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SMALL STRAIN MEASUREMENT USING MODIFIED LDTs

Synopsis

Measurement of small strain stiffness of soils is fundamental to the understanding of the
mechanics of soil partcles since it allows to compare the properties obtained from dynamic
and statc tests. Local deformation transducers (LDTs) were developed to measure axial
strains internally on twiaxial samples. The resclution and the accuracy of LDTs is discussed.
The LDTs were used to measure small strain stiffness of Gault Clay and results from a triaxial
test are presented.

1.1 Introduction

Recent research has highlighted the imponance of small strain measurement to evaluate the
pre-failure stress-strain behaviour of soils (Simpson et al, 1979: Jardine et al., 1986:
Stallebrass, 1990; Simpson, 1992; Bolton et al., 1993: Bolton er al 1994). For example,
prediction of ground movements behind a dizphragm wall demands correct stffness of soil
at small strains. Various types of dynamic tests have been developed for measuring the
stiffness of soils at reladvely small strains. They may be divided into (a) wave propagation
methods such as ultra-sonic pulse and bender elements (Lacasse and Berre. 1988: Dyvik and
Oslen, 1989; Viggiani, 1992) and (b) vibration methods such as resonant-column (RC) test
(Taylor and Parton, 1974; Hardin and Drevenvich, 1972). In spite of their popularity, the
current dynamic tests have following limitations:

1) The maximum applicable strain is rather small. For instance, it is usually not larger than
0.1% in RC tests and about 10™ to 10™ % in wave propagation methods.

2) It is nearly impossible to control the strain rats in both types of methods. For example, the
strain rate in RC tests is too larze for most seotechnical engineering problems.

Most of the static tests do not have above limimnons but there are other potendal errors
(e.g., piston friction for deermining axial stress and bedding error for measuring axial strain
in miaxial tests). If these problems could be eliminated by measuring the axial siress and axial
strain locally, strength and deformation characteristics of soils can be investigated for any
given stress path at a given strain rate by static tests. Though there is strong evidence that
stifiness determined from static and dynamic tests sesm to be close (Vizeiani, 1992;; Lefebvre
eral., 1994; Clayton 2t al.; 1994; Yasuda and Matsumoto, 1994), uncertainties do exist where
the difference was atributed to visco-elastic properties of clay, Abbiss (1981). The principal
sources Of error in the extemal measurement of axial strain using LVDTs have been
identified, among others, by Baldi et al. (1988) and are shown in Fig.1.1. The errors in
extemal measurement of axial strain consist compliance of load measuring svstem, sample
bedding effects, minor leakages and presence of air bubbles in the system. Although the errors
due to compliance of the system can be evaluated with careful calibration, or modifications
can be made to the apparatus 10 increase its stiffness (Kokush, 1980), other errors can be
very difficult to assess.

The errors due to both compliance of the system and bedding can be eliminated by
measuring axial strain of soil sample over a gauge length of soil sample. A laree number of
methods have been proposed to measure strains locally in a triaxial sample. They include
displacement transducers (LVDTs) directly attached to the soil sample (Brown et al., 1980);
Costa-Filho, 1985}, X-ray and optical methods (Balasubramaninan, 1976; Arthur and Phillips,
15975), proximity transducers (Hird and Yung, 1989), Imperial College strain gauges in both
the original electrolevel and the new pendulum inclinometer desiens (Burland and Symes.



1982: Jardine et al., 1984), Hall effect transducers (Clayton and Kathrush, 1986; Clayton et
al., 1989) and tin sinps of phosphor bronze (Local Deformation Transducers, LDTs) with
stin gauges attached (Goto et al., 1991). The resolution and accuracy of the different types
of transducers vary but measurement using LDTs seems to be easy and cheap. A modified
version of LDTs similar to the ones used by Goto et al.(1991) were developed to measure
small strains in tiaxial system. The working principle of LDT is very simple. As the soil
sample deforms. the distance between the two hinges changes and the curvature of the
LDT. Stwain gauges fixed at the centre of the LDT measure the bending strain in terms of
voltage. Initial calibration of bending strain (voltage) versus axial strain is used to evaluate
the axial strain. The axial strain of soil sample is the average of two LDTs placed right
opposite to each other.

