et al., 1996, Pennington adt, 1997,
Cazacliu and Di Benedetto, 1998, Yamashita et aD9p@nd the
direct measurement of small strain and stress &mp during
monotonic or cyclic quasi-static loading - deperidem very
accurate and reliable measuring transducers. Whgefirst two
methods present real challenges in data interppetéArroyo et al.,
2006, Clayton et al., 2009) based on the theoryafenpropagation
and require either prior knowledge of a constiitinodel for soil or
manipulation of continuum medium theory assumptichs latter
has the advantage of giving direct access to iffeests of the soils
providing that the measurement system is capablerabving the
measurement errors.

Jardine et al. (1984) and Baldi et al. (1988) idgrkie potential
measurement errors induced by insufficient prenisaccuracy of
the sensors and data acquisition, compliance afingasystem and
misalignment, sample bedding/seating effects. ltalso widely
recognized that the stiffness of sand, evaluateth wiaditional
external strain measurements is smaller than te&rmhined by
measurements in the central part of the sampld($hiet al., 1992,

Tatsuoka et al.,, 1994). At the same time, it is esimble
requirement of soil laboratory investigation to dfgle to study the
pre-failure deformation characteristics and the gdar strain
behaviour, up to 15 x m/m, using a continuous test on a single
soil sample. That is, to analyze the soil stiffnedth the evolution
of the strain and stress levels (Tatsuoka et &98)L In these
conditions, any development of local strain meawer system,
especially for a HCTA, represents a real techniballenge. If the
type of the transducer (Linear Variable Differehtiaansformer
(LVDT), Hall Effect, non-contact, Local Deformatiofransducers
(LDT), for example) could drive the specific desigfithe mounting
system, the balance between the necessary sesstutien and its
measurement range could often require the re-pasig of the
sensors during the tests. In addition, the mounsiygtem should
accommodate coupled tri-dimensional displacementsl ahe
development of inevitable sample non-uniformiti@sveral types of
torsional shear apparatus have been developedder do have
access to pre-failure characteristics of soils undenditions of
rotating principal axes (Hight et al., 1983, Lo ®reet al., 1993,
Zdravkovic and Jardine, 1997, Connolly and Kuwan®99
Chaudhary et al.,, 2004, O’'Kelly and Naughton, 2008)e most
complex measurement systems for torsional hollowindsical
apparatus use non-contact sensors and bender éte(@azacliu
and Di Benedetto, 1998) and LDTs and non-contactsthacers
(HongNam and Koseki, 2003).

A new hollow cylindrical torsional apparatus wascemetly
developed at the Department of Civil Engineering,jversity of
Bristol, UK. The HCTA apparatus is testing granulaitssin drained
and undrained, in monotonic but also dynamic logdionditions,
and it is equipped with a complex strain measuré¢rmsgstem based
on high resolution non-contact sensors designeadede access to
the soil stiffness, including its evolution withetlyeneral strain and
stress levels. While the general apparatus capebilincluding
large strain behaviour have been explored and at@édthrough a
preliminary work conducted on sand by Boung ShikO&)0 this
paper is concentrating on the description of thecigion strain
measurement system, the assessment of its perfoemand
validation through some basic testing loading ctioiwis.

2. HOLLOW CYLINDRICAL TORSIONAL APPARATUS
2.1 General description

The HCTA consists of a 2@0confining cell fitted with internal tie
bars. An overall view of the apparatus is giverFig. 1. Any cell

pressure up to 800kPa can be safely employed. pparatus can
test samples with an outside diameter of 100mm, r@0wall

thickness and 200mm height. The degree of stredsstain non-
uniformities, inevitable as a result of the samplevature and the
restraint at its ends, is directly related to tlaengle dimensions.
Sayao and Vaid (1991) suggested the following dbkar
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dimensions of the hollow cylindrical sample: (i) livéhickness
between 20 and 26 mm; (ii) ratio of inner to outadius ranging
between 0.65 and 0.82; (jii) ratio of height to erudiameter from
1.8 to 2.2. Our sample dimensions satisfy the fasd third
condition, while for the second one the ratio afento outer radius
is 0.6, close to the lower limit.

