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SUMMARY

An experimental investigation into the Acoustic Emission (AE)
response of sand has been undertaken, and the use of AE as a
method of yield point identification has been assessed.

Dense, saturated samples of sand were tested in conventional
triaxial apparatus. The measurements of stresses and strains were
carried out according to current research practice. The AE
monitoring system was integrated with the soil mechanics
equipment in such a way that sample disturbance was minimised.

During monotonically loaded, constant cell pressure tests the
total number of events recorded was found to increase at an
increasing rate in a manner which may be approximated by a power
law. The AE response of the sand was found to be both stress
level and stress path dependent. Undrained constant cell pressure
tests showed that, unlike drained tests, the AE event rate
increased at an increasing rate; this was shown to correlate with
the mean effective stress variation. The stress path dependence
was most noticeable in extension tests, where the number of
events recorded was an order of magnitude less than that recorded
in comparable compression tests. This stress path dependence was
shown to be due to the differences in the work done Dby the
external stresses.

In constant cell pressure tests containing unload/reload cycles
it was found that yield could be identified from a discontinuity
in the event rate/time curve which occurred during reloading.
Further tests involving complex stress paths showed that AE was a
useful method of yield point identification. Some tests involving
large stress reversals were carried out, and AE identified the
inverse yield points more distinctly than conventional methods of
yield point identification.
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Chapter 1.

Introduction

Acoustic Emission (AE) monitoring is a recognised non-destructive
testing technique which has not been widely wused in  the
laboratory testing of soil. The application of AE monitoring to
the behaviour of dense, saturated sand samples under axisymmetric
stress conditions is new. One of the objectives of the research
reported in this thesis was to examine the AE response of sand
under these conditions. The behaviour of sand under axisymmetric
stress conditions has been the subject of many investigations,
gome of which have attempted to identify the onset of plastic
deformation (yield point). However, the identification of a yield
point from conventional stress/strain data is often ambiguous and
subjective. Therefore, another objective of the research was to
determine whether AE would be useful as a method of yield point

identification.

The main text of the thesis is divided into a number of chapters
which follow this introduction. Where relevant, each chapter has
a conclusions section which examines the results found and
discusses the implications of the results. There is, therefore,
no conclusions chapter as such but Chapter 8 provides some

concluding remarks and suggests some ideas for future work.

Chapter 2 describes Acoustic Emission and its development as a
non-destructive testing technique in soil mechanics. A review of
AE  in the laboratory and insitu monitoring of soils is
undertaken. The soil mechanics laboratory equipment, together
with the AE monitoring equipment, are described in Chapter 3.

1




This chapter also covers the details of sample preparation and
the testing techniques which were adopted during the research

program.

Chapter 4 describes the tests which were conducted in order to
describe the basic AE behaviour of sand. The influences of end
conditions, sample size, and rate of testing are studied. Several
different methods of characterising the acoustic emissions from
sand are considered. The effects of mean stress and stress path
on the AE response are examined in Chapter 5, both of which have

implications for laboratory and insitu testing.

Chapter 6 briefly reviews the concepts of yield and plasticity,
and investigates how the AE response is affected by unloading and
reloading. Following this, the AE technique is used to identify
the yielding of sand subjected to complex loading histories.
Chapter 7 presents the results of large stress reversal tests and
considers the use of AE as an aid to the interpretation of such

tests.

As is usual in a thesis of this type, various terms are used
fairly frequently and, therefore, it is necessary to define them.
All stresses referred to are effective stresses unless
specifically noted and therefore the customary prime has been
omitted, except where some ambiguity might arise. The vertical

stress is referred to as o (axial) and the horizontal stress

a

referred to as o (radial). This is to avoid any ambiguity
r

ariging from the use of terms such as ¢, ¢ which are normally

1 3

uged to refer to major and minor principal stresses. The stress




ratio is defined as:

R=2 (¢ -0)/ (¢ +2¢) (1.1)
a r a r
All strains reported in this thesis are total strains: no attempt
has been made to deduct elastic strains. The deviatoric strain is

defined as:
e =e =-(e /3) (1.2)

where e 1is the axial (vertical) strain, and e is the volumetric
a %
strain.

The work done by the applied stresses is defined as:
W =f<rédt (1.3)

and is calculated as the sum of the incremental energy measured
over a small time period and hence

W =Zo’Ae + ZO’Ae (1.4)
a a r r
where e 1s the radial (horizontal) strain, which is calculated
r
from the measured axial and volumetric strains.

The terms event rate and events are defined as follows: event
rate 1is the number of acoustic emission events occurring in a
fixed interval (normally ! minute), and events is the sum of the

event rate.




Chapter 2.

Review of Acoustic Emission

2.1 Introduction.

The phenomenon of Acoustic Emission (AE) is not well known, and
before proceeding with a review of Acoustic Emission it is useful
to describe an emission and its associated parameters. The review
does not touch on the wider aspects of AE but concentrates on the

soils related research which has been carried out to date.

When materials are stressed the stored energy is released 1in
various forms including sound. The generation of sound by wood,
rock, and tin ('tin cry') when deformed is well known. This
audible generation of sound is known as Acoustic Emission.
However, Acoustic Emission 1is not restricted to the audible
range, indeed most emissions are not audible without considerable

amplification and frequency shifting.

As acoustic emissions propagate through the material they are
modified by the structure of the material. The emissions may be
reflected, refracted, distorted, and attenuated because of the
material anisotropy and inhomogeneity. This modification of the
acoustic emissions makes it very difficult to study and describe
the actual source mechanisms involved, however, it does mnot
detract from the ability to wuse this phenomenon in  non

destructive testing and monitoring.

The emissions can be picked up by a sensor and converted to an
equivalent electrical signal. The sensor may be an accelerometer
or one of a number of different transducer types: optical,

4




capacitive or piezoelectric. However, .the piezoelectric type is
the most widely used. When an emission reaches: a: piezoelectric
sensor it applies a force to the crystal which generates -a small
voltage. The efficiency of this sound-voltage conversion is
partly governed by the coupling of the sensor to the material
being monitored. An efficient coupling can be formed by applying
grease to the active face of the sensor, and to the material. The
grease effectively makes the two mating surfaces flat by filling

the small naturally occurring surface voids.

The output from the sensor contains background noise mixed with
the AE signal. This noise may be mains (50 Hz) or mechanically
related and of almost the same magnitude as the emission signal.
Depending on the application, much of the noise can be removed by
using a band pass filter. However, filtering does imply a
knowledge of the frequency spectrum of the AE signal. The removal
of background noise early in the signal chain is advantageous
because much of the commercially available AE equipment is
computer based and processing 'noise' reduces the equipment's
efficiency. The filtered output of the sensor is amplified to
give better noise immunity, allowing the rest of the monitoring

equipment to be located elsewhere.

An acoustic emission may be characterised by a number of
parameters and these are indicated in the idealised waveform
shown in Figure 2.1. The number of parameters measureable depends
upon the particular equipment being used; different manufacturers
regard different parameters as more important and define some of
the parameters in a slightly different way. Before an incoming
gignal may be classified as an Acoustic Emission event it has to

5




cross a Threshold Voltage, this is set with the -monitoring
equipment and defines the minimum voltage which a signél ﬁust
have Dbefore registering on the equipment. The main use of this
parameter is to remove background noise which might otherwise be
taken as an event, and one manufacturer offers the option of an
"Automatic Threshold Voltage' which attempts to follow the rise

and fall of the background noise.

Whenever the signal crosses the threshold voltage a Ringdown
Count (count) occurs, the first of which indicates the start time
of the event. Many of the smaller Acoustic Emission systems offer
ringdown counting as the sole measure of Acoustic Emission
activity and for many situations, e.g. insitu monitoring, it is
perfectly acceptable since an abundance of information would

detract from the system's ease of use.

The time for an event to reach its Peak Amplitude is the Rise
Time. Peak amplitude is usually measured in Decibels (dB), with
respect to some fixed voltage, because of the high gains used in
Acoustic Emission monitoring. Rise time is wuseful as" an
indication of the validity of an event since acoustic emissions
are characterised by their short rise times whereas background
noise tends to have long rise times. The Slope of an event is a
derived parameter which is given by the ratio of the peak voltage
(in millivolts) to the rise time (in microseconds). Slope is a
useful indication of event validity since background noise tends
to have low slope = following the argument given above for rise

time.




The Event Duration is the time between the first threshold
crossing and the last threshold crossing. The 1last threshold
crossing need not be a ringdown count as the signal voltage level
may be falling below the threshold voltage rather than rising
above it (see Figure 2.2). The Energy of an event is a derived
parameter given by:

Energy = Peak Amplitude(dB) + 10xlog(Event Duration) (2.1)
Here energy is not the actual event energy but the energy of the
signal from the sensor, which is the area under the voltage
level/time curve. This is only one possible definition of energy;

different manufacturers calculate it in different ways.

The information available to describe an event may be one or more
of the following: event start time, number of ringdown counts
(counts), event duration, peak amplitude, rise time, slope, and

energy-

The use of ringdown counts as a measure of AE activity is

widespread. Indeed, a great deal of the early research was based

solely on ringdown counts. However, it has been realised tha@;thergmgggw

a number of limitations with the use of ringdown counts, see e.g.
Williams (1980) and Beattie (1976). The main limitation with the
use of ringdown counts is that it is frequency dependent, i.e.
the count is biased towards large amplitude events. The use of
events, rather than counts, is a logical step as the latter is a
subset of the former. Another alternative is to use the energy of
the events and, according to Beattie (1976), this will produce
the same or better results than counts. However, when using
energy it should be remembered that the energy is that of the

transducer signal, not the acoustic wave.



2.2 Origins of Acoustic Emission Research.

The phenomenon of Acoustic Emission has been known for centuries
in an intuitive and qualitative sense, for example wood cracking
under stress could be taken as a sign that 1t was near to
failure. However it was not until the 1930s that attempts were
made to define Acoustic Emission in a quantitative manner. Obert
(1975) described the preliminary investigations in the 1930s when
working with Duvall in lead mines in Oklahoma. They attempted to
determine whether seismic velocity was dependent on pillar load.
It was found that extra pulses were triggering the equipment but
these pulses were not due to equipment defects. After
experimentation at different sites over a period of years it was
found that areas of high 'microseismic’ activity could be related
to areas of high stress. This research has formed the basis for
the Acoustic Emission monitoring of rock mechanics which has

continued to develop since then.

Tt was not until the 1950s that investigations into Acoustic
Fmission in areas other than mines and rock mechanics began.
Kaiser (1953) working with metals is generally credited with the
first serious work. One of the most interesting observations made
by Kaiser was that events were emitted by samples on first
loading but that events ceased on unloading. Furthermore when
reloaded the event rate did not reach its former level until the
stress level passed its previous maximum. This is known as the
'Kaiser effect'. Since then it has been found that some
materials, notably fibre reinforced plastics, do not exhibit this

effect (Wadin 1982) because of their viscoelasticity.



In fields other than soil and rock mechanics Acoustic Emission is
well established as a non destructive testing fechnique.
Arrington (1975, 1978) summarises the current applications of the
technique and indicates possible areas for expansion which
jneludes soil and rock mechanics. Common applications include

nuclear pressure vessel testing, and weld integrity monitoring.

2.3 Experimental studies

Beard (1962) monitored rock and soil slopes using a crystal
pickup, amplifier, and set of earphones. Data analysis was based
entirely on operator experience and as such was subjective.
However, Beard was able to demonstrate that for rocks at least,
the technique of auralApulse counting was successful but that it
was very sensitive to extraneous noise from traffic,

conversations, and water.

Fischer and Yorke (1964) wusing a Rochelle salt crystal of
resonant frequency 1kHz, amplifier, and tape recorder extended
the concepts developed by Beard (1962). Data were stored on the
tape recorder at fixed intervals and, later, the count rate was
determined by counting aurally. The equipment suffered the same
limitations as Beard's Dbecause of extraneous noise and operator
judgement. However the conclusions were more encouraging than
Beard and indicated that soil slope monitoring was & feasible

proposition.

Cadman and Goodman (1967) went a stage further than Fischer and
Yorke (1964) and attempted to locate the slip surface of moist

sand slopes in the laboratory. Using an oscilloscope and tape




recorder the difference in arrival times of an event between four
sensors was calculated. Using these time differences and knowing
the speed of sound in the sand it was possible to estimate, using
an iterative solution, where the slip surface lay. Although the
results indicated that satisfactory solutions could be found, the
study had been confined to ideal laboratory conditions where

extraneous noise was minimised-

Hakuno et al (1968) demonstrated that sand produced acoustic
emigsions when stressed using a modified California Bearing Ratio
(CBR) apparatus with an embedded geophone as a sensor. Hakuno was
also able to produce some simple frequency distributions although
these reflect the geophone's conversion capabilities rather than

the actual sound wave frequency content.

Koerner, Lord, and other workers at Drexel University have made
significant advances in the understanding of AE in Soil
Mechanics. Early work at Drexel concentrated on some of the more
fundamental aspects of AE in soil. However, the subsequent
emphasis has Dbeen on the more practical applications of AE,
particularly in the area of insitu monitoring of dams and
embankments. This work is reviewed in the following section,

Insitu monitoring.

Lord et al (1975) reported the first serious investigation into
the AE response of soil. The initial experiments attempted to
define the basic characteristics of elastic waves in soil. The
characteristics considered were velocity, frequency, and
attenuation the last of these Dbeing considered the most
important. The values of wave velocity obtained (400-800 ft/sec)

10




were consistent with published data but the values obtained for
attenuation (40dB/ft) were an order of magnitude different. This
difference was attributed to a frequency dependence since the
original reference's attenuation figures were recorded at 200Hz
whereas Lord et al were testing at several kilohertz. By
duplicating the experimental apparatus of Nybord et al (1950) it
was demonstrated that sand attenuates sound waves to a high
degree, with attenuation figures of 500 dB/m being recorded for
dry sand. It was also found that the emitted frequency spectrum
was dependent on confining pressure, a higher confining pressure
resulting in a higher range of recorded frequencies. The
conclusions from the frequency analysis of the emissions
indicated that the frequency of the majority of the emissions lay
in the region below 16kHz. This conclusion is not strictly true

since the equipment could not measure frequencies above 16kHz.

Once the basic characteristics for various soil types had been
established Lord et al considered the AE response of Jmm glass
beads under triaxial stress conditions. The equipment used in
this part of the investigation was, effectively, that used by
Beard (1962) although the ringdown counting had been automated.
The results indicated a high degree of similarity between the
stress/strain and the stress/AE curves. In comparison to tests on
sand the reported stress ratios were low, although the shape of
the stress ratio curve was similar to that of sand. Unfortunately
nothing more significant than this was reported, although Lord et
al indicated that creep testing the glass bead samples gave

favourable results.
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Koerner et al (1976) investigated the behaviour of four granular
soils by incremental loading under triaxial and isostatic
conditions using the same apparatus as Lord et al (1975). \The
emissions were recorded using a sensor embedded in the sample and
another in the base platen of the pressure cell. The published
results indicated that there was a basic relationship between
stress and Acoustic Emission, and that more angular samples were
more emittive. Koerner et al acknowledged that the experimental
technique was crude and that considerable improvements could be
made. The use of an embedded sensor, whilst reducing attenuation
losses, degraded the information obtainable from the experiments
since it disturbed the sample behaviour to an unknown degree, and
also precluded the use of saturated samples unless special

precautions were taken to waterproof the sensor.