-
Compliance in load =]
|
| Aligament + seating
| Bedding
3
=
=
PaTOUS L
! | slone Seda s
P T Sezbng
| A R.—L‘-{T — Compliance in
1 Fecesal loadipg system

Fig. 1.1 Socurzes of error in conventional measurement of axial strain in triaxial
testing {after Baidi st al., 1988)

1.2 -Cambridge Triaxial Set-Up

The existing tmiaxial set-up was fully modified o add state-of-the-ant features like computer
conrolled dizital conooilers (ong each for lower chamber, cell pressure and pore
pressure/back pressure}, exiension cap and small strain measuring devics. Modiffied versien
of GDS software, called TRISP (Triaxial Sess Path) capable of logzing daia from § more
channels, was installed on a new IBM PC with a CIL 16-bit A/D super card. The
development of various new features is described in the following sections.

.2.1 Junction box and data logging
A dedicated junction box with 8 channels was added to the set-up. Signal lines from load cell.
LVDTs and LDTs were connected to a junction box (one channe] for load cell. two channels
for two LVDTs and two more channels for LDTs). Table 1 shows the configured
arrangement of transducers connected to the junction box. The Junction box had an amplifier
and a 1.6 kHz general purpose filter. The amplifier could amplify signals by 1, 10,100 or
1000 fimes. The output from the juncticn box was sent 1o a 16 bit A/D card on an [BM PC.
The A/D converter card had thrze input voltage ranges £ 100 mV, =1V and *10V. Table I



dso shows the voliage range on A/D card adopted for various transducers. A digital filier of
F200 for LDTs and F20 for load cell and LVDTs was used to log the data. In F200, a single
output voltage is the average of 200 readings which are continuously logged on at an interval
of 2 mS. Use of F200 for LDTs has an advantage of reducing the noise of signal but at the
expense of ume. But for a static test, like the one planned, the time taken for F200 {400 mS
for sach channel) is not critical. There are 3 additional channels available on junction box 1o
add some more facilities like mid plane PPT, radial strain measurement etc.
Table 1 The configured arrangement of transducers on junction box

Purpose Input Amplification | Voliage on Filter
Volwags A/ card

Channel 1 | Load Czll + 2V 100 +1V E200
Channel 2 | LDT1 +2V 100 +1V EF200
Channel 3 | LDT2 +5V 100 +1V F20
Channel 4 | Radial sirain not vet implementad

[ Channel 5 | Mid PET not vet implemented
Channel 6 | End PPT not | yet implemented
Channel 7 | LVDT! +5V - 1 10V E20
Channel 8 | LVDT2 =5V 1 +10V 20

1.2.2 Development of hinges

Hinges are used to connect the Local deformation Transducers (LDTs) to the soil sample.
The inside comers of the hinges were made circular (radius 0.125mm) so that LDTSs ends can
ftexacty, Fig. 1.2 (a). Hinges were made up of licht dural material. Hingas were glued to the
membrane of the soil sample with super glue.

1.2.3 Development and Modifications of LDT

Initially an atempt was made to use the original desien of the LDT by Gotw et al., 1991.
However, two problems were soon encounterad, Firstly, the coating applied on the strain
zauges was “over-cocked” because the gauge area was insufficient to dissipate the heat
developed in to the surrounding static water in waxial cell, Secondly, there was lack of fit at
the reception corner of the hinge amachment. This could significantly affect the accuracy of
the measurament.