Figure 1 Overall view of the HCTA.

Compared with an average value, the shear straissitne wall

volume, and the other one for the inner cell varret. The two

volume change measurements, corrected for the nasmbr
penetration effects and combined with the heighiatians given by

the LVDTs, allow the calculation of the radial (8mand outer)

specimen displacements. Three pressure transdioscerentinuous

recording of the inner cell,;pouter cell, p, and pore water, u,
pressures also equip the HCTA. In order to limit émeors in the

measurement of the volume changes and pore pressudzainage

system with minimum length and very stiff tubes aat/es without

volume variations were installed. Assessment ofnsiacers

resolution, long-term stability, calibration chaexistics and

experimental procedures are given by Boung ShikgR00

2.4  Control system

The axial and rotational pneumatic loading provided the
frictionless Belloframair cylinders are digitally controlled by a pair
of manostat units with a minimum pressure changeement of
0.1kPa. A third manostat unit can be used for tirrol of the inner
and outer sample confining pressures but thessymes can also be
manually controlled through pressure regulators1@ channels
Datascan analogue/digital unit with 16 bits resolutand adapted
data acquisition software complet the pneumati¢robeystem.

The control of the hydraulic system for the axiaick, torque,
and pressures;,pp,, and u is done by a central five axes Instron
controller unit that integrates GPIB and PCI card$ @ari6 channels
analogue/digital data acquisition system with abit8 resolution.

varies between + e/D, where e is the wall thickrasd D is the The data acquisition and control is based on atrdnsbuilt in

average diameter. A low ratio of wall thicknessdiameter would software and a LabVIEW programme as specific iatsffor soil
increase the uniformity of the shear strain, butiaalso increase mechanics stress and strain control (or relatethivias). The latter
the gradient of radial stress if internal and exdépressures are not is in progress of upgrading thus responding speaifeds for

the same. A compromise was necessary.

2.2 Loading system

The apparatus has the benefit of two
(compression/extension)/rotational loading systeore hydraulic
(two actuators located on the top of the cell) &nel other one
pneumatic (frictionless air cylinders - Belloframodel — located on
the bottom of the cell). Three servo hydraulicselle also available
for the control of the inner cell pressureg, quter cell pressurep
and u, the pore water pressure in the sample. Hitiaa, an
independent pneumatic pressurising system forpp and u, is
accessible through a control panel fitted with aadevery accurate
manual pressure regulators, three air/water irgerélls, and three
pressure gauges. The control system is fitted gitpropriate
connections to allow the control of either equalddferent inner
cell/outer pressures, but also to assist as apptefyr the change
between the hydraulic and pneumatic pressure Igaglistems. The
use of the hydraulic system is required for cydltiamic soil
investigations (high quality control for frequersiep to 20Hz) and
is essential for the small strain soil investigatas any change of
the loading direction needs to be virtually backldeee. In this
study, the axial/rotational hydraulic system wasplayed for
monotonic and quasi-static cyclic loadings while tontrol of the
inner/outer cell and pore pressures was done migrimalsing the
pneumatic system.

2.3 Overall sample measurement system

The HCTA is fitted with a submersible combined ftorque load
cell with 8kN/400Nm capacity placed inside the doinfy cell, at
the top of the specimen to eliminate the effectgpafasitic ram
friction. For a very dense sample, no more tharkR@Oof effective
cell confining stress can be employed. The ovexrsilhl and shear
strain measurements are provided by a LVDTs (Linéariable
Differential Transformers) and a RCDT (Rotary Capaeitiv
Displacement Transducer), respectively. Both traosdu are
located outside the pressurising cell, and fix¢degiabove or below
the cell depending on the axial/rotational loaditype system
employed - hydraulic or pneumatic. Two identicalwoe change
devices are also used, one for the measuremeiné¢ aiverall sample

independenial ax3.1

application and control of complex stress/straithpa
3. SMALL STRAIN STIFFNESS
Small strain domain