Koerner et al (1975) investigated the AE response of large soil
masses, both in the laboratory and in the field, using waveguides
to conduct the emissions to the monitoring equipment on the
ground surface. A short preliminary study of the effect of the
waveguides was made, the results of which indicated that the
waveguide's performance was not adversely affected by the
surrounding soil mass. Both the laboratory and the field work
were concerned with embankment and bearing failure. The
conclusions were of a qualitative nature and were that earth
masses that did not generate acoustic emissions were in
equilibrium and those that were generating large amounts of AE
were unstable. These conclusions are in accord with those of
Obert (1975). The conclusions from this work provide the basis

for much of Koerner's later work relating to insitu monitoring.
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Koerner et al (1977) investigated the AE behaviour of cohesive
materials, adopting the same testing technique as in the paper on
cohesionless materials (Koerner et al (1976)). Four cohesive
soils were studied: clayey silt, silty clay, kaolinite clay, and
bentonite clay. It was found that the AE response was markedly
different from cohesionless soils; the AE signal level was one or
more orders of magnitude less than that of cohesionless soils,
and as the sample approached its failure stress the signal 1level
dropped. It was proposed that this was due to reorientation of
particles as the plastic state became fully mobilised.
Additionally, fewer acoustic emissions were recorded in samples
with high water contents or high plasticity indices. An
unsuccessful attempt to use the Kaiser effect in determining the
preconsolidation stress was made but the AE results indicated a
much higher preconsolidation stress (8.0 tsf compared with 3.8
tsf). However, in a discussion of this paper Nathan (1978) showed
that the preconsolidation sfress, determined using the Casagrande
method, had not been calculated correctly and there was a closer
agreement between the traditional and AE methods than had been

thought originally.

Tanimoto and Noda (1977) used AE to try and establish a method of
predicting time to failure in soils, and used a water 1loading
system to try and eliminate background noise which might have
been generated by a motor. Tanimoto and Noda demonstrated the
dependence of count rate on strain rate, also that count rate was
proportional to the cell pressure. It was found that the count
rate, after rising steadily, fluctuated about a more or less
constant value. None of the work by Koerner and co-workers

demonstrates this behaviour. The 'steady' value of the count rate
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was used in estimating the time to failure of - the sample;: -the
actual value used in prediction was calculated on the basis ' of
gimilar triangles to give emission rate. The point at which one
process turned into the other was found to be, by inspection, the
point of zero volume change. Tanimoto and Noda conducted several
tests in both stress and strain controlled conditions and found
that for strain controlled tests, there was a linear
relationship between failure time and ringdown count rate. It was
argued that the same was true for stress controlled tests but

inspection of the results reveals a distinct curve.

Tanimoto et al (1978) expanded on the results of Tanimoto and
Noda (1977), wusing equipment with better specifications. The
number of counts recorded was shown to be proportional to the
threshold level; lower threshold voltages resulted in more
counts. It was concluded that there were two processes involved
when testing sandy soils: one prior to 'steady state', the other
being 'steady state'. Tanimoto et al (1978) also found that the
energy done by the external stresses and the count rate for :the
two different processes could be described by a linear
relationship. Tanimoto and Nakamura (1981a) summarised the
results of the two earlier papers. All the results presented
indicate that only medium dense samples were tested and gave
those results described above. There is no presentation of

results from dense specimens in which littlecompressivgvolume

change occurs.

Lord and Koerner (1979) presented a method of estimating the
magnitude of acoustic emissions in terms of acceleration. Using

simple theory they related the acceleration of the acoustic wave
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(emission) to soil volume under stress (V), radiation efficiency

(R), frequency (f), and distance from source (o). The‘equatioﬁ

was of the form:
2 2 2
a = pi.f .e .V.R.c/(2.dt.r ) (2.2)

max

where pi=3.142, e=elastic strain, c=wave velocity, dt=time
interval. However, many of the parameters have to be estimated to
reach a solution which reduces the applicability of the equation.

Also, unless every emission is studied, the magnitude of an

emission is of very little practical use.

Tanimoto et al (1981) used AE as a method of enhancing several
standard soils tests. Cyclic 1loading tests on an air dried
sample of decomposed granite were carried out in a triaxial cell.
The results showed that the Kaiser effect was present: most
emissions were recorded during virgin loading, and few were
recorded during the unloading and reloading stages of the test.
Oedometer samples of sand were overconsolidated and ‘monitored
using AE equipment. The preconsolidation stress was calculated
using the Casagrande construction and compared to the AE-stress
plot. This plot showed that the point of maximum curvature on the
AE-stress plot corresponded with the preconsolidation stress.
This, in effect, is equivalent to the Kaiser effect in metals.

Once the stress level has passed its previous maximum the count

rate increases quickly, and hence a point of high curvature is

established.

Following Tanimoto, Koernmer et al (1982) used AE to try and

determine the stress history of soil and rock; i.e. whether or

not the Kaiser effect is present in those materials. A sandy

clayey silt was tested in a standard oedometer and a AE-pressure
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curve as well as the strain-pressure égp&gzwas plotted. The few
results given indicated that AE provided a better method’ of
identifying the preconsolidation pressure than ‘the . more usual
strain-pressure plots. Koerner also reported tests on rock where

the presence of the Kaiser effect was clearly demonstrated.

Lord et al (1982) studied the behaviour of steel rods when used
as waveguides, and concluded that up to thirty times more
(volume) g80il could be sensed. The study also showed that damping
of the waveguide by the s0il reduced the amplitude of the

received emissions.

Following Koerner at al (1982), Koerner et al (1984a) and Koerner
et al (1984b) used AE to determine the level of prestress in
granular soils and preconsolidation stress in cohesive soils
respectively. It was found that the original prestress in
granular soils could be predicted to within approximately 5%
using both AE and deformation techniques. However, it was found
that at low prestress levels the error rate was greater (12% or
more). In cohesive soils the preconsolidation stress could Dbe
predicted to within +/- 10% using AE. Different soils, both
cohesionless and cohesive, produced different error rates with

cohesive soils giving more consistent results.

Romeril (1979) studied a number of different soils using AE

equipment similar to that of Fischer and Yorke (1964). The soils

were placed in a tank (400 long x 200 wide X 300 deep) and a

sensor (50 diameter x 100 long) was embedded in it. The sensor

was connected through an amplifier and filter to a set of

headphones and an oscillograph. The results were gimilar to that
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of Koerner et al (1975) in which‘it:wESC ound that stable earth
masses did not generate AE whereas unstable masses did. The
accuracy of the measurements g%ié&in the paper was limited by %hg
ringdown counting method which used the trace recorded by the
oscillograph: at times of high AE activity it was possible for
the trace +to go off the paper and hence it was not possible to
determine accurately the number of ringdown counts. Mitchell and
Romeril (1984) used the same techniques as Romeril (1979) and

investigated the AE behaviour of clay. The conclusions were

gimilar to Romeril (1979).

2.4 Insitu Monitoring

McCauley (1975) used a technique similar to that of Fischer and
Yorke (1964) to monitor the slope stability of decomposed
granite, sand, silt, and clay. The equipment was supplemented by
an oscillograph to provide a permanent trace of  the acoustic
emissions. It was found that AE could not be used as an absolute
indicator of slope stability but that it could be used if the AE
history of the site was known. Also, the probability of failure
could be predicted but an experienced operator was required since

the method was based on subjective interpretation of the results.

Koerner et al (1975) used AE to monitor the stability of dams

and, additionally, performed laboratory experiments to simulate

bearing and slope failure. Waveguides were used to improve the

detection of acoustic emissions. It was found that stable earth

masses did not generate AE whereas unstable masses did. Also the

Kaiser effect was noted when monitoring one dam, but most of the

findings were of a qualitative nature. Koerner et al (1978)
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summarised —earlier papers and made suggestions for equipment

selection, and monitoring decisions when considering AE for use

as a monitoring tool. Much of the work by Koerner and other co-

workers at Drexel University was summarised in an Us
Environmental Protection Agency (EPA) report (1978) which gave
guidelines for the use of AE when monitoring dams. The EPA report

also gave several case studies in which AE had successfully given

warning of impending failures.

Tanimoto et al (1981) adapted a single cell pressuremeter for AE
to determine the insitu stresses. An initial laboratory
experiment had shown that the preconsolidation pressure could be
accurately determined using AE (c.f. Koerner et al (1982)). Based
on their initial results Tanimoto et al adapted  the
pressuremeter so that there were two pressure cells, both
equipped with AE transducers, one above the other. -However, -no
guard cells were employed as are used in the Menard type - of
pressuremeter. Tt was found that there was good agreement: . with
the insitu stress determined by traditional methods. Some
disagreement between the two methods was noted near the start of
the test, which may be due to the lack of guard cells. Tanimoto
and Nakamura (1981b) supplemented the results given by Tanimoto

at al (1981) by reporting on a modified cone penetrometer. It was

found that AE could be used to identify different soil layers but

that sandy clay and clayey gand were hard to distinguish.

Following Tanimoto et al (1981), Lord and Koerner (1983) used &

Menard pressuremeter with external AE transducers to determine

the feasibility of using an adapted pressuremeter to measure

insitu stresses. The results were confined to simple laboratory
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experiments and, wunlike Tanimoto et 981) no attempt
981), no ot wao

made to combine +the AE transducers with the pressuremeter

although this was one of the final project aims.

Villet et al (1981) used a modification of the Dutch

cone
penetrometer to try to characterise so0ils. The results “were
preliminary, as the research program was incomplete, but it was

shown that the technique was consistent and that peak amplitude

might be useful in characterising different soil layers.

Koerner et al (1981a) presented a state of the art paper covering
both 1laboratory and insitu testing. A number of different case
histories were given which covered the following areas: dam and
slope stability, settlement monitoring, seepage monitoring, and
grout monitoring. In one case history a slope was brought to
failure by successive cuts at the toe of the slope over a period
of 21 days. After each cut AE activity increased but then decayed
(approximately exponentially). After the final cut had been made
the emission rate started to rise sharply (having started to
fall) and five minutes later a gection of the slope slipped.
Another interesting point to emerge from this study was that
after a period of heavy rain the emission rate rose above 1its

previous maximum, indicating reduced slope stability. Other case

studies  presented for seepage monitoring and settlement

monitoring showed a similar success rate. The case history of AE

in grout monitoring showed that it might be possible to identify

but that to

the pressure at which hydrofracture occurred,

identify the location of travel of the grout front would require

much more sophisticated AE monitoring equipment.
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Koerner et al (1981p) investigated the AE response of ¥n‘in'é:"

tailings. The emissions were generated by means of anchor

pullout, direct shear, impact loading so that repeatable re'sultg-}'

could be obtained. A number of different waveguides were used:

steel and PVC, in rod and pipe form. It was found that the AE

amplitude decayed exponentially from the source and that signals

below the water table had larger amplitudes. It was concluded
that, where possible, AE sensors should be placed at the bottom

of boreholes, on waveguides, as this maximised the strength of

the received signal and minimised the amount of background noise.
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Chapter 3.

Apparatus, Sample Preparation and Testing

3.1 Introduction.

The apparatus used in the research program was drawn from two
distinct areas, that from conventional soils testing and +that
from electronic monitoring, and their successful combination was
an important part of the program. Standard laboratory techniques
were applied in the preparation and testing of the sand though in
some instances adaptations had to be made because of the Acoustic

Emission (AE) monitoring.

Normally samples were of a nominal 100mm diameter by 100mm high
tested between enlarged, lubricated end platens with the samples
being drained from the bottom platen only. A few tests were
carried out on taller samples to compare results with those of
other workers. Additional details of all tests reported in this

thesis are given in Appendix A.

3.2 Standard Soils Equipment.

In general standard soils equipment was used in all tests (Figure

3.1). However, to accommodate the AE  sensors various

.o . ibed in
modifications were necessary; the modifications are describe

more detail where appropriate.

less
The loading frame, a Wykeham-Farrance WF5000kg  Steples

. djusted
Compression Test Machine, allowed the straln rate to be adju

. . ; changed
with a set of thumbwheels and the strain direction to be
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with push button switches. The design of the frame mean
there was no large gear train from which extraneous noi_s.es_
be picked up by the AE equipment. Thus,
altered or when the strain direction was altered the effect on

the AE measurements was negligible - given that suitable care was

taken in setting up the parameters on the AR equipment.

The cell and cell base used were standard but for three

drilled
and tapped holes which were used in extension tests for bolting
down the cell. To accommodate various extra items of equipment

and to allow for the higher than normal base platen an extension
ring, 50mm high, was provided. This incorporated the mounting
point for the linear transducer, cable outlets for the same, and
a second drainage outlet. The holding down rods of the cell
screwed into the ring which in turn bolted to the cell base. In

normal operation the ring was left bolted to the cell base.

For efficient AE monitoring it was necessary to have the . sensor
located as near as possible to the source of the acoustic
emissions. Koerner et al (19’76) used wave guides and. even
embedded sensors in the sample; both of these methods -are
unsatisfactory as the sample is disturbed. To avoid disturbance

of the sample by the AE equipment an adapted base platen assembly

was manufactured (Figure 3.2). The platen had & removable

stainless steel top plate beneath which was a small void large

ged -out
enough to contain the AE sensor. The sensor lead pas

. ...The
through the cell base, avoiding contact with the cell water

. N ege The
sensor was held in position by packing with rubber membran

i trall
top plate was drilled so that the sample was drained -cen y
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through a porous stone although addi : . .
ition ainax _ . ,
T flage was provided

through four side drains. Both top and bottom platen. - 4
atens were
enlarged to 118mm diameter following Rowe ang Barden (1964) ‘

The load applied to the sample was measured internally using
. : a

Wykeham-Farrance 2700kg load cell, and by measuring the 1oag

internally any friction on the load cell shaft could be neglected

in load calculations. Modifications to the 1o0ad measuring

equipment were necessary because of the planned extension tests

(Figure 3.3). The 1load cell was fixed to the load frame by a
short stainless steel pin, and was connected with the top platen
by a bayonet fitting. The load cell shaft was inserted into s
socket on the top platen and was twisted to engage lugs with
appropriate slots in the the top platen. The cell base was bolted

to the loading platen with three bolts to prevent uplift.

The change in the volume of the sample was --measured using a
Wykeham-Farrance WF17038 Automatic Volume Change Apparatus. The
volume change device uses a plunger of fixed radius connected to
a linear transducer and, by measuring the displacement of the

plunger, the change in volume can be determined. Theoretically

the device can accommodate an infinite change in volume as taps

allow for reversal of the plunger direction; a change in volume

of approximately 80ml can be measured before reversal “is

necessary.

i Linear
The axial deformation of the sample was measured using a Line

i odel
Variable Differential Transducer (LvDT), RDP Electronics o

The deformation was measured

D5-200AW, mounted inside the cell.

eformations

i d
between the top platen and the cell base - allowing
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of the load cell to be neglected. Theriiﬁéaf/range of fh ’ LVﬁTﬂ"

was 12mm which was sufficient for many tests. TFor tests i hich
) 8 1n which

deformations greater than 12mm were to be recorded a double LVDT

arrangement was used (Figures 3.4, and 3.5) The LVDTs
. _were

arranged in such a way that as one reached the end of itg

linear

range the other was starting to record on its linear - range
Adjustment was provided for different sample heights by means of

threaded rods. By using this double LVDT arrangement deformations

of 22mm could be recorded satisfactorily.

