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ABSTRACT: Imperial College (IC) electrolevel-inclinometer gages are used to measure the deformation
response of a test specimen within its central, uniformly-stressed gage length (free from specimen end
restraint and bedding effects). In particular, single-axis and double-axes inclinometer configurations that
measure the axial and twist deformation responses of test specimens in the IC hollow cylinder apparatus
(HCA) have been reported in the literature. This paper describes the measurement of the deformation
response of the smaller sized specimen tested in the University College Dublin HCA. The gage configurations
were modified (reduced gage length from 120 to 45 mm) in order to suit the more compact cell chamber and
the smaller specimen dimensions (50.0 mm outer radius). A set of equations, which build upon existing
formulations reported by IC researchers, are developed in the present study to address a source of significant
error in calculating the strain response. For example, the true torsional shear strain response following a stress
path test on Leighton Buzzard sand was overestimated by typically 30% and 90% in the cases of the single-
axis and double-axes gages, respectively. The equations take into consideration the specimen size and its axial
deformation; the initial gage length and the articulation of the inclinometer linkages as the specimen deforms
under loading, in determining the true strain response. The calibration of the inclinometers over the pseudo
elastic range using an optical table and a laser distance measuring system is also presented.

et al. 1983). Additional local instrumentation (for
example, proximity transducers (Hight et al. 1983;
1 INTRODUCTION O’Kelly and Naughton 2005b, 2008)) are required in
the case of the HCA to directly measure the radial
This paper studies the measurement of the torsional  displacements (u,, u;) of the outer and inner
shear strain (y,) response of the test specimen ina  specimen wall surfaces, respectively.
hollow cylinder apparatus (HCA) using local
instrumentation in the form of Imperial College-type
electrolevel inclinometers. In the HCA, a hollow
cylindrical test specimen is subjected to an axial
load (W); a torque (T) and outer and inner confining
pressures (P, and p;, respectively), Fig. la. It is
convenient to use a polar coordinate system for the
states of stress and deformation/strain in the
specimen.
The inclinometers considered in the present study
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measure the local axial deformation of triaxial test . p
specimens, and which were further developed by
Symes and Burland (1984) to measure the local axial
(w) and twist (6) deformations of specimens (Fig.

1b) tested in the Imperial College (IC) HCA (Hight Figure 1. Hollow cylinder specimen: (a) Applied loads and
confining pressures; (b) Specimen deformation response.




The inclinometers comprise electrolevels (sealed
inside stainless steel capsules) which are mounted on
mechanical linkages. The linkages are attached to
the rubber membrane, enclosing the outer wall
surface of the specimen, at two points using high-
strength contact glue.

The electrolevels comprise three co-planer
electrodes that are partially immersed in an
electrolyte contained inside a sealed glass receptacle
(Burland and Symes 1982). Relative axial and
circumferential displacements of the inclinometer
attachment pads during a test cause the electrolevel
capsules to tilt in the radial and circumferential
directions, respectively. The movement of the outer
specimen membrane exactly matches that of the
outer wall surface of the specimen (Tatsuoka et al.
1983). Hence, the axial and twist deformations of
the specimen can be related to the changes in the
electrical resistances that are measured between the
central and outer electrodes of the electrolevels.

The size of the void space in the electrolevel
capsule is such that the inclinometers experience
neutral buoyancy in-service. Hence, the deformation
response of the specimen is unaffected by the
presence/attachment of the inclinometer gages.

2 EXPERIMENTAL STUDY

Two inclinometer  configurations  were
incorporated in the development and instrumentation
of the University College Dublin (UCD) HCA
(O’Kelly and Naughton 2003, 2005b). Firstly, the
single-axis inclinometer (Fig. 2a) comprised a single
electrolevel capsule mounted on a mechanical
linkage that facilitated sliding of the capsule in the
axial direction, thereby simply measuring the twist
deformation response of the specimen. Secondly, the
double-axes inclinometer, which is used to measure
both the axial and twist deformation responses,
comprised two electrolevel capsules that were
mounted on a mechanical linkage (Fig. 2b).
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Figure 2. UCD iclinometers: (a) Single axis; (b) Doule axes.

The configuration of the linkages was modified to
reduce the initial gage (nominally 120 mm in the
Symes and Burland (1984) design) to 45 mm in
length. The reconfiguration was necessary in the
UCD HCA setup to facilitate free movement of the
linkage mechanisms when the specimen deformed
axially and to ensure that the specimen deformation
response was recorded within its central, uniformly-
stressed zone. Errors due to specimen end restraint
and bedding effects (Jardine et al. 1984; Baldi et al.
1988) are avoided when the deformation response is
measured within the mid-third of specimen length.
This was achieved by relocating the inclinometer
legs that attach the instrument to the outer specimen
membrane from the outermost to the innermost ends
of the electrolevel capsules (Fig. 2b).