There were three opticas 10 rectify the former problem: (a) to decrease the energisation
volage (b) to increase the gauge area and () to increase the resistance. The first option was
considered to be inappropriate as decreasing the energisation voltage would have further
reduced the output voltage. Second option was not possible because there were no strain
gauges available with more gauge area but havine same resistance. Hence, it was decided to
follow option (c) by using eight strain gauges, four on each side of the strip, to form a full
Wheatstone bridge as shown in Fig. 1.2 (¢). In this way the current flow through each strain
gauge is halved as the resistance is doubled. Since the heat generation is proportional to the
product of current squared tmes the resisiance, the amount of heat generated in each arm is
effectively halved. The heat generated for unit gavge area reduces by a factor of 4. This
option has the additonal advantage of that outpur voltage is not reduced.



For solving the second problem, the end of each LDT and the reception corner of each hinge
atiachment were made in a circular shape with a radius of 0.125mm (see Fig. 1.2 ). This tvpe
of arrangement will significantly reduce the lack of fic

LDTs of required dimensions (65mm x 3.5mm x 0.25mm) were cut out of a thin phosphor
bronze foil using sparky rod machine very precisely (Fig.1.2 (b)). LDTs were treated with
benzene [0 remove any fat and dirt. Strain gaungss were glued at the centre of LDT on both
sides symmetrically, Fig. 1.2 (b). Two strain gauges made one arm of the bridee. The strain
gauges had a resistance of 120 Q and were 0.84mm wide and 2.0mm long (Kyowa, KFG-
120-2ZN-C1-16). This type of arrangement theoretically 2liminates the error due to change in
temperature, Strain gauges were covered with silicon epoxy for water proofing. The bridge
was energised using a constant input voltage of 2V. Signal wires from LDTs were taken out
of the miaxial cell from a radial hole made in an additonal bottom platz. Radial holes were
water proofed using glass to metal seals.
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Fig. 1.2. (2) Hinge (b) LDT with strain gauges (c) Wheasione bridge

1.2.4 Calibration of LDTs

LDTs were calibrated with an Universal Horzontal Mewoscope (UEM of (.5 micron
resolution (readings can be estimated up to 0.1 micron) which corresponds to an axial strain
of 7.6 x 10°™. Measurements with the UHM were made directly by comparing the specimen
with a precision glass scale, whose scale divisions were observed through a special spiral
microscope. The glass scale was ngidly connected 10 the measuring spindle. The glass les in
the spmndle’s longimudinal axis, so that the glass scale necessarily participates in any axial
displacement. The displacements were indicated in the microscope and could be read off as
measured values. Two cylindrical rods with hinges inside them were mounted on the
measuring spindle of UHM. LDTs were inserted in to the cylindrical rods horizontally as
shown in Fig. 1.3,

LDTs were calibrated in the air assuming that the presence of water in miaxial cell would not
have changed calibration because the Wheatstone bridge is temperature compensaung. The
wires from the LDTs were connected to a junction box which was connected to the A/D card
in the computer. For a small change in displacement, change in voltage is measured from the
computer and displacement was measured from the UHM. The calibration experiments were
repeated several times incorporating loading, unloading and reloading sequencss.



The calibraton curves for LDTs are shown in Fie. 4. and Fig. 1.5. These curves
correspond to various calibration tests, some tests carried out afier a few triaxial tests. The
scatter mainly atiributed to signal noise, hysteresis of LDTs, imperfect-alignment of LDTs in
ninges and possibly a small drift in strain gauge position due to insufficient heat dissipation.
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Fig. 1.4 Calibration curves for LDT1 includes loading, unloading

and reloading seguencss



-2.3 Signal noise, Resolution and Accuracy of LDTs
(2) Electrical noise

In the present system, electrical noise mainly comes from the A/D card, amplifier in junction