The cell and back pressures applied to the sample were measured
using Bell and Howell T700KPa pressure transducers. These were
connected into the drainage and cell water lines respectively and
the actual pressures were controlled by a self compensating

mercury pot system.

All the measuring instruments used except the AE equipment were
connected to a datalogger which recorded the measured parameters
at fixed intervals. Automatic logging allowed the AE behaviour to
be monitored more closely as the test proceeded. The stresses and

strains were calculated from the raw data using a small computer

program.

All transducers and load cells were regularly calibrated over the

iati i heir
research period. None showed any marked variation in the

calibration except when a load cell gtarted to leak oil-and  had

to be repaired.
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3.3 Acoustic Emission Equipment.

All AE monitoring was performed using an AET5000 system (

3.6), supplied by Acoustic Emission Technology Gorporation

(AETC). The AETS5000 is g computer based, general purpose acoustic

emission monitoring system which can handle up to eight sensors

and can output the AE data in numerical or graphical form. The

basic AET5000 provides the minimum information necessary to

describe an event (start time, event duration, and ringdown

counts). Various options are available to enhance system

performance and those fitted were: tape drives for data recording
and an amplitude/rise time module for further information on the
AE data. A simplified system diagram is given in Figure 3.7. The
AET5000 is supplied as a complete system and access to the
individual system components is difficult. However, it is useful
to describe the function of each main component and its place in
the signal chain so that its effect on the overall behaviour .can

be appreciated.

The sensor used was of the piezoelectric type model AC30L,
manufactured by AETC with a nominal resonant frequency of 30kHz.
The frequency response of the sensor is given in Figure 3.8. The
sensor was mounted in the base platen directly below the sample

and firm contact with the top plate was ensured by packing - the

sensor with rubber membranes. Koerner et al (1976) when testing

sand claimed that the frequency of the majority of emissions 1oy

. 8
in the region below 15kHz although Tanimoto et al (1978)

40kHz .
successfully used a sensor with a frequency response to

d it
Also Koerner's tests were at a low cell pressure (')’SkPa) an

: ed the
was  demonstrated that as the cell pressure increas
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frequency distribution of the recorded emissi'ons shifted té .
= 1 6C lowardg

the higher frequencies.

The sensor was connected to the preamplifier by a short (

2 metre)

cable. It was found that 'emissions' could be picked up by the

cable unless it was prevented from moving. Koerner et al (19813)

found when monitoring a dam that unless the cables were shielded

from wind extraneous 'emissions' were picked up. The high gains

employed in the system (X100000) are undoubtedly the cause of

this since cable movement induced a small voltage which was

magnified to produce a false emission.

The preamplifier combined a fixed gain amplifier with a band pass
filter. The fixed gain was factory set at 60dB (X1000). The
filter attenuated any signal which had a frequency outside its
prescribed range of 15kHz to 45kHz. By using a bandpass filter
most of +the mechanical noise was rejected as mechanical noise
tends to be of low (<1kHz) frequency. The amplified and filtered

signal then passed to the main amplifier of the AET5000.

The main amplifier has variable gain setting from -60dB (total

attenuation) to 40dB (X100). Before the incoming signal was

amplified it was compared to the previously set threshold

voltage. If the signal crossed the threshold voltage it could be

tentatively classed as an event by the AET5000. Once the start of

. . 1 ad
an event had been recorded the various internal timers an

i h
counters were started. The end of an event was determined by the

AET5000 when no further ringdown counts (threshold crossings)

. s jod was
were recorded after a timeout period. The timeout per

Vs ' t duration
described in terms of the number of ticks' of the even
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clock, the time period of which was get é’t’the start o’f"t'h' "t rt
start of the test.

When the end of an event nag been  recorded the

information

compared to preset limits. If any characteristics fell

outside

these limits the event was rejected.

The AET5000 was fitted with an optional tape drive which allowed
the characteristics of each event to be recorded on tape and
replayed at some later time. The data were recorded on digital
tapes, the number used depending on what particular type of test
was being carried out. Once recorded, the test could be replayed
as many times as required. This particular option proved very
useful because by replaying a test and outputting the information
describing every event to the screen it was possible to transfer
the information to a BBC microcomputer. Once the information was

stored on the microcomputer the data could be combined with ~“the

stress and strain data to provide a complete test record.

The AET5000 has, at various points in the signal chain, outlets
for connection to external equipment. These outlets comprise:
preamplified and filtered signal, quasi RMS signal, and fully

amplified signal. A storage oscilloscope could be connected to

the first of these outlets to allow inspection of an event and

comparison with the 'typical event'. By photographing the screen

of the oscilloscope it was possible to obtain a permanent record

of events occurring in a test.

. d
Once a signal had been fully classified as an event the measure

. . ilable for
and derived information representing it was availa

L i form but
analysis. It was possible to output this 1n numerical
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the AET5000 i o .
5 provides some powerful ‘graphical facilities to aig
: € aia
lvsi
analysis of the data. The graphical displays were set up at the

gtart of the test and could consist of:

Events, Ringdown Counts, Rise Time, Event Duration Energy
$ 8/

Peak Amplitude, Mean Slope and Voltage Level.

These could be plotted against time as & rate or as a total, and

also to a logarithmic scale (rate or total). Distributions of
events by a particular parameter (energy for example) could also

be displayed.

For full details of system operation the AET5000 operating manual
should be consulted. The manual also gives information on the

optional equipment which may be supplied.

3.4 Sample Preparation and Testing Technique.

The sample preparation and testing techniques used were in
accordance with current research practice. A detailed review of
the +triaxial testing of sand will not be undertaken here ‘‘since

others (e.g. Green (1969) and Thornton (1974)) have covered the

relevant techniques very thoroughly-

The sand used was 'Leighton Buzzard' sand with a measured

specific gravity of 2.68, the sand being that fraction which

passed a 600um sieve and was retained on a 150um sieve. The

minimum porosity was 34.8% using a vibrating table - -and  the

maximum porosity was 45.8% using Kolbuszewski's tilting method,

Kolbuszewski (1948).
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greased, placed on the platens and left under load overnight. The

end membranes were laid such that no air was trapped in betwe
en

them. The membranes on the bottom platen were separated from

those on the top platen by a piece of paper to prevent sticking

The sand was removed from the oven and weighed, it was then

saturated by pouring deaired water onto it and was allowed to
cool. The sample membrane was cut to length and its thickness
determined at eight points to give an average thickness. The
paper separating the end membranes was removed and the height of
the assembly was measured using a vernier height gauge. The top
platen was removed and the sample membrane was placed over the
greased bottom platen and trapped in position by three '0' rings.
The 100mm high by 100mm diameter sample former was then
positioned and the membrane stretched over the top of the former.
The sample drainage tap was opened and the system was flushed
with deaired water to remove any trapped air bubbles in the
drainage system and sample membrane. The porous stone, which had

been boiled to deair it, was placed in the bottom platen.

The sand was spooned into the former under water. The sample was

constructed in three equal layers, after each layer had been

formed it was tamped with a short steel rod (X50). The third and

final layer was brought up to just above the top of the former

but below water level (Figure %.9). The top platen was then

carefully placed on the top of the sample such that no air was

he
trapped in the process. The pembrane was turned up OVer t

was
greased side of the top platen. Any excess length of membrane
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perspex tube to avoid sample disturbance.

A small suction (0.6m of water approximately) was applied to the
sample and the top platen lightly tamped to ensure a good

contact. The former was removed and the initial burette suction

recorded (Figure 3.10). The height of the sample and top platen

was measured, the difference between this and the earlier reading
giving the sample height. The diameter of the sample was measured
using a 100-125mm vernier gauge, a deduction being made for the
thickness of the membrane. After sample measurement, the burette
reading was again noted. The tray which contained the sand was
returned to the oven to dry out any remaining sand so that the

sample weight could be found.

The cell was placed over the sample and was bolted down. The load
cell was connected to the datalogger and the cell was filled with
deaired water. When full, the water supply was switched off and
the burette raised to the level of the mid height of the sample.
The burette was isolated from the sample after the final reading
had been taken. The load cell was then connected to the top
platen using the bayonet fitting and the other end of the load

cell shaft was pinned to the load frame.

The sample was ready for consolidation;  all gamples were

consolidated in the sameé manner. All the initial transducer

readings were noted. The cell pressure was gradually raised to

. i h
102 kPa and all transducer readings were taken agaln, the

. : . A back
datalogger being set to record at fixed intervals
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pressure of 100 kPs was applied and the cell pressure raised to

the desired level. The sample was then consolidated: After the
sample had consolidated, indicated by no further  volume change;,
the load train was engaged and the sample was ready for testing.
Undrained tests required higher back pressures in order to avoid

cavitation within the sample.

While the cell was filling with water the AET5000 was set up.
This consisted of preparing data recording tapes, selecting any
graphs to be displayed while the test was running, and setting

the parameters which define an event.

All samples were tested at a constant strain rate, in general
either 1%/hour or 3%/hour. These rates allowed time to examine
the AE response of the sample and were slow enough to ensure

accurate volume change readings.

Over the research period a number of different tests were
performed which fell into three basic categories. The most
straightforward was the 'constant cell pressure' test in which
the cell pressure was kept constant over the test duration and
where the sample was sheared at a fixed strain rate (i.e. a
standard drained test). The next test'category was the 'constant
mean stress' test, in which the average of the principal stresses
was maintained at some predetermined, fixed value over the test
duration. The final test ég?egory’was the 'constant axial stress'
test; here, the value of +the major principal stress was
maintained at‘ a fixed value over the test duration. The paths
traced out by the test types on the o —]?0' plane in stress space

a r
are as follows: 'constant cell pressure' is a line parallel with
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the o axis, 'constant mean stress' is a line normal to the space

a
diagonal (o =0 ), and 'constant axial stress' is a line normal to
a r
the 0 axis. Later on in the research period several tests were
a complex
performed in which a Astress path was followed; here, a

combination of the three test categories was used to achieve the

desired stress path.

Associated with each test ‘category was a sub-category:
compression or extension. On the ¢ ~J?d plane these sub-
a T

categories gare represented by the direction of travel along the

stress path line.

When testing at constant cell pressure all that was required was
to set the required strain direction and start the motor. To
perform an unload-reload cycle the motor was stopped, the strain

direction reversed, and the motor restarted.

Tests involving a variable cell pressure required careful
monitoring of the transducers, and at the end of every datalogger
recording interval the currently required cell pressure was
calculated wusing a programmable calculator. The mercury pot
controlling the «cell pressure was adjusted to the desired
reading. At the start of a test it was necessary to overcorrect
(using experience from previous tests) because the change in cell
pressure was large. Consequently, there were minor deviations
between the actual and the desired cell pressures during the

initial stages of a test.

When the test finished the cell pressure was lowered to 102 kPa

again, the drainage and cell taps being closed off. The cell was
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drained, the bayonet undone and the cell removed. Usually it was
not possible to take sample dimensions after the end of the test
because the top platen had tilted very slightly and removing the
bayonet disturbed the sample. The sand in the sample was

collected, oven dried and weighed.

Data recording on the AET5000 was stopped and the test
parameters, test statistics and numerical data representing the
gelected graphs were printed. The tapes containing the test event
record were rewound and replayed at a slow rate to transfer the
event information to the BBC microcomputer. It was not possible
to transfer the data while the test was running because, when
recording data, the AET5000 did not necessarily output all event
information but, during post processing, it could be made to do

80-.

35



Fi
gure 3
3.1 G
enera |
I ar
rangement of
soils
equip
pment

N
(@)




e

o
- o
. o
- . L -
- . .
- : o .
: : o . o
.. ___
. ' -
. ’; S G e
””; V&m s
- - - \’
. . 71“

ACooSTIC &llission SensSoR
, CARLE| exuT Nor

S

G

.
.
e
.

o
a0

G
a
e

™ volrpwe
CHANGE Device

\\; >)U/ . Do e
B ’ ’ . . . .
. - .

e . _

o i S ...

o . - .
. e - -
. \\ T

Sigure 3.2 Adspted base platen
37




Figure 3.3 Losding srrangement
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Figure 3.5 Linear transducers
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Preliminar; Tfstéf

4.1 Introduction.

The application of Acoustic Emission (AE) to soils testing is a

new technique and, as such, there is little literature on it.

When testing therefore it was important to minimise ‘the effect of

the AE equipment on the sample. In standard soils testing many

conditions are taken for granted; this may not be possible for

tests using AE. The research program envisaged that complex tests

be performed on sand, and before proceeding, it was necessary to

establish the 'general AE characteristics' of sand in triaxial

testing. Information given in the literature (e.g. Koerner et al

(1976), Tanimoto and Noda (1977)) was conflicting and of

insufficient detail to be of any immediate use.

The results produced by the AET5000 are a z_pféé:by a numbe:
constraints, some of which may be &Iféréd‘byfééntrdl seftingsrcn-:
the AET5000. The most significant uncontrollable constraint is
attenuation: this is a function of ‘the sand, platens,
equipment. The nature of AE precludes any direct, é
measurement of attenuation; but a reasonable estimate may be made
from simple tests. Experiments were carried out using two AE
sensors, one driven, the other receiving; the results of which
indicated that attenuation for dry sand is ipw*the range 160-
1000dB/m. These compare well with those presented by Koerner et .
al (1976) who found that attenuation in dry sand was in fhe'r&ﬁgé
300-1000dB/m.  However, it was noted by Koerner that the
attenuation was dependent on the frequency of the acoﬁstié

emissions.
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The AET5000 system, as supplied, gives no indication as to the

likely settings for its control parameters; howevef,
assume default settings for most of these paraméters. Initially
the defaults for the bounds of event duration, number of ringdown

counts, etc. were taken to be adequate so-that- the effect of gain

and threshold voltage could be determined-. Subsequent
investigation of tests recorded on tape showed that the :default
settings were adequate and that no significant improvement in:the

number of events recorded was to be gained by varying.them.

The number of events detected by the system is controlled: by the
gain and threshold settings on the AET5000. These are set at:the
start of a test and so it is important that they are adjusted for
optimal performance. The AET5000, as supplied, provides. -no. frame
of reference to which these settings may be related. A series of
tests was performed in which only:the;géinééﬁd the threshold
voltage were altered, all other constraints remaining the same so
far as was possible. The aim of this test series was to determine
settings which would ensure that the AET5000 did notupigkyupx@ag; 
excessive amount of Dbackground - noise, - but: provided eﬁéuéh\
information to be able to draw meaningful conclusions. It was
found that a close link between gain and threshold voltage
exists, and that increasing the gain is more useful than
decreasing the threshold voltage:since the latter - allows moré
background noise to be detected. Also, it was found that

satisfactory performance was obtained using a gain of 4.0 high

(equivalent to 92dB overall) and a threshold voltage of 1.0V.
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4.2 General Observations.