The range and resolution of the UCD
inclinometers are listed in Table 1. The electrolevels
were powered at 5 V and outputted 50-mV/mm axial
deformation and 50 mV per three-degree twist,
which facilitated axial normal and torsional shear
strain measurements of the order of 10°% strain
(achieving the necessary resolution for deformation
measurements in the pseudo elastic range).

Table 1. Range, resolution and output of UCD inclinometers.

Deformation ~ Range Resolution  Output
(Volt)

Axial —~20t020mm 1x10*mm -1.0t01.0

Twist ~30t030deg 1x10*deg —0.5t00.5

The dual aims of this study are:

1) Building upon existing formulations reported by
IC researchers (for example, Symes and Burland
(1984), derive equations to compute the true
torional shear strain response for the UCD

single-axis and  double-axes inclinometer
configurations;
2) Develop a method of calibrating the

inclinometers with sufficient accuracy for
measurement of the axial and torsional shear
strains within the pseudo elastic range.

The equations must take into consideration the
size of the specimen and its axial deformation
response; the gage length (reduced to 45 mm) and
the articulation of the inclinometer linkages as the
specimen deforms under loading.

3 CALCULATION OF TORSIONAL SHEAR
STRAIN

The torsional shear strain v,, which was calculated
in this study by averaging over the cross-sectional



area of the specimen wall (O’Kelly and Naughton
2005b), is given by:
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where 0O is the total twist deformation that occurs
over the height (H) of the specimen, and r, and r; are
the outer and inner specimen radii, respectively,
measured during the course of a test in the HCA.

The inclinometers are used to determine the twist
deformation that occurs over an axial gage length
(L) located within the mid-third of the specimen
height (H). The twist deformation is calculated from
the inclinometer tilt (¢inci), which is measured in the
circumferential direction at a radius riy: the radial
distance from the specimen axis to the central
electrode of the electrolevel capsule. Referring to
Fig. 3, the twist deformation (0) can be related to

(I)incl as:

H tan ¢inc|

0= (2)

fincl

e ———

i Inclinometer

0

Figure 3. Twist deformation measured by inclinometer
(adopted from Connolly and Kuwano 1999).

The outer specimen radius (r,) is directly
measured (for example, using proximity transducers
(O’Kelly and Naughton 2005b, 2008)) during the
course of the test whereas the inclinometer radius
linct 1S NOt. Connolly and Kuwano (1999) noted that
it would be incorrect to calculate the twist
deformation of the specimen on the basis of the
measured radius r, instead of the inclinometer radius
linct, IN EQ. (2). A set of equations are developed in
the present study to determine the value of radius
rinci @t any stage during the course of a test.

In general, the radius ring is a function of the
specimen dimensions and axial deformation; the
inclinometer geometry and the initial gage length.

Figure 4 shows the arrangement of the modified
double-axes inclinometer (symmetry about hinge at
point a, Fig. 4).
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Figure 4. Geometry of UCD double-axes inclinometer.

The UCD double-axes inclinometers had
dimensions of A = 25.0 mm, B = 50.0 mm and C =
45.0 mm. Referring to Fig. 4, inclinometer radius
Finc IS given by:
fing = d+T0 )

where d is the distance from the outer specimen
wall surface to the center of the electrolevel capsule
and r, is the outer specimen radius, which is
measured during the course of the test.

The distance d changes as the specimen deforms
axially with distance d directly related to the gage
length (L;). However, distance d is independent of
any relative twist that occurs between the
inclinometer  attachment-points due to the
configuration of the linkage mechanism.

The gage length is calculated during the course of
the test as the difference between the initial gage
length (L), which is measured to 0.01 mm using
vernier calipers during specimen set up, and the
axial deflection (h), which is measured by the
inclinometer gage:

L,= L,—h (4)



The gage length and the distance d are functions
of the inclinometer tilt (8) that occurs in the radial
direction (Fig. 4). Hence, an expression can be
developed to relate inclinometer radius ri,q and the
axial deflection (h). The distance from the hinge
(point a in Fig. 4) to the outer specimen wall surface
IS given by:

|ag|+|e g| = |ab|+]|bf| (5)
From trigonometry, the distance d is related to the

gage length (L) and tilt angle (5) by:
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An expression can also be developed between
gage length L, and the angle 3. Referring to Fig. 4:

A= |ab|+|bc] (7)

Again, from trigonometry, the gage length L; is
related to the angle & by:

L,= 2 @Cos5-CSins_ (8)

In general, the tilt angle & can be simply
expressed as a function of the gage length L, by
rearranging Eqg. (8). The distance d can then be
expressed as a function of the gage length L, alone
by substituting this relationship for the tilt angle & in
Eq. (6).