As precision of strain measurement of soil sampéesspectacularly
improved over the last two-three decades, it haerne clear that
the region of stress or strain in which soils migket described as
perfectly elastic is very small corresponding taist levels of the
order of 1%-10° m/m (Y1 boundary region in the stress space,
Jardine, 1992, Tatsuoka and Shibuya, 1992). Assthan level
increases beyond the elastic zone the soil stfii@és off rapidly
(Lo Presti et al., 1997, Clayton and Heymann, 200Eformation
and strength characteristics of most soils are llysnat isotropic:
the elastic properties depend on the orientatiothefco-ordinate
axes to which the properties are referred and thienal is said to
be anisotropic. Anisotropy (and its descriptioniniportant because
of the effect that it has an attracting stresspapagation of shear
waves and on the seismic response of granular iaaté8impson et
al., 1996). Therefore, there is a real need forpleta studies on the
soil stiffness and inherent and stress-inducethstt anisotropy in
more complex stress conditions.

3.2 Compliance matrix

For a linear elastic material, the relationshipween strain, €]
and effective stress tensore,[, is described by the equatior?]

= [C%«] [0«], where [Cy] is the stress state-independent elastic
compliance matrix. For a hypoelastic material, thinstitutive
equation is valid only in terms of stress and stiacrements, and
takes the form: [ef;] = [(C1)%u] [dO ], where [(G)%«] is assumed
to be symmetrical and independent of the effectivess increment
path (provided the stress increments are suffigiestall), but
dependent on stress state or stress history. Fiso&mopic material,
only two elastic constants, Young's modulus (E) Bedisson’s ratio
(v) are required to describe the terms of the compéamatrix.
However, a general description of an anisotropasted material
requires 36 independent parameters, which becomeviftl the
assumption of a symmetrical compliance matrix dor9orthotropic
behaviour. As many soils deposited naturally or drtificial
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conditions exhibit cross-anisotropic deformatiomperties, which
are symmetrical about the vertical axis. Cross-arapgy requires
only five independent elastic parameters for tharatterisation of
soil properties, & En, VY, Van and Gy, where V', ‘h’ and G
represent, respectively, the vertical directione thorizontal
directions and the shear modulus. Even for thigdanodel, only
limited experimental data are available for thel fubmpliance
matrix [(Cy)%«] (Bellotti et al., 1996, Fioravante, 2000, Lingsakt

2000, Chaudhary et al., 2004, Kuwano and Jardid@2 2Duttine et
al., 2007).

Recently, two hypoelastic models, DBGS (Di Benedettalg
2001, Geoffroy et al., 2003) and IS (HongNam arabé&ki, 2005)
have been developed to simulate the stress-indanesbtropy of
quasi-elastic deformation properties of sand, watid without
rotation of principal stress axes. The latter modédes also into
account the effects of inherent anisotropy. Bothdist - using
torsional hollow cylinder apparatus and sand spessn and
following different stress paths - conducted experital
investigations of some terms of the 4x49@quivalent incremental
compliance matrix of [g] = [C® [do] constitutive equation and
with:

1 U U
dé.rsa E Ee E, darsa

U, U

sa e = 20 sa
dé’e _ Er Eg Ez dde (1)
de3? L U 1 do3?
E E
dySon2 0' Og OZ 1| drsev2
L 2G,, |

where y represents the shear strain, the subscript®,‘rz’ the

cylindrical references, while the superscript ‘saeans ‘single
amplitude’ which is taken as the half of double &tage of quasi-
static cyclic stresses and strains. The experirheasalts on sand
show that this equivalent matrix seems to be inddeet of the
loading direction and relatively constant in thaysmall strain

domain, lower than 2-3x10 A limit compliance matrix could be
defined in this small strain domain.

3.3 Small strain measurement system

A general view of the local system of measurementtains
developed for the new hollow cylinder torsional amus is shown
in Figure 2. Six non-contact displacememttransducers (based on
eddy current effect) with a measurement range aihZmve been
selected for their excellent technical qualitiessalution, linearity,
long-term stability, and waterproof. A typical timesponse of ae
transducer shows a resolution better thap®.{Figure 3).