4.2.1 Soil Mechanics.

Once suitable parameters for the AET5000 had been found it was

possible to describe the behaviour of a sample during monotonic

loading with some confidence. Throughout the research period
monotonic loading tests were carried out periodically as“a check
on the AET5000 system. Koerner et al (1976) plotted ~stress
ratio/total counts graphs obtained from incrementally ‘loaded
triaxial tests and found that there was a correspondence between
axial strain and the total counts. Figures 4.1 and 4.2 ‘ishow the
stress ratio/deviatoric gtrain and the volumetric
strain/deviatoric strain graphs for a typical monotonic 'loading
test (Test 110) in which the classic stress-strain response  is
clearly seen. The stress ratio increaSes%atkaédecreasing rate
until a maximum value is reached, after which the stress ratio
decreases at a slow but steady rate. ‘The volumeitric strain'eﬁrve
shows a small initial contraction which is:followed by a 'high 
rate of expansion, which is indicative of a dense specimen. \mhe
expansion continues at an approximately constant rate untiI~péak,
after which it decreases. The stress ratio/deviatoric strain and
volumetric strain/deviatoric strain graphs for another
monotonically loaded test, Test 88, are shown Figures 4.3 and

4.4; the same features may be noted as were found for Test 110.
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4.2.2 Acoustic Emission.

Figure 4.5 shows the stress ratio plotted against events for

Test 110. It is at once evident that stress ratio/events 'and
stress ratio/deviatoric strain graphs are very similar but that
the AE derived graph has a steeper gradient initially, when
elastic strains are not insignificant. Figure 4.6 is the stress
ratio/events graph for Test 83 and, here again, the same feature
may be noted. Comparison of Figures 4.1 and 4.3 with 4.5 and 4.6
suggests that a relationship exists between deviatoric strain and
events. Figure 4.7 plots deviatoric strain against events (Test
110). It is apparent that the relationship is non-linear and
may be  represented by a power law. Figures 4.8 (Test 110)
shows the event rate/deviatoric strain graph; it is clear that

the event rate is increasing with increasing strain but with

considerable scatter. The scatter can be reduced by"‘repidk

the data using a moving average technique, Figure 4.9'(Tés%9¢

it is not possible to remove all the scatter withéut”coﬁ@t&mi.,fél
the validity of the data. Figure 4.9 shows ‘two cﬁangésffiﬁi”
gradient; one at a strain of approximately 2.0%, the-othér?: .
strain of approximately 10%. The second point corresponds"téypeakf 
gstress ratio. Post-peak the event rate becomes much mbrefefféfia

but continues to rise. P

4.2.3 The Work of Tanimoto and Co-workers. -

Tanimoto and co-workers have carried out a large number -0

on sand in both a stress controlled and a ﬁét?ﬁ

manner. The tests reported are on a partiaIIngaturé%éa_;g@dﬂ he

samples  being,  typically, 120mm ~ high by *50mm  diameter.

47

‘ﬁ%_f:;j



Unfortunately, in all the reported tests, few details.of the
apparatus are given. In particular no mention is made of. end
membranes although the height:diameter ratio might imply their
absence. In reporting test results only ringdown counts, not

events, are given; this is a limitation of the equipment used.

The results of a typical strain controlled test, Tanimoto and
Nakamura (1981a), are reproduced in Figure 4.10. The deviator
stress/axial strain curve is typical of that for dense sand
specimens. However, the volume change curve shows that volumetric
contraction occurs over a significant axial strain range; this
feature 1is found 1in all the tests reported by Tanimoto. The
ringdown counts/axial strain curve shows that the count rate
rises rapidly until the constant volume point is reached, after
which it oscillates about its previous maximum level. No
significant change in the count rate is discernable at peak or
post peak. This contrasts with the tests reported in this thesié,
in which the event rate continues to rise throughout the fést:
although there 1is a distinction between events and ringdowﬁ
counts it would not affect the results in this way. Koerner ét él
(1976) also showed that counts showed a steady rise throughout
the test duration, again this is in contrast to the resulfs ‘of

Tanimoto.

The change in count rate at the constant volume point was first
reported by Tanimoto and Noda (1977), and was used as a method of
determining the time to failure (actually, time to peék).' The
number of counts recorded during the initial pre-constant vélume
phase was divided into the number of events occuring in an

(arbitrary) period afterwards. The results from a number of tests
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were plotted against the time to failure on a semilog scale and
showed a relatively good fit to a straight line. The exercise was
repeated for stress controlled tests, with much the same resﬁlta.
However, in that type of test no levelling off of the count rate
was observed: in fact the gradient increased after the constant

volume point.

4.3 Preliminary Tests.

4.3.1 Sample Conditions.

It 1is now standard practice in laboratory soils testing to use
lubricated end membranes. The case for the use of lubricated end
membranes ('free ends') was presented by Rowe and Barden (1964)
and their conclusions were that uniform deformation could be
achieved using free ends. Previous practice had been to -test
fixed ended samples with a height/diameter ratio of 2:1  but a
tendency for the samples to fail by buckling was noted. The
influence of end restraint, and of sample dimensions on AE
behaviour is not documented and, although experiments indicated
little or no attenuation of signals by the membranes, several
tests were performed in which no end membranes were present, and

in some of which the height/diameter ratio was 2:1.

Test 89 was a standard test but for the absence of end membranes,
the stress ratio/deviatoric strain curve for this test is given
in Figure 4.11. The peak stress ratio is much higher than in
other tests (c.f. Figure 4.1) and, post peak the stress ratio
levels off at about 0.85. These results are consistent with this
type of test and the levelling off of the stress ratio/deviatoric
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gtrain curve is indicative of a developed shegr plaoe; iﬁ_f&

shear plane was visible through the sample membrane-duri‘g
later stages of post peak deformation. Barrelling of the sample,
caused by end platen friction, was apparent at the end of the

test.

A cursory inspection of the AE data showed that the event rate
was much higher (15-25x) than that of tests using free ends. One
effect of this is to make the event rate/deviatoric strain curve
much smoother, although when the shear plane is present the event
rate 1is more variable. Replotting the event rate/deviatoric
strain curve (Figure 4.12), using the moving average technique
to remove some of the variability, reveals that there are
apparently two changes of gradient; one noticeable at peak, and a

second more abrupt change durlng post peak deformatlon. Thep~~

second, larger, change of gradlent does not appear‘to correspond

with any of the other stress/strain data, 1t 1syconce1vable that

this is the point at which a shear plane flrst develops.‘s“

Further tests involving double height samples with no end

membranes were carried out, Tests 90 and 91. At the end‘of thes

tests both samples exhibited buckllng and had well developed:

shear planes - indicative of non unlform fdeformatlon.‘ The AE

behaviour was similar to that of Test 89,

an 1ncreased event

rate, and a definite break of slope durlng post peak deformatlon,

Figure 4.13 (Test 91). The 1arge spike in the event rate‘

graph was because undralned conditions developed when the

change device ran out of travel before elng readgusted.i~

level ph‘a‘s‘e'~

4.13 shows that the break ofwslope lead




than a continuing positive gradient Do othe: e tésis -
performed during the research period was this constant event rate

observed.

4.%3.2 Strain Rate.

The influence of strain rate on the AE behaviour of sand is not
well documented. Tanimoto and Noda (1977) showed that there was
a relationship between strain rate and ringdown count rate.
However, this related only to their 'second phase' of AE which
occurred after the constant volume point in their strain
controlled tests. Over the course of the research period the
axial strain rate used was either 1%/hour or 3%/hour; these rates
being deemed suitable for AE data capture. However, ‘Tanimoto and
Noda (1977) used strain rates of between 25%/hour and 200%/hour
in their tests. In order to make a comparisdnfﬁifﬁ:fhese reSultsr
it was necessary to examine-the relationshipfﬁetﬁssn eventlfratef
and strain rate. Additional tests on height:diameter;1:i sampies

with free ends were carried out at strain rates of TO%/hour Gﬁeatwfm
92) and 15%/hour (Test 93); it was not feasible to test abo§é 

these rates.

Plotting the event rate/time graphs for the Tests 92 and 93

(Figures 4.14 and 4.15 respectlvely) shows that there is a steady ‘

rise in the event rate/minute as the tests progress but there ism

no evidence, as in Tanimoto's tests, of a levelllng off of the

event rate. Therefore the levelling off is not a functlon of the

strain rate. Comparing the total number of events at partic larUy,*»"

deviatoric strains for different tests (Flgure 4.16) lt may bei

seen that more events are recorded at hlgher straln rates thanr

o

might be expected from a linear:relationship»;;




4.4 Distribution of Events by Peak°Aﬁpfrtud

Many workers in the field of AE use the distribution of evégngbiﬂ
peak amplitude as a method of characterisation of thé material.
For instance, glass reinforced plastic is known to exhibit &
triple peaked distribution (Pollock (1978)), which is indicative
of the different failure mechanisms at work within the material.
Figures 4.17 and 4.18 show peak amplitude distributions for
Tests 110 and 83 respectively; the single peak is, perhaps, an
indication that only one mechanism is at work within the sand.
The single right skewed peak was found in all tests carried out
during the research program. This type of curve can be modelled
using the beta-probability density function (beta p.d.f.). The
beta p.d.f. is well suited to modelling distributions. - of:: data

which are of limited range and positive in value.: The general

form of the beta p.d.f. is:

alpha beta t Ty

f(x)=k(x-a) (b-x) - B (4.1)
where: a - lower bound of distribution.
b - upper bound of distribution.

k, alpha, beta - statistical parameters derivedufrom;the‘

experimental range, mean, and standard deviation.

In an attempt to provide a unique AE descrip#i§n~o£«-Sand,'%this

curve fitting technique wasf/applig§ggtoi/iﬁé{epeakc amplitudg,‘
distributions. The beta p.d.f.s corxesbondings’tofrthq,,pe&k'
amplitude distributions in Figures 4.17 and 4.18 areQaSﬁGWﬁ‘:iﬂf
Figures 4.19 and 4.20. It was found that the p»daﬁm-isféxire
sensitive to the range of peak,amplitu@es;récﬁfded (egpgdigi;rfﬁi

some extreme events are counted)zgan Qbe?.gﬁleveﬁ$31f¥g'
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the distribution; the calculated values o 51pharan¢*b§fg'a?df
Tests 110 and 88 were (0.3, 12.2) and (0.5,
Analysis of other tests indicated that the value of alpha wasw
<1.0 and the value for beta was >7.0 which confirms the highly‘
skewed nature of the distribution. However, the variation in the
individual values of alpha and beta was too large to be able to

provide a method of characterisation, except in the most general

terms relating to the relative size of alpha and beta.

Mogi (1962) and Scholz (1968) identified a characteristic measure
for rocks, the b value, which was calculated from the gradient of
the amplitude distributions. Mogi proposed that the b value
related to the heterogeneity of the material while Scholz
supplemented this by accounting for variations in the stress

field. To calculate the b value, the logarithm of the cumulative

11.0) respectively.’;.g\,,ii'

distribution of events by peak amplitude is plotted, the b value

is then calculated as the slope of thg;}ipg/guitiplied,,by,;-

(Peak amplitude=20.log(Vout/Vmin (4.2)).//Tha bpvaiue rela£gs tQ
the ductility of the material, and is a function of ‘the
deformation mechanism and the state of stress, Pollock (t21§ﬁf‘
Figure 4.21 shows the cumulative distribggiqnxohtained;szm ?egﬁ‘*
110 (n.b. the horizontal portion of th?/QE?Y%~§§;Q°t included in
the calculation of b). The calculated talue€9€¥b;gg§‘1.7:’thigyis

high in comparison to rocks for which values of less than 1.0 are

commonly calculated. Pollock (1978);§;ye§'th952glﬁes of bﬁfqr,{g’ﬂ

ductile and a brittle steel as 4.20 and 0.76 respectively. Sand

however, behaves in a ductile manner, as is seen in the

ratio/deviatoric strain curve (Figure 4.1). Analysis of a .

number of tests gives an overall b value 0 :

Buzzard sand which would seem to/bqﬂgfzth& ght order- Note that i

cz

f 2.24 for the Lelghton .



these b values refer to the f1na1 dlstrlrutlon/of4events by peak , 

amplitude calculated at the end of the test.

The b value, as calculated, is not constant over the test
duration. This can be seen if the test is divided into a number
of periods and, for each period, the b value is calculated.
Figures 4.22 and 4.23 show how the b value changes over the
course of two tests (110 and 88): a steady rise in the value as
the test proceeds. The suggestion, according to Pollock (1978) is
that b increases with ductility and hence the increase {:4

observed indicates that the sand becomes more ductile as the test

proceeds.

4.5 Frequency Distribution of Events.

The AET5000 does not provide the infgr@ggggn‘;ég;éting Jt9”;the f 
frequency of the incoming events.r,gpgqygg;; gs, a means quf 
validating the events, this informationq would be relevant;‘”
Hahnekamp (1981) shows that it is possible to provide‘jajigéd&ff t
approximation to frequency by dividing the number of ringdown

counts in an event by its duration. It was demonstrated that the

range of the frequency distribution,deg;geq;ftgg~§his methodfgof’

analysis was typically 80% ofithe,trgg,éfrgggency,adistnibution,

Figure 4.27 shows one such frequency distribution obtained and,
on inspection, it is apparent that the gqggg?gg’ihe distribution

is 75-80% of that prescribed by the»ban@ﬁPASS,filte?,(157453H?)f

Events with a ringdown count of one have been discounted f:

analysis because the measured event duration is an upknoys

 event; events with a

proportion of the time period of

ringdown count of two are subject ”~;essgr;§xﬁegtél'
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Events with a ringdown count of one‘mékeﬁup/ZS-BO%,of'all. emegtg‘
recorded during a test; this was determined from an analysi
tests in which both event and ringdown count data were avaiiabléh
One reason for the shifted distribution is because the AET5000

calculates the event duration as the time above the threshold

voltage and not the time above 0.0 volts.

Analysis of tests involving more complex stress paths indicate
that +the results for these psuedo-frequency distributions are
consistent with each other (e.g. Figure 4.25) and all have a
pronounced central frequency of '25kHz'. Adjusting this value to
the ‘'true' value (multiplying by 1.25) gives a frequency of
31kHz which is close to the quoted resonant frequency -of - the
gsensor (30kHz). One deviation from the 'standard' pattern is

provided by an undrained test (Figure 4.26) in Whlch the spread’

of the frequency distribution was,verzﬂsmallz
was not possible to analyse earlier undrained tests because the' ,

relevant information was not available.

4.6 Event Waveform and Distribution of Events by Energy.

The AET5000 provides an output representing the ‘raw AE input
signal and it is possible to attach auxllllary equlpment such as

oscilloscopes to it. In several tests thefg;ggglgenvelopes,~iere

displayed on a storage oscilloscope,&;andeKéféfphOtogrgphﬁ@,ftQ;
provide a permanent record. It was found th&trthe~3igﬁgl W,’@id,
not change over the test duration: a signal envelope wa

%o be the same at the start of the test as at the end of the

test. The oscillosc ope provl.,ded’;ﬂtlgﬁ/m&l’: onflrmatlon th&t the

acoustic emissions being received

s

Unfortunately it f 

tin tejf:@mijf$h$ "f' 



background noise. Sample events are shooﬁliﬁ*Figure;4¢219'It.m&¥,
be seen that they have short rise times and that the signalw@eo§$'
is exponential. Only the shape of the envelopes should be
considered: the actual line traced is a consequence of the design

of the oscilloscope.