box and variations in mput voltage. Fig. 1.6 shows the signal noise generated by A/D card
and noise in input voltage for channel 2, This is recorded by short circuiting the channel on
A/D card and using F200 filier. There is signal noise of about 0.15 mV (it was 3 mV when EQ
was used). Fig. 1.7 shows the signal noise with A/D card . junction box and LDT. This is
recorded with LDTs connected but stationary. Noise level increased up 10 0.7 mV {it was 6
mV when FO was used) because of amplifier and input voltage variatons. LDTs keptin a
temperature controlled room for a day showed maximum variation of 1 mV. This is the total
electrical noise in the signal that can be expected in the present set-up.
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Fig. 1.5 Calibraticn curves for LDT2 includes lcading, unicading
and reloading sequencas
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Fig. 1.6 Signal noise due to variations input voltage and A/D card

() Mechanical noise

The final calibration curves (Fig. 1.4 and 1.5) showed more noise than the electrical noise.
There is maximum difference of equal to 6 mV at the beginning and about 3 mV towards the



end among various calibraton curves. This is quite hich compared to the electrical noise. This
additional noise is due to hysteresis of LDTs, imperfect alignment of LDTs during calibration
and the slight irregularities in mechanical contact (improved by making LDT edges and hinges
smooth and of same radius).
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Fig. 1.7 Signal noise due to A/D card and amplifier in junction box

¢} Resolution and Accuracy

The resolution of logging system, with 16 bits A/D card and mput voliage range of £ 1V,
is £0.0305 mV. The calibration curves for LDT2 (Fig. 1.5) show that 2mm axial movement
causes 900 mV change. Therefore the averags resolution of the LDT2 is 6.7 x 10-03 mm.
This is equivalent to an axial strain of 8.6 x 10-U7 for a 76mm soil sample. The resolution of
the LDTs is very high at the beginning than this average value. This is the resolution of the
sysiem but not the accuracy! The calibration equaton for LDT2 (up to 0.75 mm
displacement) is given by

=

A=2.352Vv“
where
A is displacement in mm
V 15 voltage in Volts,
Differentiation of the abovs equation is
dA=4 T4 Vav

Therefore, the accuracy of the LDT is a functon of total voltage (strain) as well as noise in
volage. As noted above, for the maximum electrical noise of 1.0 mV. the noise in
displacement at 100 mV is 0.00047 mm which corresponds to an axial strain of 6.03 x 107™
Butat 300 mV, itis3x  10™. So LDTs are accurate up to at least 3 x 107 up to 500
mV. This is from electrical signal noise only.

Total noise (mechanical and electrical) was observed to be 6 mV at the beginning and 3 mV
towards the end. For a 6 mV noise at the beginning the accuracy is 4 x 10™ and towards the
end at 500 mV it is 9 x 10 beyond which high accuracy is not necassary. So LDTs
accuracy is function of sirain iself!



1.2.6 Improving the accuracy of LDTs

As shown above the noise is due to (a) mechanical imperfections (b) amplificaion  (¢)
hysteresis of LDTs and (d) variations in input voltage. The noise from mechanical system is
about 6 mV which corresponds to 0.003 mm. It is very unlikely that a mechanical system can
be improved more than 3 microns accuracy. The noise from amplifier in junction box and A/D
card is small compared to the former. The noise from the A/D card can be reduced by more
accurate and noise free A/D cards. The noise from the amplifier may be reduced by usine
filters. An Fast Fourier Transformation (FFT) on the signal from LDTs showed that the noise
1s at low frequencies (0.05 Hz). A low frequency filter should replace the general purpose
filter adopted in the junction box. Unforunately, both the options were desmed to be
expensive, so it was decided not to further modify the set-up.

1.2.7 Fixing device

The initdal near perfect attachment is very imporant. During calibration it was observed that
the initial straightness can effect the results. The hinges are attached to the soil sample usine
the fixing device, Fig. 1.8. Using the fixing device LDTs can be fixed to soil sample straight
and with a given inital curvature.
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Fig. 1.8. Fixing device used to connect LDTs to soil sampie

1.2.8 Extension cap _

An extension cap was added to the set-up to camry put extension and cyclic tests. Various
methods have been designed and adopted (Head, 1986) but a simpler suction cap modified
by Nz (1992) was used, Fig. 1.9.