The vertical and circumferential displacementsrmeasured in
the central part of the specimen using two pairsnof-contact
transducers fixed on stainless steel rods. The esponding
rectangular aluminium plate targets are fixed #ecént locations
on the outer side of the sample, as schematichtiyvs in Figures
4a and 4b. The outer radial sample displacemeatdextuced by the
average of the measurements given by two non-cotrtsducers
pointing aluminium foil targets placed on the sagplside of the
outer membrane - in direct contact with the sanidufe 4c). A
specific study by Ibraim (1993) showed that the sneaments
performed by this type of transducers are not erfted by the
presence of the membrane between the sensor andrged, the
penetration of the target (aluminium foil) by thend grains or by
the slight rotations of the target relative to gensor. While one
LVDT, positioned as shown in Figure 4c, can be ufeddirect
measurements of the inner radial sample displacesném this
study, the current inner radius changes have beknlated from
the volume changes of the inner cell (correctedtlier membrane
penetration effects) combined with the vertical gnvariations.

A common test procedure for small strain and evaubf the
quasi-elastic properties corresponds to the répetif two stages
applied at different levels of the stress path Fg5). First, a
monotonic loading (axial compression or extenstongue) brings
the specimen to a deformed state, 1,..i,..n. Secandhis state,
called the investigation point, the behaviour af 8pecimen in the
small strain domain is studied by application afuasi-static cyclic
loading of small amplitude. This step is repeatpdailarge strains.
Technically, the resolution of a non-contact trarcsd is increasing
with the decrease of its measurement range. Inrotoetake
advantage of this high resolution over a comples &nd up to
large strains, the non-contact transducers havéetore-located
during a complete test, so the best accuracy fainstis maintained
at each investigation point 1,..i,..n. Thereforemplex technical
solutions have been developed in this case for patrhof the non-
contact transducers in order to allow the adjustroétheir position
from outside the confining cell.

Figure 2 Local small strain measurement systems.
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Figure 3 Typical output of a hon-contaet sensor.
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In principle, the rotational movement of the dristeaft which
passes through the bottom of the cell plate isstoamed by a
system of bevel gears into horizontal, verticalcocumferential
transducer displacements (Figure 4). Preliminarjbiedion tests
showed that the mounting systems respond well upcsssure and
submerged conditions: while the re-positioningtef transducers is
done with minimal effort, once the new positionreached, the
transducers are fully fixed and system does notvaliny parasitic
movements to occur. In addition, no water leakhatbottom of the
cell or pressure cell drops have been observedaét investigation
point, small quasi-static unload/reload cycles tteam be performed
and thus explore the amount of reversibility alatifferent stress
and strain paths. Appropriate control of stressdfowa
determination of various elements of the complianrix, [C]
2).

It is well known that the inaccuracies on the valud the
variables measured with transducers are induced lseries of
random errors normally due to: (i) the electricnsigoutput of the
transducer and to the resolution of data acquisitinit (noise,
hysteresis, repeatability); (ii) the sensitivity tbe sensors: linearity
of the calibration curve, measurement of the catibn factor,
accuracy of the calibration device; (iii) the vitljdof the postulated
hypothesis of homogeneous strain field developrdaring the test;
(iv) the accuracy of the measurement of the inifample size.
During repeated measurements of a given varidbthese random
errors lead to a scatter of measurements arourgba ralue m An
indication of this scatter is given by the standdesliationcs, which
represents the precision of the measured varigblerhe full
derivation of the mean and standard deviation efvhriablesd of
the HCTA high precision transducers based on théodedf central
moments was given by Palomero (2002) and Christig2086).
Based on these values, it was then possible to astinthe
theoretical precisions with which the strains coblel calculated:
2x10°% for axial strain,e, 5x10° for radial strain,s, 107 for
circumferential straingg, and 1@ for shear strairy.