Another interesting point to emerge from a study of - the
oscilloscope pictures may be seen in Figure 4.28. Three events
have been recorded but they all occur close together, coalescing
to form one larger 'event'. The AET5000 would interpret this
series of events as one event (dependent on the gain and
threshold settings) and it is clearly erroneous. This phenomenon
was found to occur randomly throughout a test. Other examples of
coalescence are shown in Figure 4.29 where two events are

merging, the second being the larger of the two: the AET5000

would mis-record the rise time and hence slo

these cases.

The AET5000 allows the energy of an incoming acoustic emiéélon to
be estimated, using the event duration and peak amplifude- to

calculate the area under the curve. Distrihutions of evente-‘by

energy may then plotted in the same way as diétributiOnevyof

events by peak amplitude. A typlcal dlstrlbutlon is shown’ in

Figure 4.30 (Test 110); the most strlklng aspect of thls

distribution is that there are two peaks whlch is 1n contrast to

the single peak of the peak amplltude dlstrlbutlons. The double'

: ’g\d'

peak in the energy distribution was found in all tests P?;

Initially it was thought that it mlght be because two mechanismé»_

;of  £he test.‘ However,.

were at work durlng dlfferent parts

3] d %
subsequent investigation showed that th eak» oocu?re

and energy in =




throughout the test and that the peaks maintained the same
to each other during the test. It igs therefore cleafiﬁhétQ tw
distinct types of events are present one of low amplitudé‘ and
duration, the other of low amplitude but long duration (since the
peak amplitude distribution is right skewed). A possible
explanation 1is provided by the oscilloscope photographs - the
gsecond event type is in fact the coalescence of smaller events

into a larger event.

4.7 Summary and Discussion of Results.

Initial experiments found that the AE response of sand was

affected by the settings of the threshold voltage and the gain

setting on the AET5000 gystem, but that there was a range of :
values for these settings which produced /egqgéh; evénts ,fgrj , ,
comparison with stress/strain data. The use?gfiifree’ ends wAs

found to be essential for uniform deformation of tﬁessample,"fhe, .i

AE event rate of samples tested without -end membrggegﬂ&”"

gignificantly higher than those samples tested with

membranes. Taller specimens were also tested without end

membranes, and the event rate became constapt{ }This phenomenen
was also found by Tanimoto and Noda (1977)‘/wﬁ§5/tested 2.4:1
specimens of sand. Results from tests diSag§é§é; with thosé’
. ntal dét511 r

reported by Tanimoto and Noda but a lack»of‘e?PBfime

prevented exact test reproductions being made.

The relationship between event rate and the rate of Strain was .

ot

found to be non-linear. As the sourge,¥99??pl3m of AE 18

iiit,may‘relaﬁ§ ‘té .

known it is difficult to account“forfth

—



the rate at which acoustic emissiéﬁé are generated '#ithin,,tﬁél

gample. Each acoustic emission is subject to attenuation an&,.af

'slow' strain rates, the probability of another emissibﬁ"beiﬂéU§ ¢

generated close enough to it to reinforce the strength of the
wave is low. However, as the rate of strain is increased, the
probability that another event will occur in a given period of

time is increased.

Simple monotonic loading tests show that a correspondence exists
between strain and total events; this was first demonstrated by
Koerner at al (1976). It was possible to identify peak using the
event rate and deviatoric strain readings, this required some
smoothing of the raw acoustic emission data by the use of moving

averages.

It was possible to use the distribution of events by peak
amplitude in two distinct ways. The first techﬁiéﬁe attempted to
model the single peaked shape of the distribution using the beta
probability density function. It was found that the paramgtg?gsgw
which describe this function could only be described in generalﬁ
terms because of the sensitivity of the function to the amount of
data recorded, and to events which occurred at the extremes of
amplitude. The second technique calculéted the b’valﬁe of the
distribution; it was found that the average/valué was 2.24 whicp
corresponds to data reported for ductile matérialéa Further, it

was found the b value increased with increasing strain 1n§1catlYe 7

of an increasing ductility.

The actual frequency distribution of the emissions was estimated

and the resulting range of the disfribution_wgs fbund:to-béw.in -
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proportion with the one prescriﬁédfb

AET5000 monitoring system.

The use of an oscilloscope allowed visual confirmation of the
unprocessed AE signals and also showed that incoming events were
often recorded simultaneously. This was confirmed by plotting the

distribution of events by energy which showed a double peaked

distribution.
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Effect of mean stresé and s

5.1 Introduction.

One of the principal aims of the research program was to-\\\juse‘
Acoustic Emission (AE) as a method of identifying yield in sand.
In order to do this it was anticipated that tests ~involving
complex stress paths would be performed. However, the effect of
varying stress levels on the Acoustic Emission response of the
sand was not known. Therefore, several series of tests were

carried out to examine the effects of stress level and stress

path on the AE behaviour.

5.2 Effect of cell pressure.

Chapter 4 described the observed AE behaviour of sand w_hen/;tested
at a constant cell pressure of 100kPa.

pressure on the AE behaviour was studied —iri a sho
(Tests 46, 55, 40) conducted at constant ce l;préigmne_s:i’ovf 50,
100, and 200kPa respectively. So far as was possible all other
controls remained the same; in particular the strain rat‘

1%/nour.

Figures 5.1 - 5.3 show the stress ratio
strain/deviatoric strain curves for thes

exhibiting the classical behaviour of den:

Tests 40 and 46 show unload/reload cycles the

these cycles will not be commented on here but will be dea

in Chapter 6. From a comparison



that the maximum rate of expansion ae,cr

pressure. An increase in cell preégur '
in the maximum stress ratio, implying éhat th o t‘é,s,,,

curved Mohr Coulomp failure envelope.

Figures 5.4 - 5.6 show events/deviatoric strain for each of the
tegts. Inspection of each graph individually shows that,
independent of cell pressure, the shape of the curves is similar.
However, a comparison of the graphs shows that aé the cell
pressure 1is raised more events are received. Figures 5.4 -~ 5.6
are superimposed in Figure 5.7 to give a clearer indication of
this. (Note that information above a strain of 4% has been
omitted as this incorporates unloading information for Tests 40
and 46). At 4% deviatoric strain the total events are 50, 240,

and 540 for the tests at 50, 100, and 200kPa respectively; the

corresponding stress ratios are 0.84, 0.81, and 0.76. Figure 5.7

it is <clear that events are primarily afﬁ/i—fun‘é’t

pressure, hence mean stress, rather than stress ratio.

5.3 Effect of mean stress.

events exists. However, constant cell prggsfu/
analysis more difficult because the ch:&,n'/eﬂin me
another variable in the problem.
stress on AE response could be studied é's'év
carried out. This series was split into 4 groups of ‘
ere used (100 2 k

each group three different mean stresses W

300kPa). Each group was tested at a d

8t



(0.5, 0.75, 1.00, and 1.25V); the thres
a check on earlier findings (see Ch’aﬁfer
would aid interpretation of the results. Subsequent inspection
results' showed that no significant improvement in interpre
was to be gained by varying the threshold voltage. The analysis
in this section will concentrate on the tests which used g
threshold voltage of 1.00V; the other tests will Oﬁly be used

where additional confirmation of a particular point may be

required.

Figure 5.8 shows the stress paths for Tests 59, 67, and 73 at
mean stresses of 100, 200, and 300kxPa respectively. It may be
seen that in each case the actual mean stress follows the desired
mean stress fairly closely but a few significant deviations do
occur. The variation was brought about because of the equipment
used; there was no facility for the continuous monitoring "Of,‘the;,
data representing the state of the sample, only d
intervals. Therefore, the cell pressure could'on‘l“fibe adjfu'sféﬁd"”té;
the required value at the end of a recording interval a-l‘thouéh&,fif
with experience, a reasonable estimate could be formed‘."*s,
because the mercury pot system controlling the cell pressure
could only be adjusted by fixed amounts, due tothe- teeth “o,n,“ft‘ﬁ“e,” .
ratchet, adjustment in the later stages o |
fluctuations in the deviator stress. Tﬁjef/

limitations was reduced by using a strain rate 0.
checking the cell pressure every minute.

X . ' 5 . '.:n'_ﬂ
The stress ratio and volumetric strain/deviatoric strain &

are shown in Figures 5.9 and 5.10 respect'i:velja ’It_ma;

that following an initial rapid increase

82



the stress ratio increases at a decré&//
geen that increasing the mean stresg de(—/:.re/ar
ratio; this was also found in the constanté’ </:e’11 pressu
The volume change curves for these tests show litt'lé_
contraction was recorded and, once expanding,  the curves t’éﬁd.
towards straight lines. Inspection of the curves:shows ‘that they
are less smooth than those shown for constant cell pressure tests
but this is an effect of the (relatively) abrupt changes of cell
pressure. The position of the volumetric strain curve for Test 67
(200kPa) with respect to Test 59 (100kPa) is anomalous; an

inspection of the test record shows that, although it is less

dense than the other tests, initial stress control was poor.

Events versus strain are plotted for the individual tests in
Figures 5.11 - 5.13 and are superimposed in Figure 5.14 for

comparative purposes. Each figure shows a reasonably smooth curve

However, it is clear that there is a substantial 41;1

effect on the AE response. The three tests reported we

deviatoric strain. Also, as acoustic emissio
the release of stored energy, the use of wo
deviatoric strain would appear to be more re
shows events/work for the three tests; it s

mean stress effect is still present.

One way to reduce the difference in events at" di

Stresses is to normalise the events (E b;



gtress (p)- The normalisation is acc
number of events occurring in a fixed intré,r
in that interval, and adding that result to thefwto.tal.?.,,v
i:: ;as found that the best correlation was to normalise ev-é;lt_
p ) , the results of which are shown in Figure 5.16. The-
procedure was repeated for the tests

at different threshold
voltages and Figures 5.17 - 5.19 show the normalised events for
tests at  threshold voltages of 0.50, 0.75, ang 1.25v
respectively. It may be seen that, in general, there is good
agreement between the normalised events and the work done by the
external stresses. Also, reducing the threshold voltage can be
seen to increase the number of (normalised) events, and the
increase of normalised events with work is seen to be non linear.

There does not appear to be a simple relationship between events

and the threshold voltage.

5.4 Extension tests.

The tests reported so far in this thesis have all "_l‘)e‘en, .
compression tests, that is to say the vertical stress hgs- b en

greater than the horizontal stress. However, in Order"itoﬁd'e’.s‘é Le

necessary to perform extension tests in whic
stress is greater than the vertical stress. ¢
represented no extra problems in testing becaus

fitting which connected the load cell to the top

A constant cell pressure extension test, Test ‘47/"”“?-
out at 300kPa. The stress ratio and volumetric stra}r}f
strain graphs are given in Figures 5.20 and 21‘13"?
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may be seen that the sample expand-s,: Vf'

unlike a compression test. The peak stres

mean stress at peak stress ratio; one such test is Test ﬁ’EOVw. b
had a mean stress of 236kPa, while Test 47 had g mean stress of
220kPa. Test 47 had a peak stress ratio of -0.51 while Test 110
had a stress ratio of 0.81; which indicates that the sand tested
shows good agreement with the Mohr-Coloumb failure criterion.
Additionally it can seen that the volume change curve would form

a continuous curve if it were plotted with a compression test;

this is illustrated schematically in Figure 5.22.

The events versus deviatoric strain curve is shown in Figure 5.23
and it 1is clear that the number of events and their rate of
emission differ considerably from those which would be recor\‘ded-‘
in a compression test. It may be seen that there/_i:s/at leas’t an
order of magnitude difference in the number,of/éifﬁrfe/n/o
compared with a compression test. Also, the shap
is convex rather than concave but any Jjudgements are ve
subjective because of the lack of AE data. However, as indi
in section 5.3, the work donme by the external stresses influe
the AE response, as does the mean stress. Figul“e‘a‘zl""‘»snwé B
normalised events/work graph, with the 200kPa mear
being shown for the purposes of comparison. It
there is agreement betweeﬁ the two curves, but th
not as good as that between the mean gtress tests

A number of other extension tests were carried out in

lack of events was due to a poor testing teChniqu'e.”: _
co

Prepared sample. However, all the results Wt
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the results reported here, and th re

taken to Dbe representative of extension tes

(1983) showed that there was a significant ~Kdif~f4‘erenc”e-

- compression and extension tests: in the reported results +p

number of counts received in extension was two orders of
magnitudes less than the number received in compression. It wag

also shown that the peak stress ratio in extension was less than

that in compression.

5.5 Constant axial stress test.

Another possible simple stress path is one in which the axial
gstress is maintained constant. This type of test, in contrast to
the others reported above allows the mean stress to :decrease

while the sample remains in compression.

The stress path for Test 54 is shown in Figure 5.25; :
tested at a constant axial stress of 300kPa. -~ The same ,echniic{il*_g
problems as in mean stress tests made it difficult to trace V’ch’é
path exactly. The associated stress ratio and volumetric s

curves are shown in Figures 5.26 and 5.27 respectivel

sample is roughly the same porosity this is an

path.

. . ; 5 g shown
The mean stress versus deviatoric strain graph is sho ,

5.28; the mean stress develops in a similar manner to 't’

extension test, except that the sign of the dev_iatoz“‘ :

reversed. However, consideration of the eve
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graph (Figure 5.29), shows that the AE re D
from an extension test and is, in facf; :
cell pressure test. When the mean stress becc‘)/mes c,onsr%énf
be seen that the event rate changes little,

events/deviatoric curve becomes roughly linear.

5.6 Undrained tests.

During the research period several undrained constant “cell
pressure tests were monitored for their AE response. While the
undrained test is widely applied to cohesive materials, it is
used infrequently for tests on cohesionless materials. The tests
were thought to be worthwhile since they would provide details of
the AE response for a different type of stress path. It should be
noted that stresses reported in this section are effectix}e

stresses, not total stresses.

The effective stress paths followed for two undrained 'ytés;ﬁs,
(Tests 57 and 58) are shown in Figures 5.30 and ’-*5?,;313‘_‘
respectively. It may be seen that both tests followed the same
pattern; the effective stress path leaving a plane of -‘c‘dr.‘lé:’cia
mean effective stress, curving over to become asymp.tqtié: to .
line passing through the origin. The pore pre/s‘

strain graphs are shown in Figures 5.32 and 5.3

observed in drained constant cell pressulie rtests
effective stress ratio/deviatoric strain curves
Figures 5.34 and 5.35. The stress ratio regched 18 not as
that in drained constant cell pressure ,</>‘r/’c’:ons:tfant
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tests but in shape differs little.

The events/deviatoric strain graphs are sﬁo;ﬁ in Figuxie_;s. 5. ,
5.37 for Tests 57 and 58 respectively. It ig &ppare#t_ ﬁ
although the initial part of the graphs ig similar to th‘at, Qf‘;h;
constant cell pressure tests, there is g very large increasé in
the event rate after a deviatoric strain of approxima/t/é/ly 1!.5%‘.
It is clear that the event rate increases at an increas;ifr;é/}rate,’
suggesting once more that the event rate is strongly mea; gtress
dependent. The increase in the event rate also suggests the AE

response 1is linked with the effective stresses, not the total

gatresses.

5.7 Discussion of results and summary.

The AE response of sand has been shown to be _,sft;fes/s ievel
dependent; this has been demonstrated fof constant cel pr SS
tests and for constant mean stress tests. Ko;rn/ér/et a
also demonstrated that sand exhibited thié /Mp}‘leméneno‘!‘l. usng
incremental 1loading. The AE response has also been showﬁ t
stress path dependent; the number of events record’é‘:@i'”:
compression tests being an order of magnitUd? 1a/r,ger‘ than th‘e“‘

number recorded in extension.