The general equation relating inclinometer radius
rinc @and the measured distances r,, L, and the axial
deflection h is obtained by substituting for the
distance d in Eq. (3) and expressing the gage length
L, in terms of its initial value (L;) and the axial
deflection h, Eq. (4). For example, Fig. 5 and Eqg. (9)
give the relationship between the tilt angle 6 and the
gage length (L) for the UCD double-axes
inclinometers obtained by substituting dimensions A
=25.0 mm and C = 45.0 mm.
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Figure 5. Relationship between tilt angle 6 and gage length for
UCD double—axes inclinometer.

Substituting Eq. (9) back into Eq. (6) and setting
B = 50.0 mm and C = 45.0 mm gives the
relationship between the distance d and the gage
length L, (Fig. 6):

d= 0.35L,+27.9 (10)
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Figure 6. Relationship between distance d and gage length for
UCD double—axes inclinometer.

Finally, the expression that relates the
inclinometer radius rin and the measured distances
r, and the initial gage (L) and axial deflection h of
the UCD double axes-inclinometer is obtained by
substituting Egs. (4) and (10) back into Eq. (3):

fing = To+ @35 &, —h 3+ 27.9 (11)

In the case of the single-axis inclinometer, the
operation of the linkage mechanism is such that the
single electrolevel capsule (Fig. 2) simply measures
the relative twist displacement of the inclinometer
attachment points. The distance d from the outer
specimen wall surface to the center of the
electrolevel capsule remains constant, irrespective of
the specimen deformation response. Hence, in this
particular case, the inclinometer radius ri, and the
outer specimen radius (ro) are simply related by Eq.
(3). The distance d was set at 15.0 mm for the UCD
single-axis inclinometer.

4 CALIBRATION

The UCD inclinometers were calibrated using an
optical table and laser distance measurement system.
The optical table allowed set displacements in three
orthogonal directions to a resolution of 0.0025 mm.
hence, the tilt angle & of the electrolevel capsules
can be set to a resolution of 0.003 degrees
(equivalent to axial and torsional strain resolutions
of 1.3 x 10°% and 4.5 x 107°%, respectively).

The output signals from the UCD double-axes
inclinometers  were linear for pure axial
displacement h (Fig. 7a) and for tilt displacement
dinet Within the measurement range of —10° < ¢ine <
10°, (Fig. 7b).
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Figure 7. Calibration data for UCD double-axes inclinometer.

The linearity of the calibration data facilitated
multi-linear regression analysis of the test data
recorded during generalized stress path tests in the
UCD HCA (axial and twist deformations of the
specimen occurring simultaneously).

The output from the UCD single-axis
inclinometer was linear within its central
measurement range of —12° < ¢inel < 7°, (Fig. 8).
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Figure 8. Calibration data for UCD single-axis inclinometer.

The stability of the inclinometer signals was also
assessed and found to be adequate (standard
deviation significantly less than 0.5% mean voltage).
The output signals were recorded at 5 min intervals

over the 24-hour period before the start of each
stress path test. Longer-term stability checks were
also carried out.

5 SET UP OF LOCAL INSTRUMENTATION IN
UCD HCA

The development and set up of the UCD HCA has
been reported by O’Kelly and Naughton (2003,
2005b). The hollow cylindrical test specimen (50.0
mm in outer radius; 35.5 mm in inner radius and 200
mm in height) is subjected to a system of axial and
torsional loads and independently-controlled outer
and inner confining pressures.

Local instrumentation comprising inclinometer
gages and proximity transducers (O’Kelly and
Naughton 2008) allow accurate measurement of the
deformation response within the mid-third of the
specimen length.

Two axial and three twist deformations of up to
20 mm and 30 degrees, respectively, are recorded
around the specimen outer wall surface by three
inclinometer gages; namely, two UCD double-axis
gages located diametrically apart and a UCD single-
axis gage located midway between the double-axis
gages.

The radial displacements of the inner and outer
wall surfaces are measured near the mid-height of
the specimen by two proximity transducers (O’Kelly
and Naughton 2008). One proximity transducer is
located in the outer cell chamber and the second
transducer is located directly opposite within the
inner bore cavity of the specimen.

A suite of LabVIEW® programs monitor the
state of effective stress and the deformation response
of the specimen (O’Kelly and Naughton 2005a
2005b;). The local instrumentation interfaces with a
computer via a 24-bit data acquisition system for
closed-loop control in targeting a generalized stress
path. The expressions for the inclinometer radius rin
that have been developed in the present study are
readily programmable and were incorporated in the
control algorithm (O’Kelly and Naughton 2005a).