4. EXPERIMENTAL RESULTS AND VALIDATION

A first series of preliminary test has been perfednon dry Hostun
RF (S28) sand samples prepared by air pluviatiooutitr a funnel
with zero height of fall of sand (Christiaens, 2Q06)

The grain size distribution of the Hostun RF (S28hds is
shown in Figure 6 while its physical characterstize: mean grain
size, By = 0.38mm, coefficient of uniformity, (= Dgo/D1o= 1.9,
coefficient of gradation, &= (D30)%(D1¢Dgo) = 0.97, maximum and
minimum void ratio, gax= 1.041, gi, = 0.648, and specific gravity
Gg = 2.65.
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Figure 6 Grain size distribution of Hostun RF (S&a8hd

These preliminary tests allowed the assessmertteofesponse
of the non-contact transducers including small raedal
adjustments to the mounting systems, proceduressalutions for
the fixing of the local measurement targets for abxand
circumferential displacements. The targets corgidtétially of
individual aluminium plates directly attached te tpecimen’s wall
with the aid of two pins of 0.5 mm diameter pushkedugh the
membrane into the sand specimen. The transducgrsise showed
that this solution does not provide a good fixifytlee target and
subsequently was replaced by setting up the targetstwo
aluminum rings, each ring being attached on therootembrane
(Figure 7) on three points through flexible susp@m&onnections,
as initially proposed by Di Benedetto et al. (2001).

Figure 7 Aluminum targets fixed on two rings lochten the
central part of the specimen (top and bottom); flexible
suspension connections are glued on the outer nagmbr

Figure 8 shows the initial response of a dry saardpe (initial
void ratio, g=0.755) subjected to a triaxial compression loading
confining stress of 78 kPa. The relationship betwtes deviator
stress and the locally measured axial strain atl stnains less than
2-3x10° is quasi-linear while for the external measuretgioie the
confining cell) there is no separation between displacement of
the sample and the compliance and bedding errdws.ifitial and

15

Hostun RF sand
e,=0.755

AXIAL STRESS (kPa)

Epnax= 180 MPa

0 0.00005 0.0001

AXIAL STRAIN (m/m)

Figure 8 Initial deviator stress—strain responseérgfsand in
triaxial compression: local and external axialistraeasurements.

A second series of tests has been performed orrasedu
samples. The saturation procedure followed the lusvrabination
of CO,/de-aired water flushing and back-pressure apjicatThe
local measurement systems were tested for sampleded in
isotropic conditions but also in triaxial compressiloading. The
inner and outer cell pressures were kept equalitfimout the tests
so that the circumferential stress was always etmahe radial
stress. Two typical tests and subsequent resdtprasented in this
paper.

A sand specimen (fabrication void ratip=0.756) was initially
subjected to an isotropic consolidation up to a mmedfective
pressure, p’, of 300 kPa (Figure 9). The performanitthe loading
and measurement systems to provide access toaswcgbroperties
of the sand material was assessed at differengsstrevestigation
points (1 to 5, Figure 9), approximately every $akoy application
of successive and independent small cyclic loadingsertical and
torsional directions. Different cyclic amplitudesnda loading
frequencies have been employed.
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small stiffness
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Figure 9 Mean effective stress (p’) - void rat) felationship
during isotropic consolidation.

Figure 10 shows the time history of the axial ahdas stresses
applied to the sample at an investigation point9p'%«Pa. Small
load/unload cycles of magnitudes up to +6 kPa inice direction
and *3 kPa in torsional direction were applied #ferknt time
intervals. During these cycles only one stress aorapt was
changed at a time and it can be observed that glthi@ torsional
cycles the hydraulic system effectively maintaine tonstant axial

maximum Young’'s modulus & of 180 MPa appears in good |g5q (Figure 10).

agreement with the expected value for this sandsitieand stress
condition (Cazacliu, 1996).
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Figure 10 Time history of the axial (red) and shigdue) stress
cycles at an investigation point p’=95 kPa with Brnmad/unload
cycles of magnitudes up to +6 kPa in vertical dimetand +£3 kPa

in torsional direction.