The stress level dependence of the AE response is

The stress path dependence is complex not on

stress level effect but also because of the work dél}"

. i the di
sample. Acoustic emissions are derived from B

energy, and if the dissipated emergy evolves in &



to total energy the AL response should be

done on the sample. A strong correlz;tl,on
events and work exists which partial/lry‘:‘a
differences in mean stress and work done ip the differen.f 'cé’.‘st
The normalised events/work curves for some of the different ’Wp.és
of test presented in this chapter are shown in Figure 5.38. 14
can be seen that, while the different types are fairly closely
grouped, different stress paths cause slightly different AR
responses. It 1is interesting to note that the constant cell
pressure tests (compression and extension) fit well after
normalisation, as do the initial portions of constant mean stress

and undrained (when the stress path follows constant mean

stress).

The stress path and stress level dependence of the AE ™ response
complicates its use as a method of yield identification, and an
increasing event rate does not necessarily imply thgi; th
is approaching failure. However, it has been show'ﬁ tlj;at/” wh{’. ever—
the stress path, the AE response follows a similar péi:/te,rn,i: It
has also been shown that, while a particular stress 'pa‘..t'h" ma '
result in fewer recorded events, it is possible to compens‘atef‘
this by reducing the threshold voltage or by increasing the gam
setting. The threshold voltage provides a meansﬂp‘f:in
decreasing, the number of recorded events withgut/ alt
overall pattern of event recording. In particular
beneficial to reduce the threshold voltage wh

extension tests so as to maintain a given eygnt lev
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Figure 5.32 Test 57: Pore pressure/Devistoric strain
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Stress Ratio Test 57
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Figure 5.34 Test S7: Stress Ratio/Deviatoric strain

Stress Ratio Test 58
.8 .
9 T T T T T T T R
) 4

Devietoric strain ‘
Figure 5.35 Test 5B: Stress Retio/Deviatoric strain
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Chapter;é‘

Yield Point Identification

6.1 Introduction.

So far the tests reported in this thesis have concentrated on the
more basic aspects of the Acoustic Emission/soil . behaviour.
However, one of the aims of the research was to use AE as a means
of identifying yield in sand. A short introduction to the
concepts of plasticity theory is given in the following section;
a full review being beyond the scope of this thesis. One possible
aid in identifying yield is the Kaiser effect, mentioned in
Chapter 2, which is examined further in this chapter. Yield
points are then investigated through two series of tests

involving complex stress paths.

In this chapter graphs depicting event rate/time are _presented,
all those shown are moving averages of the true nt rata/time
graphs. This method, first presented in Chapter 4, removes some

of the variability associated with the event rate but, in doing

so, shifts the point at which events start or restart. In the

yield point identification this shift is unacceptable and 8o,

although the graphs presented have been averaged, the restart

point identified is the actual point, not the adjusted- one.

6.2 Concepts of Yield and Plasticity.

pes of deformation may occur:

When a material is stressed two ty

Theories

recoverable (elastic) or irrecoverable (plastic).

describing elastic behaviour are well established but. theories
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for plastic behaviour have only bee

recently.

The point, in principal stress space, which separates the
recoverable strain from the irrecoverable strain is known as the
yield point, and the set of all such points describes the yield
surface. Inside the yield surface only elastic deformations may
occur, and attempts to move outside the yield surface result in
plastic deformation. Stress states outside the yield surface
cannot exist: the material would not be in equilibrium. One of
the requirements of plasticity theory is to describe the shape
and the position of this yield surface. Figure 6.1 shows the
stress-strain curve and the yield surface (on the deviatoric
plane of principal stress space) for a hypothetical material. The

material behaves elastically in the region A-B and, when it

reaches point B, yields plastically. At point C the material is
unloaded to point D and then reloaded, yielding again at point
E. The path C-D-E is entirely elastic. Yiéldihg/éoﬁtinués,aftér'
point E as the material is strained further. Viewed on the
deviatoric plane the yield surface is represented by a circle, ¢n'

this plot points B, C, and E are jdentical. Although the yield

function is represented by a circle this is only for the purpose

of explanation: the shape of the yield surface is dependent on

material properties and could be any continuous function. One

limitation on the yield surface shape is that it must be convex,

Hill (1950).

For metals, yield is often assumed to be independent of the mean

stress, thus in the example given above the yield surface would

be represented by a cylinder whose axis coincided with the space
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diagonal. However, for granular ma¥é : ,iywthiSkiﬂ'
not the case and yield is dependent §n:/} n ress. In t#e
example above the yield surface could be réfresented by a coné
aligned on the space diagonal. The geometric interpretation of
the yield surface is useful as an aid to visualisation, but it is
necessary to represent it mathematically by a yield function such
as:
F(o)<=0 (6.1)

where o represents the stress tensor describing the state of

stress at a point.

When F(o)=0 the material is yielding, and when F(0)<0 the
material is deforming elastically. The yield function, by itself,
is insufficient to describe the materiali behaviour, as to

define the plastic behaviour of a material completely it is

necessary to define the deformations associated with the state of
stress. In the simple example given above;thetypsftion;and shape
of the yield surface were unaffected by the,agfﬁéf/”;ieldiﬁg; and
a material behaving in this manner is described as perfectly
plastic. However, the yield surface may change its shape,‘size,
and position when undergoing yield. If, for example, the yield

surface expands then hardening is said to occur, conversely if it

contracts softening occurs.

A number of different hardening theories have been;propasedv and

some of the more common are represented inr,Figpre;/G.Z. Figure

6.2a represents the case of no hardening (perfectf@lasticity) in

which the yield surface remains fixed in size and position. One

the material is loaded¢a$

popular theory is shown in Figure 6.2b;

before and behaves elastically in the region A-B, yieldingze&t;
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point B where the initial yield surfac:

is located. HoweVef;fvat

point B, the act of yielding 'causes the Yield'surfade'to'enlargé

uniformly. Loading continues to point C, at which poiﬂt\  %£;f $n\w

material is unloaded, through point D and yields again at point
E. During the unloading phase the material response is elastic
and plastic deformation does not recommence until point E.  This

type of hardening theory is known as isotropic hardening.

An alternative theory is shown in Figure 6.2c, which demonstrates
kinematic hardening. Here, instead of the yield surface expanding
uniformly, the yield surface translates rigidly in the direction
of the applied stress path. Elastic deformation occurs in the
region A-B, yielding at point B. Plastic deformation and
hardening continue as the material is loaded to point C.
Unloading occurs at point C, passing through D and yielding again
at point E. The distance A-B is equal to half the yield *locus
diameter (on this deviatoric plane) and the distance C-E is equal

to the (unchanged) diameter of the yield locus.

Another form of hardening theory is shown in Figure 6.2d. Here,
the yield surface distorts when yielding, deforming from a circle
into an ellipse: this is anisotropic hardening. Combinations of
these basic hardening theories are possible, merging in such a
way that the yield surface may translate, distort, and expand
during yielding. The yield function is therefore modified’by the
hardening theory and the yield function becomes:

F(o, h)<=0 - (e.2)

where h represents the hardening function. From the descnﬁ,‘

of the theories given above, it is clear that the hardﬁhing

function derives not only from the current stress state but also
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from the strain history. The har

represented by a single parameter, 1though

simplification of the true state of affairs:

The yield function and the hardening function do not, b;
themselves, provide a method of calculating the plastic: strain
increments. When a material yields it may be considered to flow
and, if the flow is considered to be irrotational, it is possible
to find a potential function whose partial derivatives give the

proportions of strain occurring at that state (rather, the strain

velocities). This potential function is known as the plastic
potential. As yield occurs as a result of stress, the plastic

potential must be a function of the state of stress.

Geometrically the plastic potential surface may be interpreted as
the surface orthogonal to the strain increment vector at each
associated stress point in principal stress space. However,
there is a hidden assumption here, which is that th/'directions
of the principal strain increment and the pfi~pipa1"5trésé
coincide. This assumption is referred to as coaxiélity, without
it the geometric definition of the plastic potential is not
possible, and the mathematics necessary to describe the

interaction of the yield surface and the plastic potential are

considerably more complex.

Hence to describe plastic deformation it is necessary to specify

a flow rule, which relates the strain*rateS:§o ne ements}’~§0k

the stress state. If the plastic potentiél;: 1e1df$urf&69'

coincide the flow rule is termed associated, and the normality

condition upheld. If the plastic potential and the yield surface

are not coincident the flow rule is termed non~associatedf* M&P
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plasticity theories assume, = for thé;éakiio ty '%hét‘the _

yield function is also the plastic potenfla*

A constitutive law of plasticity is thus described by the yield\
function, the hardening law, and the flow rule. However, unlike
an elastic constitutive law, it does not lead to a unique stress
-strain relationship because of its dependence on the deformation

history.

The testing of real materials, 1like sand, provides information
which, when combined with an appropriate plasticity theory,
allows the material's behaviour to be modelled. The observed

behaviour may be used to modify theoretical models as well as to

verify them. However, in order to define the plastic deformations
accurately, the elastic strains have to be found./fhe e&aluation
of elastic strains in sand is acknowledged to be dlfflcult,’néée
for example Holubec (1968), as the elastic pr0pert1es of the sand
depend, partly, on the deformation history. | A simple

relationship between the applied stresses and the elastic strains

is often assumed, see for example Lade and Boonyachut (1982), or

alternatively the elastic strains are neglected altogether.

The identification of yield from stress—strain data is not

trivial. One conventional method of 1dent1fy1ng yleld is shown

schematically in Figure 6.3, the pOlnt P represe ts the 11m1t of

represents fully plastlc

proportionality and the line R ~-S

Y, is taken to be whereyO,,- B

deformation. The yield point,

(produced) intersects with R - S (produced). - This techni‘;ue_
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used by Tatsuoka and Ishihara (1974) to

yield points from the results of cyéiié,
and hence establish the yield loci. Another conventional method

of identifying yield is to locate the point of maximum curvéfufe

on the stress/strain curve and use a method similar to that
adopted when finding the preconsolidation stress (the Casagrande
construction). It can be seen that neither of these methods is

ideal, and that both may be ambiguous and subjective.

6.3 Preliminary Tests.

The Kaiser effect has been defined as "the absence of detectable

acoustic emission until previously applied stress levels are

exceeded" by the American Society for Testing Materials (1978).
This definition suggests that the effect may be wuseful in
identifying yield points, as Acoustic Emission appéars;to relate

to irrecoverable deformation and not recoverable deformation. The

simplest way to try and demonstrate this in a triaxial test is
to perform an unload-reload cycle at some point during a constant

cell pressure test.

Figures 6.4 and 6.5 show the stress ratio/deviatoric strain and

the volumetric strain/deviatoric strain curves for Test 32, which

was performed at constant cell pressure. The stre: ratlo,curye

shows that the initial unload/reload portions of the curve are

steeper than that of the initial loading curve, indicating &

change in the stiffness of the sand. The volumetric strain curve

shows that, during early unloading, the path followed is almost

the reverse of the initial one but diverges as the stress rat;o
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approaches zero. Reloading causes a‘gﬁaii*amdun Contraction
prior to expansion which quickly reaches the rate achieved before
unloading. The events/deviatoric strain curve is shown in*Figure
6.6; during initial loading the events increase steadily bu%, on
unloading, events cease. During the reloading period few events
occur, except for one 'blip'. These points are more evident if
the stress ratio/events curve is studied (shown in Figure 6.7).
The wunload point is clearly visible, and it is only during the
reload period that events are recorded again. A cursory
inspection of this graph might suggest that sand does exhibit the
Kaiser effect, events restarting when the former stress ratio is

reached. However, a more detailed inspection shows that events

restart before +the former stress ratio is reached. The events

restart point may be found by studying the event rate/time curve
(Figure 6.8). The figure shows that there is one burst of events

in an otherwise quiet unload/reload period.

Similar behaviour may be seen in the results of Test 36, which
are shown in Figures 6.9-6.13. The same general features may be

observed in Test 36 as were found for Test 32. The stress

ratio/events curve, Figure 6.12, demonstrates the events ceage on
unloading as was found for Test 32. The various stress ratlos and“:
strains may be determined, as for Test 32 ) and these are’
tabulated with the results obtained for Test 467(g1ven in Chapter
5) in Table 6.1. Test 40 is not 1ncluded 15 thls table because’
the sample was not sufficiently strained,w when reloaded,; fq

obtain all the required values.




TEST =

Initial R max. 0.80 -
Initial e max. 7.14 : 5 82
Reload R, events restart 0.78 0:?8 {}?}3
Reload e, events restart 7.10 5.92 535
Reload R, former event rate 0.80 0.8t 0‘8’5 ,
Reload e, former R max. 7.33 6.36 5:67
felicity ratio, FR 0.98 0.96 0.98

Table 6.1: Stresses, strains, and felicity ratio

From Table 6.1 it can be seen that sand does not conform exactly
to the Kaiser effect as defined above. However, it is interesting
to note that when the previous maximum stress ratio is reached
the event rates are at their former level. In fact, the non

conformance of various materials (e.g. fibreglass, rock) to the

Kaiser effect has been noted by others, e.g. Wadin (1982) and

this specific deviation is known as the felicity effect.

Associated with the felicity effect is the felicity tio, F ,

which is defined as the percentage of the previous maximum 19&‘& ‘
at which a material starts emitting when reloaded. The felicity
ratios for Tests 32, 36, and 46 are given in Table 6.1. Note that
'maximum previous load' has been interpreted as the maximum

previous stress ratio, rather than the applied load. From this

table, it may be seen that the felicity ratio in sand is 0.96 -

0.98. This value is high in comparison with values for some rocks

(0.85) and fibreglass (0.85) where the Kaiser effe
to be true. Also from the table it can be seen tha

events restart at the maximum previous gtrain

tests considered are relatively straightforward; the unylaad,—r"

s R . : ;“ g_nd<
reload paths did not involve any complex or difficult paths,

all the tests were conducted at a constant cell pressure.
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Figure 6.14 shows the effective stress
an undrained constant cell pressure test. The sample was loaded
to a deviatoric strain of about 2.0% and then unloaded. Unloading
continued to almost zero deviator stress and then the sample was‘
reloaded. The effective stress ratio/deviatoric strain curve is
shown in Figure 6.15. Again, as was the case in the drained
tests, the unload/reload curves are steeper than the initial
loading curve. The pore water pressure/deviatoric strain curve is

ghown in Figure 6.16 for completeness. The events/deviatoric

gtrain graph is shown in Figure 6.17, and it is clear that events
did not cease upon unloading. Also obvious is that the event rate
is much higher than in drained tests; this was also shown by the
undrained tests reported in Chapter 5. The AE behaviour during

the unload/reload period is more clearly shown by studying the

event rate/time graph, Figure 6.18. Here the unlqad point is
still marked by a sharp decrease in the /t'ﬂ“i

throughout the unload/reload period théreris so@é/‘AE
The 1level of the activity is below that /mgasufedz p:ib; tQJ
unloading, and remains below it until the stress ratiou an@y

deviatoric strain are at their pre-unload levels (approximately).

a

As events never cease in this test it is impossible to - give

valid event restart point.

that AE actiﬁity/ _oceurs

It is possible, and indeed probable,

throughout the unload/reload period/of a testl1,b it/drgigggyaor”

undrained. However, in the undrained cas

activity is significantly higher than that of the drained case

ess effect,

. satarts the
because of the mean effective str which distorts =

results.




good wuse in identifying yield points. thQOrk:,4 is has ‘been
reported in the literature directly, but Tanimoto et'ai‘ (1931g,r'ﬁ
used a Menard pressuremeter adapted for AE to determine the in-
gitu stresses in sandy soils. Koerner et al (1984a, 1984b) used
this principle to determine the pre-consolidation pressure in

both sand and clay materials very successfully.