1.3 Emall Strain Measursment

The modified set-up has been used to measure the small strain stiffness of Gault Clay obtained
from Madingley site, Cambridge. The Gault Clay in its namral stare is heavily
overconsolidated, having namral water content close to its plastic limit. The samples were
obtained from 2 - 3m deep layers. The Gault Clay in the Cambridge area has been reported
by Worssam and Taylor (1973) to contain calcium carbonated up to 30% by weight. Powell
and Butcher (1991) reported the small strain stiffness of Gault Clay at Madingley obtained
from geophysical measurements. There seems to be good agreement between the stiffness
obtained from geophvsical methods and laboratory triaxial test results when axial strains are
measured by intemal gauges (Ng et al., 1995). A detailed analysis of stffness comparisons
from various methods is given in Dasari (19930
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1.3.1 Calibration corves for load cell and LVDTs

The calibration curves for load cel] and LVDTs are shown in Fig. 1.10 and 1.11. To find the
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load cell deflection characteristics an experiment with an aluminium sample placed in triaxial
was conducted. Aluminium sample has very flat ends so that errors due to bedding can be
assumed to be zero. The axial displacement of aluminium sample was measured using LDTs.
Toral deflection was measurad using LVTDs. The deflection of the load cell is calculated as
the difference of average of LVDTs and LDT reading. The deflection of load cell is shown in
Fig. 1.13. For a 500 kPa deviatoric stress load cell deflection is about 0.3 mm which
corresponds to 0.25% axial strain. In extension, load cell seems to be less stiffer than in
comprassion.
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Fig. 1.12 Deflection of load cell for slow cyclic loading

1.3.2 Sample set-up

Soil samples of 38mm x 76mm size were carefully extracied from 38mm diameter samplers.
Soil sample was placed with flat edges (to avoid bedding error) on the pedastal. Hinges were
attached using fixing device to the membrane of the soil sample usine super glue. As shown in
Fig. 1.13. two centrally strain ganged LDTs were inserted in 1o hinges. The distance
berween the two hinges was slightly shorter than the length of the strip so that, when the
strip was mounted. it balances itself, by its own elastic force, against the fixed anachments. In
the present study LDTs were attached with an initial 1.0 mm displacement. This ensures that

_after the soil has swelled back during samration, LDTs will have an initial displacement of less
than U.3mm before the commencement of shear.

1.3.3 Saturation

Sampie was initally saturated at a cell pressure of 200 kPa and a back pressure of 100 kPa.
After every 2 days the cell pressure and back pressure were increased, such that final cell
pressure was 100 kPa away from the p’ comesponding to beginning of the =st. A minimum
back pressure of 200 kPa was adopted. The full saturation process took about two weeks.
The value of 'B" adopted for saturation was ().75 - 0.8. For a fullv saurared soft soils ‘B” is
close to 1.0, but for fully saturated stff overconsolidated clays it is less than 1.0 (Black and
Lee, 1973 and Head, 1986). In the following section an attempt was made 1o estimate the
value of “B’ for 99% samration of the Gault Clay soil sample.