The quality of the axial and torsional cyclic loagé has been
assessed against different loading frequencies0826Hz, 0.25Hz,
0.025Hz for axial direction and 0.065Hz, 0.025Hd @h1Hz for
torsional direction. For the amplitudes of cycliadling employed,
and for both axial and torsional directions, it vedsserved that the
best control of the cyclic load is obtained for eqlency of
0.025Hz. Two pairs of small load/unload axial aatsional cycles
performed at this frequency have been isolated presented
together with the recorded corresponding straipoeses in the
Figures 11-14. As can be observed from these figuree start of
the loading is very smooth and the loading ratealbthe selected
cases appears constant with no backlash or timeridahe reversal
of the load with just one exception, when the toral cyclic stress
level is very low, up to +1 kPa (Figure 13). Thdadvand shear
strain responses recorded with the local measuresystems are
also presented in Figures 11-14. The axial andrséteains show an
excellent repeatability of the responses for thmsecessive cycles.
The double amplitude of the cyclic axial strainp@sse reaches
2x10° for +2.5 kPa cyclic axial stress amplitude (Figur® and
4.3x10° for #5.5 kPa cyclic axial stress amplitude (Figa&. For
each axial cyclic loading, the superposition of tieess-strain
relations is identical and linear with no hystesesir energy
dissipation. It can also be observed from Figuresidd 12 that the
equivalent vertical Young's modulus,,Ealculated from inclination
of stress-strain response is nearly the same fibr yelic amplitude
levels. Similar observations can be made on tharséeess-strain
probing shown in Figures 13 and 14. The double duogd of the
cyclic shear strain response reaches 1.3xft® +1.0 kPa cyclic
shear stress amplitude (Figure 13) and 4.3x0 +2.5 kPa cyclic
shear stress amplitude (Figure 14).

Figures 15 and 16 show some typical small loadadhloycles
applied in axial and torsional directions, respadi, at some
different confining pressures. The Young's, Bnd shear,
moduli were calculated from the slopes, as showthé figures.
One can comment on the quality of the recordednstesponses by
the local measurement systems which are able totifgethe
behaviour for small double amplitudes of cycli@astrwith the order
of 0.65x10° for axial direction and 1.2x10for torsional direction.
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Hameury (1995) proposed the following expressiothefvoid ratio
function for the Hostun RF sand:

Fo) = (301-¢)? @)

1+e

It is also recognised that the shear modulus isipnaependent
on the two normal stresses acting on the plane hefars and
independent of the stress acting normal (Roeslé9)19

Figure 17 shows the pressure dependency of shéayaung's
moduli obtained from the isotropic compression.t@s$te effect of
the void ratio variation is removed by normalisiti;e E and Gy
values by the void ratio function (2). It can besetved that on the
full logarithmic plot both moduli increase almogtdarly with the
mean effective stress, p’ (for isotropic consolidiato , =o’g=p’).
Therefore, Ef(e) and Gy/f(e) can both be modelled as a function of
p’™ with constant power values of 0.43 and 0.54 respectively.
These exponent values are within the expected sdhresand and
close to those obtained by Cazacliu (1998) and Ham@®95). In
the equations presented in the Figure 17represents a reference
pressure of 1 kPa.

1000

Isotropic compression loading

D‘? G';=0'r=0'g=p'
= p'r = 1kPa 0.43
~ E./(f(e)= 11.08(p'/p r) (MPa)
2 R*=0.99
\EP 100 §
o
@ / 0.54
o Ggelf(e) =2.67(p'Ip)~ (MPa)
e | R?=0.9991
10 100 1000

p' (kPa)

Figure 17 Pressure dependencies odiitl Gy moduli in isotropic
compression loading.

The Poisson’s ratioy,s, was calculated by linear regression
analysis through the unload/reload response ofl,axia and
circumferential,&q, strains at different consolidation pressures, as
shown as an example in Figure 18. The calculatidnthe
circumferential strain is based only on the outdius variation
obtained through the use of the non-contact meamne system.
The Poisson’s ratiosy,;, seem to be independent of the mean
effective pressure, p’ (Figure 19). The averageiwalfv,q for the
confining pressures employed in this study is adoQr24 which is
again in accord with Cazacliu and Di Benedetto (1998)

4.0E-06
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1.0E-06 |
= 0.0E+00
-5 -5 5 -5 E
410 210 0 -2 10 -4 10 E -1.0E-06 -
Ay , m/m 3 -20E-06 |
z6 W
Figure 16 Typical small load/unload shear cycles ddferent < 3.0E-06 1
investigation points during the isotropic consdiida. 4 0E-06 |
It is already established that the elastic Youngisdulus is 50806 1
dependent on the normal Stress in the direCtiormeasurement _G'OE_O?ME-OB 1.62E-03 1.62E-03 1.63E-03 1.63E-03 1.64E-03 1.64E-03 1.65E-03 1.65E-03
following a power law (Hardin and Blandford, 198%tsuoka et al., ' ' ' ' ' ' ' ) '
1999). The density of soil also affects the stiémeand its influence Ag; (m/m)
is normally taken into account by the use of a waitio function, Figure 18 Typical determination of the Poissonoratjg at a