6.4 Yield Point Identification.

Section 6.2 introduced some elements of plasticity theory but
made no specific reference to the shape of the yield locus. Early
plasticity theories, such as that of von Mises, described the
yield surface as a cone Or cylinder with no limitation on the
length of the cylinder. While this was satisfactory for metals,

it is not appropriate when considering materiais

sand yields under increasing isotropic stress. surface

which has been suggested by Lade (1982) is shown in Figure 6.19.

Here yield is represented by a capped cone in stress space,‘ and

consists of two distinct surfaces, the cone being known as the

deviatoric yield surface, and the end cap as the isotropic yield

surface.

A series of tests was devised in order t0/1nYe$t% ate

possible distinct yield surfaces. 'l‘hese'}11;@/:110o

following subsections. Since all the~test§{§ e

stress state may be depicted in 2-D stress space ~ r j

y referred to as

this context the yield surface is more correctl

the yield locus.




6.4.1 Deviatoric Yield Point Identification.

Tests were carried out following different stress paths as shown
diagrammatically in Figure 6.20. It may be seen that the tests
fall into two groups (Tests 94, 95, 96,¢§gg_97j;;wy and (Tests
98, 99, and 100). In both groups of tests it was hoped to use the
Kaiser effect to identify the yield point when the sample was
reloaded since, on the basis of those tests reported in Section

6.3, a change in the event rate should be observable when the

sample yields again.

The volumetric strain and stress ratio curves for Test 97 are
shown in Figures 6.21 and 6.22 respectively. The volume change
curve shows that when the cell pressure is reduced from 200kPa to
100kPa a small amount of volumetric expansion occurs. In Section
6.3 it was seen that the stress ratio after reloading was
approximately the same as that before unloadiﬁg? /;weVer,

Figure 6.21, the stress ratio following reload is significantly

higher. This, in jtself, implies that the yield locus is non

linear. The events/deviatoric gtrain curve is shown in Figure

6.23%; it is clear that few events are recorded during the unload

period, and that when reloading the event rate never reaches its

former  level. However, this is expected, as Chapter 5

demonstrated that a change in cell pressure’reéults in a change

in the event rate: this serves to confirm’that‘fiﬁdiﬁg,’The mean

gtress effect will obviously influence allithéirégjifs reported

in this section but does not detract "fromiffhem- The stress

ratio/events curve is shown in Figure 6.24, and the same abrupt

change in the reload stress ratio curve is apparent as was found

for simple unload/reload tests.
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The event rate/time curve is shown in Figure }and1there/;apé
geveral points of interest arising from this. Upon unloading the
event rate drops to one, not zero, but this is a feature of the
moving average method: the actual event rate/time curve has
values oscillating between zero and two. There is a clear 'events
restart’ point and, perhaps more gignificantly, a sharp change in
gradient a short time after this. Unlike the tests reported in
Section 6.3 the restart point does not correspond to the maximum
previous strain. However, it is noted that this sample has been
subjected to a different loading history. The restart point  is
marked R on the stress ratio curve figures, and the change of
gradient is marked as K. The yield point, as determined from the
method described at the end of Section 6.2, is marked as Y on the

same figures, and it may be seen that the values of Y and K are

approximately the same.

Test 94 followed a similar stress path to that of Test 97 except

that the initial loading was conducted with a horizontal stress

of 300xPa, reduced to 100kPa on reloading. Figures 6.26-6.30 show

the graphs for this test. The stress ratio and volume change

of Test 97. The

curves show the same features as those

events/deviatoric gtrain curve also shows the effect of mean

gtress on event rate as in Test 97 with the effect ~being even

more marked. The event rate/time graph shows this difference even

more clearly. A change in gradient is' still éyidentf during

y distorted by thexlérgg e#ent,rqte'in~the
of

reloading, but slightl

initial portion of the test. The event restart, change

K, and Y a8 before, on

gradient, and yield*points are marked R,

Unlike other tests reported préviougly

the appropriate figures.
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jt can be seen from Figure 6.26 thati
gtress ratio higher than that attained during ial loading.
Comparing the two event rate figures of Tests 97 and 94, it may
be seen that towards the end of the tests the rates are
approximately the same, although the event rate for Test 97 post-
peak is more erratic. This further supports the findings-given in
Chapter 5 regarding mean stress and work effects, and since - the
two tests were subjected to different loading histories, provides

useful confirmation of the repeatability of the AE method-.

Tests 96 and 95 are the reverse stress paths to those of Tests 97
and 94 respectively. In both cases the initial 1loading is at a
horizontal stress of 100kPa, with the reloading being at 200kPa
and 300kPa. The stress ratio and volume change curves for Test 96
are shown in Figures 6.31 and 6.32. The stress ratio curve shows
that, during the reloading period, the stress ratio is less than
that of the initial loading. This contrasts well /hfthe results
for Test 97. The volume change curve shows that there is a
gsignificant volumetric contraction when the cell pressure is
adjusted. The events/deviatoric strain graph, Figure 6.33,
reflects the difference in the event rates at the two cell

pressures. The large number of events recorded in this: . test,

compresses the information presented in the stress ratio/events

graph, Figure 6.34, which also shows that some events were

recorded during the unload period. The event1rgte/time, graph,

Figure 6.35, shows the events recorded/in;the;hn}pgﬂ;periodﬂ and

that in contrast to Tests 97 and 94 reloading produced higher

event rates. This once more verifies the effect of mean stress on

the event rate. There is a clear event restart point followed by

a change in gradient. These two points are marked, as before, by
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R and K on the stress ratio graphs togethé
Examination of the event rate data shows that duri g the inérease

in cell pressure some events were recorded.

The results for Test 95 are given in Figures 6.36-6.40. The
gtress ratio curve showing that the reloaded stress ratio is well
below that of the initial loading. The disparity in the event
rates at the two cell pressures shows up clearly in- -the
events/deviatoric strain graph. As before, the event rate/time
curve shows an abrupt change of slope some time after the events
restart. Slightly more noticeable in this figure are the events
that occurred whilst adjusting the cell pressure. The restart and
change of gradient points are jdentified as R and K in the usual
way. One interesting point to emerge from both this, and Test
96, is that, on the stress ratio/events graphs, the reloaded

stress ratio curve has a smaller rate of change of gradient after

the 'elastic' part than Tests 97 and 94, i.e

In this group of tests it is noticeable - that, in general,

emissions do not cease completely when the sample is unloaded.

This is in contrast to those tests reported 1in Section 6.3,

excepting the undrained test. One possible explanation for this

is that in the drained constant cell pressure tests the strain

rate was only 1%/hour whereas in the deviatoric yield group and

the undrained test, the -strain ratefwaS<w3%/h0uﬁ Chapter 4

demonstrated that the event rate was affected by the straip rate

and, even 1in unloading, the more rapid reduction in stress may

cause events to occur.



Tests 100, 98, and 99 form the second groub‘bfffh de&iatérid
test series. The aim of Test 100 was to identify fhe same yiéld
gurface by loading at constant cell pressure, unload and then
approach the same point in stress space at constant mean stress.
The stress path actually followed is shown in Figure 6.41; the
mean stress fluctuations are due to the limitations of . the
testing technique used (Section 3.4). The stress ratio/deviatoric
gtrain graph is shown in Figure 6.42, and it may be seen that
when the sample is reloaded the stress ratio curve almost passes
through the pre-unload point. The volumetric strain/deviatoric
gtrain graph is shown in Figure 6.43; some contraction occurred
when the cell pressure was adjusted to the required initial mean
gtress value. The events/deviatoric strain graph, Figure 6.44,
shows that events occur during the unloading period, with a burst
of events near the isotropic gtress. The event rates during the
two phases of the test are approximately the/ggmef/ }hi; is to be

expected since the mean stress levels are apprqxigate}y the same.

The stress ratio/events graph, Figure 6.45, shows that the reload

section to be sharper than the initial loading section. The event

rate/time graph, Figure 6.46, is similar to those tests reported

in Section 6.3 when studying the Kaiser effect. However, it may

be seen that the event rate develops slowly in comparison with

that of initial loading. This is because the meangtress is not

changing significantly- In this test the moving average technique

used in presenting the event rate hides the kink hich occurs

after reloading. Therefore, the actual event rat _curve is given

in Figure 6.47, and the change of gradient point idgntified on

event rate is less abrupt than

it. The change in gradient of the

that found in Tests 94 - 97, but this is a mean stress effect.
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The points R, K, and Y are marked on the

well as the stress ratio figures.

Tests 98 and 99 represent a slightly different approach %o
finding the yield surface, in which the initial loading is at
constant cell pressure, the sample is then unloaded, and reloaded
at constant mean stress. Test 98 was conducted with an initial
mean stress of 100kPa, and Test 99 at a mean stress of 200kPa.
The stress path followed for Test 98 is shown in Pigure 6.48 and
mean stress deviations, as before, due to testing technique. The
stress ratio/deviatoric strain graph, Figure 6.49, shows that on
reloading the curve is sharper than on initial loading and also
that the stress ratio during the mean stress part of the test is
considerably greater than that during constant cell pressure. The
volumetric strain/deviatoric strain curve, Figure 6.50, is
provided for completeness. The events/deviatoric gtrain graph,
Figure 6.51, shows that events cease on unioédingfbﬁ ?gcbmmencé
almost at once on reloading. The stress level effect is once more
apparent from the gradient of the curve. The events occufring
during reload result in the stress ratio/events curve, Figure
6.52, not being as vertical initially as in other tests.

Nevertheless this is followed by an abrupt change of slope that

clearly suggests yield. The event rate/time curve, Figure 6.53,

shows that the event rate is Very low which makes it very

difficult to identify any change of gradient. " The actual event

restart point, as seen on the figure, represents only ne event

Obviously the stress

and corresponds to the gtart of reloading.

rather than helped any

level effect here has hindered

Rather than attempt to0

interpretation of the results using AE.

identify any change of gradient the yield point, Y, determined-as
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The stress path for Test 99, Figure 6.54, is a much better fit to
that required with only relatively minor divergences from : the
desired path initially. The stress ratio and volumetric =~ strain
graphs are given in Figures 6.55 and 6.56 respectively, the forms
being similar to Test 98. The events/deviatoric strain and stress
ratio/events graphs, Figures 6.57 and 6.58, show few events
occurring during the unload/reload period, and that the initial
event rate is much higher than in Test 98. Two odd steps in the
event rate are seen to occur in the events/deviatoric strain
graph. The event rate/time graph, Figure 6.59, shows these two
spurious(?) spikes together with the anticipated change in slope
during reloading and the event restart point. The spikes are

ignored in the following discussion. Points R-and K are evaluated

and plotted in the usual way. Point R ocCuré,,dst‘ b low the
previous maximum stress ratio and point K’occurs?’just4 as the
stress ratio curve levels out; the two points neatly straddling
the transition between the vertical and horizontal sections of

the stress ratio curve.

6.4.2 Summary.

The results reported in the previous sub-section have presented a

great deal of information, and it is useful/toiaESipiIété some of

this before proceeding. It is clear from all the tests that the

sand tested has a curved failure surface indicated by decreasing

peak stress ratio with increasing mean stress. This was also

indicated by the results of Chapter 5. Also, where samples were
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reloaded at a higher mean stress, ’it ?%? be sec /g“ eld; .
jdentified conventionally, occurs at a ééress rat;O:1eg3’than tﬁ§

previous maximum; this agrees with the work 4of  T&tguokg- an&
Ishihara (1974). In all but one of the tests reported two pointé
were identified from the AE data, an events restart point R, and
an event rate change of gradient point K. Table 6.2 gives the

stress ratios at yield as determined conventionally (Y on the

figures), and from the AE data (K).

TEST R R
Y K
97 0.82 0.82
94 0.81 0.81
96 0.76 0.77
95 0.74 0.75
100 0.79 0.78
99 0.82 0.80

Table 6.2 Stress Ratios at Yield

There is strong agreement between the yield points determined by
the two techniques, and it is interesting to note that the AE
method indicates that yield occurs slightly later in tests where

the samples are reloaded at a higher mean stress.

6.4.3 Isotropic Yield Point Identification.

The stress paths chosen for this test series are shown

diagrammatically in Figure 6.60. The aim of this test series was

to try and define the shape of the isotropic yield surface. In

each case the initial loading hopefully establishing a deviatoric
yield surface which would not 'snterfere' with the isotrOPic

yield surface.




The stress path followed for Test 103,

initial loading at constant cell pressure aunlbadiﬁg o

isotropic stress, and finally loading on a iine at 100j;to ,the
constant cell pressure 1line. In the stress ratio/deviatoric
strain curve, Figure 6.62, it can be seen the reload curve is
more abrupt than the initial curve and that the stress ratio
during the reload period is less than that of the initial loading
period. The volumetric strain/deviatoric strain curve, - . Figure
6.63, shows that during the reload phase the curve is almost
parallel with that of the initial 1loading. In the
events/deviatoric strain curve, Figure 6.64, the events cease on
unloading and then increase to a much higher level than that of
initial 1loading. This 1is in keeping with the increasing mean
stress affecting the event rate, which is also reflected in the
stress ratio/events graph, Figure 6.65. The event rate/time

curve, Figure 6.66, shows a similar pattern to Tests 94, etc. On

unloading events cease, and at some point during re: ad g events

restart, followed by a change of gradient,nghO;/ ;§01nt8'=are
indicated in the usual manner, and are shown on the stress path
and the stress ratio figures. Studying the stress ratio curves

reveals that the points occur in similar positions to those in

the deviatoric test series. Also, it is obvious from the stress
path plot that K and Y are located on the curved - deviatoric
yield surface. It would appear that the AE data fails to identify

any possible isotropic yield surface.

In Test 101 the same initial loading path/was;folloged’ but the 
o 3

sample is reloaded on a line at 30 to the constant cell pregsure

line, the actual stress path is reproduced in Figure 6.67. The

stress ratio curve, Figure 6.68, shows that the reloaded stress
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ratio is much less than that of the’ini1
this is expected given the slope of the 1oad;/§//§t4r e
path was stopped relatively early in strain fefms because: the
load 1limit of the load cell was being approached. The volume
change curve, TFigure 6.69, is noticeably different from previous
tests; after behaving normally until just after the start of
reloading the sample shows considerable volumetric compression as
may be expected from the stress path followed. The stress ratio
is replotted against volumetric strain in Figure 6.70 and it is
apparent that yield has occurred. The yield point is identified
in the conventional manner, but is marked V rather than Y to
indicate its derivation. The rate of increase in  the
events/deviatoric strain curve, Figure 6.71, on reloading is
almost vertical which, considering the rate of increase of  mean
stress, 1is to be expected. The large event rate increase results
in a rapid reduction in the slope of the reload stress
ratio/events curve, Figure 6.72. This figur /

yielding has occurred. Indeed, there is a,suggestion€ this when

stress ratio is plotted against deviatoric strain, Figure 6.68.