1.3.4 Value of B at 99% saturation for Gault Clay

et us consider a soil matnix of unit gross volume with pore fluid. Let K., Kr be the bulk
stiffness of soil and fluid respectively. For an increase in all round pressure Ap, the increase in
pore prassure 1s Ag, then



1.3.4 Value of B at 999 saturation for Ganit Clay

Let us consider a soil matrix of unit 2ross volume with pore fluid. Lat K. K; be the bulk
stiffniess of soil and fluid respectively. For an incraase in all round pressure Ap, the increase in

pore pressure is Au, then

membrans

\ super olue
k‘ membrang

radins 0.125 mm
Fig. 1.13 LDTs connectad to soil sam ple

Au=B Ap (1)
Ap” = (1-B) Ap 2
a nBAp (I-BjAp -
E.x.=?_ﬂ.'= _p—_- I:I - )
Ky Ks
where
B is saturation coefficient
E, is volumetric strain
Ov is change in volume
N is porositv of soil
It follows from above 2quation that
= oL R_sl’rF\f |

and bulk modulus of fluid (pore water + pors air) can be shown as

1 =
Kf = — 2]

(VEy)+(1=-8.)/u

where

K. 1s bulk modulus of water
S; is degree of saturation

u is pore pressure

=t us take following properties
Ks =30000 kPa (average stiffness for an increase of 50 kPa, which is used for B test)
Kw= 2x 10° kPa



The value of B from above equations is (.56. These calculations assume that no appreciable
amount of additional pore air would dissolve in to the pore water. The ‘B’ values for different
tvpes of soils given by Black and Lee (1973) arz presented in Table 2. Therefore, it is
assumed that the observed value of B 0.7 - 0.8 soil is saturated more than 99%.

Table 2, ‘B’ Values For Different Types of Soil at Complete and Nearly Complete Saturation
(after Black and 1 ee, 1973)

Class of Soil Saturation = | Saturation = | Samraton =
(stifiness of soil) 1005% 99.5% 2o

Soft (NC. Clavs) (700 kPa) 0.9598 (0,992 0,986
Medinm saff (7000 kPa) (0.09%8% 0.963 0.930

Suff (70000 kPa) | 0.9877 0.69 0.51

Very Stff (700000 kPa) | 0.913 0.20 0.10

1.3.5 Results from a test

Results of a miaxial test conducted on Gauh Clay from Madingley site are presented. Test
was a slow cyclic drained constant p’ (p'=100 kPa), carried out using continuous lingar stress
paths by volume control. The stress path followed was ABCDE and the resultant stress-
strain curve for loading, unloading and reloading is shown in Fie. 1.14. The stiffness-strain
curve for loading (BC) and re-loading (DE) is shown in Fig. 1.15. As expected, stffness due
to 180" rotation (DE) is higher than 90" rotation (BC).
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Fig. 1.14 Deviatoric stress-strain curve of Gault Clay at p' =100 kPa
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Fig. 1.15 Stiffness-strain curve of Gault Clay from Madingley site
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Fig. 1.15 Stifiness-strain curve of Gault Clay from Madingley site

1.4 Discussion

Measurement of axial strain cap be improved using LDTs. The dccuracy of the measurements
depends on electrical and mechanical noise in the Sysiem, as explained in section 1.2.6. It is
observed that mechanical nojse was higher than electrical noise. The increased number of

systern. The resolution of the LDTs with = 1 Volt range on a 16 bit A/D card is about 8 x
107" but the acturacy is found be approximately 4 x 10, Another imporwnt factor which
effect the accuracy was the discrepancy betwsen two LDTs readings. A typical curve with
LDT1 and LDT? readings is shown in Fig. LI8. As shown, below 5 x 10 straiq readings
are scatiered though on average results logk all right Therefore the accuracy of the
measurements using LDTs is abour 5 x 10°%.
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Fig. L16 LDTI Vs LDT2 readings for a constant p’ t2st

The radial strains calculated from volumetric controller are another source of error. Although
the accuracy of the volume controller was abont 1 x 10%, the assumption of right cylinder
deformation is open te discussion, Therefore, it is necessary (0 measure the radial siraing
extemnally may be using a circular LDT attached 1o soil sample at mid h ight

1.5 Adding New Internal Gauges
New internal gauges can be added to the system as given in Tabie 1. ADTINT program should
be used to initialise the pew internal Zauge. Select approprate voltaee on AMY card o
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