F(e). Based on a large experimental data obtainech fresonant

. : confining pressure of 44kPa
column tests, shear wave propagation and locahsimaasurements,
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Figure 19 Poisson rati®,g during isotropic consolidation

Once the effective mean pressure, p’, reached 308, khe
isotropic confining pressure was reduced to 100 ldpd the
specimen was subjected to a drained triaxial cossjwa test up to a
deviator stress, q &',-0's, of 141 kPa, corresponding to approxi
25’ mobilised angle of friction. The initial deviatstress-axial strai
responses recorded by the local measurement systenell as by
the external LVDTs are shown in the Figure 20. Apeeted, the
stiffness recorded by the local measurement systdnigher than the
stiffness given by the external one. The slopéefititial part of the
stress-strain curve gives an initial stiffnress &52MPa. The
evolution of the secant Young's modulus with thraistlevel up to
10* m/m is presented in Figure 21. In spite of sonmitsc of data
observed for axial strains below 3 x%@n/m, the stiffness of the
sand appears to exhibit a plateau at strain lavelso 2x 1¢ m/m
(around 225 MPa).

20
18 1

(kPa)
5 R >

=y
o

Epnax = 225

DEVIATOR STRESS
o n e (=] (o=

0.00004 0.00006 0.00008

AXIAL STRAIN (m/m)
Figure 20 Initial deviator stress—axial strainp@sse in triaxial
compression: local and external axial strain mezamants.
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Figure 21 Axial Young's modulus variation with ld@ial strains
up to 106" m/m in triaxial compression loading

At different deviator stresses (investigation psjnand after
creep periods up to 40 minutes, several small diead cycles
were also applied in the vertical and torsionagctions. During the
axial cyclic loading, the axial stress was variedanstant confining
stress (and with no shear stress), while the toasishear loading
was applied at constant axial and confining stes$égures 22 and
23 show some typical small cycle responses in aaial torsional
directions, respectively. In general, the leveltloé applied cyclic
stress amplitude was relatively low and this a#ddh some way the
quality of the measurements especially for theidoed direction.
However, the moduli measured by linear regressitiovied almost
the same power laws as in the case of isotropigoession loading.
The Young’s modulus values normalised with the wmaitib function
could be represented as a functiorwgf with a power value of 0.41,
closer to m=0.44 obtained for the isotropic comgims Figure 24.
The normalised shear modulus could also be modblea function
of the product c@'z"‘lo'qmz), and since in triaxial compressiary and
0'g are not equal, the power exponents can be estintatdinear
regression as shown in Figure 25. Whilesth39 and m=0.20, their

matgum is also closer to the value of the power expbrg 0.54
n previously obtained on isotropic stress states.
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5. CONCLUSION

A hollow cylindrical torsional apparatus (HCTA) wascently
developed at University of Bristol, UK. The HCTA apgias is
designed for testing granular soils in drained amdrained, in
monotonic but also dynamic loading conditions, &nd equipped
with a complex strain measurement system basedgbnrésolution
non-contact transducers. The experimental develofsmeare
designed to allow the study of the pre-failure defation
characteristics and the large strains behavioaravtontinuous test
on a single specimen and, thus, analyse the sffilests with the
evolution of the strain and stress levels. Thisgpdpcuses mainly
on the precision measurement system and inclugeasttessment of
its performance with reference to the soil stiffnescorded during
isotropic and triaxial compression loadings. Onhe tYoung's
modulus and the shear modulus have been considerdar. The
results show that the new local measurement sysqrarforming
well over the range of the stresses employed; ptaves of stiffness
moduli with the normal stresses as typically obsdrfor sand
materials have been obtained. The next stage oxperimental
development nevertheless should involve improvemenit the
sample radial measurements (inner radius) as dlyrére radial
strain cannot provide the required precision foalsistrain domain.
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