The control program automatically corrects for
membrane restraint effects (using the corrections
developed by Tatsuoka et al. (1986)) and for
membrane penetration effects using the technique
developed by Sivathayalan and Vaid (1998).

6 STRESS PATH TESTING

The error that arises in using the measured value of
the outer specimen radius r, instead of inclinometer
radius rine in calculating the torsional shear strain
response using EQ. (2) was assessed for a
generalized stress path test carried out in the UCD
HCA by O’Kelly and Naughton (2005b).



The fully saturated sand specimens (50.0 mm in
outer radius, 35.5 mm in inner radius and 200 mm in
length) was prepared in the UCD HCA using a wet
pluviation technique (O’Kelly and Naughton, 2005¢)
and densified to an initial void ratio of 80.8%
(medium to dense state). The properties of the
uniform medium sand material (white Leighton
Buzzard sand comprising sub-angular grains) have
been reported by O’Kelly and Naughton (2005b, c).

The test specimen was isotropically consolidated
to a mean effective confining stress (p”) of 200 kPa,
against an applied backpressure of 150 kPa. The
specimen was then anisotropically consolidated in
four steps, namely:

1) The effective stress ratio (R’) and the
intermediate principal stress parameter (b) were
linearly increased from R’ = 1.0 to 1.5 and b =
0.0 to 0.5, with p’ remaining fixed at 200 kPa.

2) Next, the orientation of the major principal stress
(0s) Was smoothly rotated from o, = 0 to 45°
from the vertical direction with the values of p’,
R’ and the b parameter remaining fixed.

3) The R’ value was increased again from R’ = 1.5
to 2.5, with the values of p’, the b parameter and
o, remaining fixed.

4) Finally, the principal stress difference (c1-03)
was increased by smoothly increasing the
torsional shear stress value from 40 kPa (applied
at end of step 2 above) to 250 kPa at which point
specimen failure occurred.

Figure 9 shows the true torsional shear strain
response during the shearing stage (step 4 above),
which was computed using Eg. (2) and the
inclinometer radius ri, value given by Eq. (11) for
the UCD double-axes inclinometers. Also plotted in
Fig. 9 is the torsional shear strain response computed
using the measured outer specimen radius r, values
in place of the inclinometer radius rin values.
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Figure 9. y,o response from UCD double-axes inclinometer
measurements during generalized stress path test.

In this example, calculating the torsional shear
strain on the basis of the measured radius r, would
have overestimated the true value by about 90%, and
hence significantly underestimated the shear
modulus G value. The error is particularly large due
to the relatively small outer specimen radius
(initially 50.0 mm) and the relatively large distance
d (between the centre of the electrolevel capsules
and the outer specimen wall surface) in the UCD
HCA setup.

In the case of the single-axis inclinometer, the
radius riq and the outer specimen radius r, are
simply related by Eq. (3) with distance d set at 15.0
mm for the UCD single-axis inclinometer. The true
torsional shear strain response was overestimated by
about 30% using the measured value of radius r,
instead of the inclinometer radius ri, in Eq. (2).

In general, the error that would arise in
incorrectly using the radius r, values instead of the
radius ring Values in Eq. (2) reduces in magnitude as
the rin to r, ratio approaches unity (i.e. test
specimens with larger outer specimen radius).

7 SUMMARY AND CONCLUSIONS

Imperial College electrolevel-inclinometer gages
were reconfigured (reduced gage length from 120 to
45 mm) to suit the more compact cell chamber and
the smaller specimen size in the University College
Dublin hollow cylinder apparatus (UCD HCA).
Single-axis  and double-axes inclinometer
configurations accurately measure the axial and
twist deformation responses of the specimen over its
central uniformly-stressed gage length.

The tilt angle ¢ine Of the inclinometers is related
to the twist deformation over the specimen height.
As noted by Connolly and Kuwano (1999), the tilt
angle ¢ing is recorded along an arc length
corresponding to the center of the electrolevel
capsules, i.e. inclinometer radius ring.

Equations have been presented to compute the
radius rinq;, and hence the true torsional shear strain
response, based on the measured initial gage length
and the outer radius and axial deformation of the
specimen. A significant error would arise,
particularly for the double-axes gage, in computing
the torsional shear strain on the basis of the
measured outer specimen radius instead of the
inclinometer radius ring|.

The equations take into consideration the size of
the specimen and its axial deformation response; the
gage length and the articulation of the inclinometer
linkages as the specimen deforms under loading.

The accuracy of the inclinometers, which were
calibrated using an optical table and laser distance
measuring system, allowed measurements in the
UCD HCA of the axial and torsional shear strains
over the pseudo elastic range.
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