Figure 6.73, event rate/time, shows that following reloading the

event rate increases at an increasing rate (c.f. wundrained

tests), which is to be expected from the rate of increase of mean
stress. A slight change of gradient occurs following ~reloading

but, unlike Tests 94 - 100, this leads to a higher event rate.

The events restart point, R is identified and is plotted on the
usual figures, with X, V, and Y. R-occurs in a similar

position on the stress ratio plot to that of Tegt‘

position of K on the stress path figure would seem to be that ofj

the deviatoric yield locus; however, the lack of AE data after

this point makes it difficult to draw firm conclusions. V and Y
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occur close together, and appear to iiea” .

locus.

The stress path in Test 102, Figure 6.74, was originally intendedy‘
to be parallel with the space diagonal but a calculation error

meant that the actual path was at about 20O to it. The stress
ratio, Figure 6.75, looks odd but this is because the high value
of o causes a significant volumetric strain. The volumetric
strai;/deviatoric strain curve, Figure 6.76, follows the pattern
set by Test 101 with, in this case, virtually no deviatoric
strain occurring during the reload period but a great deal of
volumetric strain. The stress ratio 1is replotted against
volumetric strain in Figure 6.77, and it is evident that yield
has occurred but that small fluctuations in stress, due to the
testing technique, have been reflected by relatively Ilarge
changes of stress ratio. Events are plotted against volumetric
strain, Figure 6.78, as virtually no deviatorzét//;ni* écurred
during the reload period. The stress ratio/eventsféﬁr§e; Figure
6.79, shows that on reloading the stress ratio drops to an almost

constant value which again is expected from the stress path

followed. The event rate/time curve, Figure 6.80, does not

exhibit an abrupt change of gradient after events restart, but

the event rate increases rapidly from the reloading point. - The

unevenness of the stress ratio/volumetric strain graph prevents

and stress ratio/volumetric strain figures.




6.5 Discussion and Summary.

The tests reported in Section 6.3 showed that féw, if any}fevemts
were recorded when a sample was unloaded, and that on reloading
events started very close to the former maximum stress ratio.
When the stress ratio reached its former level it was found- that
the event rate was also at its pre-unload level. In materials
other than sand, where events start at a significantly lower
stress ratio on reloading, the ratio of the previous maximum and
restart stress ratios is taken to be an indication of damage to
the material and is known as the felicity ratio. The felicity
ratio for the sand tested was found to be 0.96-0.98, which
indicates (virtually) no damage. The lack of damage is not

unexpected as sand is strengthened by changing its structure.

The tests reported in Section 6.4 attempted to .identify - the
position of the yield surface with the .aid of?AE”/Th/i
Section 6.4.1 showed that the deviatoric yield surface ould be

jdentified from a discontinuity in the event  rate, which is

related to the presence of the Kaiser effect. The discontinuity,

marked as K in the figures, agrees well with the yield point

jdentified from conventional methods. In Tests 94-97, where the

reloaded cell pressure was different to the  initial cell

pressure, the difference in the event rates due ‘to - the mean

stress effect is clearly seen. There is, however, 1O difficulty

in identifying the discontinuity, X. The AE method

identification shows the yield surface to be curve ~ but Iless

than conventional methods might suggest. The non linearity of the

with suggestions made by others, e-g

rmeer (1980).

yield surface agrees

Tatsuoka and Ishihara (1974), Lade (1982), and Ve
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In Chapter 5 it was suggested the gain or; / Voltage could
be adjusted to enhance the AE data. A codpié of tests w é:,
performed in which +the gain was adjusted at the appropriate
point. However, as the relationship between gain and events is
not known, the gain adjustment had to be estimated. The results
showed that, in general, the increase in gain was insufficient to
match the event rates. Additionally, if the gain was increased

too much, background noise became more of a problem. This aspect

of AE therefore requires further clarification.

The results of the tests in Section 6.4.3, where it was hoped to
identify a possible isotropic yield surface, are disappointing.
Test 103 succeeded only in identifying the deviatoric yield
surface; this is, perhaps, to be expected from the stress path.
The other two tests were handicapped by the mean stress effect
and by the testing technique. The rapid deveiép@é :i/af  mean
stress suggests that a lower strain rate shouldrhave/ﬁeen uéed in

order to exercise finer control over the stresses.

This chapter has provided further evidence for the repeatability

and the reliability of the Acoustic Emission method. Tests at

similar strain rates and stress levels have produced similar

event rates. The influence of stress level on the AE results has

once again been made apparent; this point has to be cogtinually

borne in mind when any analysis is undertaken. The/K&'ﬂQr effect

has been shown to be present in sand. It has also become apparent

that it is the changes in the event rate which are important for

the identification of the deviatoric yield surface. A deviatoric

yield surface has been jdentified using the AE method.
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No evidence for any of the possible hardeﬁing laws has been
adduced, as it is necessary to locate both édgeé’of the yield

surface for this; this is investigated in the next chapter.




Figure 6.1 Stress/strain curve for a hypotheticel materiel
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Chaptéf’?!

Large Stress Reversal Tests

7.1 Introduction.

Chapter 6 demonstrated the feasibility of using Acoustic Emission
(AR) as a tool for identifying yield  points. The:  brief
introduction to concepts of plasticity indicated =that :yield
surface definition is only a part of any plasticity theory. One
of the additional items required is the hardening rule, “and for
this to be identified it is necessary to know how the yield
surface changes. One simple way to find the limits of the yield
surface is to load a sample into compression, unload, and reload
through into extension. Over the research period geveral tests of
this type were performed but in many of them, -because the :mean
gstress level was low, the recorded AE requngg;;g;extension was
almost non-existent. In fact only two;tééféfshb?ed' gufficient

information to perform any analysis, and thééé;gfé reported here.

The behaviour of sand under repeated load cycles is an obvious

extension for the identification of the hardening rule;aFormeéQ@\'\' \

complete cycle of load there may be some plastic .atnéin,
depending on the hardening rule. If the hardening rule is an
isotropic one then all strains should be elastic after the first
cycle, and this should also be evident from the-AE data. However,
if hardening is not isotropinAE:activityishou}d¢be recorded in

all cycles.

The event rate/time graphs presented in this chapter arew;l¥iké;'
those in the Chapter 6, all moving averages of the écﬁual5*évenﬁ «x

rate curves.




7.2 Large Stress Reversals.

Several tests were carried out in an attempt to identify\wthéf
location of the yield locus following stress reversal but, for
the reason given in the introduction, only two are reported here.
Both tests were conducted at a constant mean stress, “in order to
minimise the variation in AE, ©because of the mean stress effect
reported in Chapter 5. In Test 107 the sand was 1loaded into
compression and then unloaded through into extension. Test 108
was the opposite to this with the sand being loaded into
extension first and then unloaded through into compression. When
considering these tests it was realised that reduced AE activity
would occur in extension and that this would hinder the
interpretation of the results. It was hoped that this reduced
activity could be partly offset by testing at-a ~higher mean

gtress of 300kPa which would generate more events.

The stress path followed for Test 107 is shown in Figure 7.1.
Control of the stress level when unloading is seen to'be 'good
despite the rapid reduction of the stresses.” The stress
ratio/deviatoric strain graph is shown in-Figure 7;2. Here, as in
gome of the tests reported in Chapter 6, the deficiency of the
top platen connection is evident as the isotropic stress state is
approached. The elastic unloading period is very short and‘small
plastic strains are apparent as the sample is ~unloaded towards
the isotropic stress. However, very close to <the isotropic stress
it is clear that much larger plastic strains are-occurringa-Théfe
is, however, mno obvious yield point after stress reversaly’JTye\’\
volumetric strain/deviatoric strain graph, Figure 7.3, shoﬁgﬂthaﬁ 

during the unload period contraction occurs. As the sample is
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loaded through into extension voluméffic ,ptféction<continu63”%o

occur until the constant volume state is reached at a deviatoric
strain of about 1.5%, after which the sample expands. The stress
ratio 1is replotted against events in TFigure  T.4. The event
rate/time graph, PFigure 7.5, shows the large difference in event
rates between compression and extension. What is clear from this
figure however, 1is that there is a kink in the event rate 'some
time during the extension phase. Following the hypothesis
presented in the previous chapter this point is taken to be the

yield point and is denoted by Y on the relevant figures.

From the stress ratio graph, Figure 7.2, it may be seen that the
sample was unloaded from a stress ratio of 0.78. The maximum
stress ratio, when the sample was loaded into extension, was
-0.45. The yield point, Y, identified from the AE data gives the
inverse yield stress ratio as -0.15. This indicates that the
yield surface (or its movement) is not isotropic: if von Mises
yield criterion was applicable inverse yield would be expected
at a stress ratio of -0.78. Further, if the Mohr-Coloumb yield
criterion (where the ratio of the principal:gﬁresaeg@emains bhé

same) was true, yield would be anticipated at -0.50.

The stress path followed for Test 108 is shown in Figure 7.6; it
may be seen that, during the compression phase of loading, the
stress path is slightly curved because of poor control. The
stress ratio/deviatoric strain graph, “Figure 7.7, shows that,
excepting the kink near isotropic 'stress, the gradient is
constant until some point during the compression phasei The

volumetric strain/deviatoric strain graph, Figure 7.8, shows a

gimilar, but handed, shape to that of Test 107. As was the casef
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for Test 107, the stress ratio/eveﬁfg;éfggﬁitgiguré’7.9) shows
that the event rate in extension is much less than that in
compression. Figure 7.10, the event rate/time graph, shows that
there is a much more distinct event restart point,  and.  that -a
substantial increase in the event rate occurs after a : further
small amount of deviatoric strain. The discontinuity in the event
rate curve is taken to be yield, as it was for Test 107, and is

marked Y on the appropriate figures.

As was found for Test 107, yield occurs at a lower stress ratio
(0.11) than that which would be expected from von Mises (0.47) or
Mohr-Coloumb (0.70) yield criteria. The stress ratio at which the
sample was unloaded (-0.47) and the final (compressive) stress
ratio (0.80) compare well with those of Test 107. Additionally it
can be seen that the event rates in compression and extension

parts of the tests compare well.

The tests reported in this section - show that large stress
reversals significantly alter the shape of the stress ratio
curve; Figures 7.2 and 7.7 are combined in Figure 7.11 for the
purposes of comparison. The results of these tests compare well
with the results of similar tests reported in the literature, for
example Khayatt (1967), and Lade and Boonyachut (1982). This type
of behaviour is referred to as the Bauschinger effect, although
the term 'Bauschinger effect' is more commbnly épplied to ﬁork-
hardening in metals, and it may be modelled if .-a kinematic.
hardening rule is used. It is interesting4to note that; ‘in’both
tests, the slope of the volumetric strain curve at fhe inversé
gjield point is parallel to the slope of the et immed‘i\é;li:é‘iy .

before unloading.
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7.3 Strain Cycling.

Two tests were carried out in which a number of compréséiéh*
extension cycles were performed. In both tests the samples were
subject to an initial compressive primary loading and, aftér some
deviatoric strain had occurred, were unloaded through into
extension, and when a fixed amount of axial strain had occurred
the samples were reloaded. This cycling was performed three times
for each test. When contemplating these tests it was realised
that the event rates in compression and extension could be
expected to differ widely. It was suggested in Chapter 5 that
this could be partly compensated for by altering the threshold
voltage when the stress path entered the extension region.
Unfortunately the AET5000 does not allow the threshold voltage to
be adjusted once a test has started and it was therefore
necessary to alter the gain setting on the iAET5566. Experience
has shown that, despite proper care, thiécéégastﬁent can cause
gpurious events to be recorded, and;éofény é?ents recorded near

these points should be treated with caution.

Test 106 was conducted at a constant mean stress of 200 kPa and
the stress path followed is shown in Pigure 7.12. The large
differences between the planned and actual stress path' arose
because of the rapid reduction in deviator stress when unloading;
this is an unfortunate consequence of the manual adjustment of
the cell pressure at the end of each recording interval. These

mean stress variations should not, however, affect the AE

. . & Ly
response since  they  occur during periods  of elastic =

deformation. Figure 7.13 shows the stress ratio/deviatoric strain
graph and it can be seen that after the first cycle the
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hysteresis loop stabilises. Also it may b; éé;n that the éhape:of‘

one complete cycle is similar to that of the combined sffess ’
ratio plot for Tests 107 and 108 which is shown in Figure 7.{1:
Further, while the maximum compressive stress ratio reached
remains approximately the same, in extension the maximum stress
ratio increases with each cycle. The sample becomes stiffer with
subsequent cycles as may be deduced from the unloading gradients
in the various cycles. The volumetric strain/deviatoric strain
graph, Figure 7.14, shows that each cycle results in a small
amount of permanent volumetric contraction and that the form is
very similar for  the gecond and third cycles. The
events/deviatoric strain graph is shown in Figure 7.15, the small
number of events recorded at the start of the test occurring
during isotropic consolidation. The 7:;§ot€9pic ‘ stress,
compression, and extension points are marked_qg:@?é figure by Z,
¢, and E respectively 80 that the diffeiggt:%cycles may be
distinguished. The event rate/time grapy,‘oFigure T7.16 ghows
that at the end of the second cycle the event.rate continues to
jncrease; the test record does not show any reason for tpig
irregularity. However, prior to this, it is possible to identify
three changes of gradient in the event rate and these are marked
Y, Y, and Y on the appropriate figures. Additionally the first
tlo itress Zatio/deviatoric atrain cycles are extracted and
plotted in Figures 7.17 and 7.18 respectively, /with the yield’

points marked on the relevant figures.

The shortcomings of the top platen/load cell connectiQpa,aTe
apparent with the kinks in the stress ratio curves close to the

isotropic stress making it impossible’fb‘déécribe adequatelx“what ‘
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is happening. However, once the streés/f;th;ﬁés gone'beyond this
point it is clear that yield is occurring; it is also apparent
that with each cycle the sand becomes stiffer. The yield pointS\’
identified from the AE data occur in similar positions to those
found for Tests 107 and 108. Also, it may be seen that yield in
extension during the second load cycle occurs at a higher stress
ratio than in the first cycle, which indicates that the yield

surface has expanded, or translated.

7.4 Summary.

E
7

The results from the tests reported in this chapter show that the
AE method can be used to identify the inverse yield points after
large stress reversals. It has not been possible to identify the
actual hardening rule because of the lack of data: it is
necessary to find at least three points on the yield surface for
this. However, the results indicate that thg/yield surface, or
its movement is not isotropic. The results from Test 106, with
repeated load cycles, suggest that kinematic hardening may be
present, but more tests need to be carried out before any firm

and definite conclusions may be drawn.

The gain setting on the AET5000 was altered when the sample . was
in extension to compensate for the lower event rate. While an
improvement in the AE response was obtained, this was at the
expense of additional noise and possible false events during the
adjustment period. It 1is apparent from the results in this
chapter that the design of the top platen/load cell connection’
needs to be improved, as the float allowed in the current design

masks any features present near the igotropic stress.
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Chapter 8

Concluding Remarks.

The phenomenon of Acoustic Emission (AE) in sand has Dbeen
examined. A number of test series have been performed in which
different aspects of the sand's AE response have been
investigated. AE has been shown to be repeatable and reliable;
tests with similar stress levels have produced similar event

rates even after a different stress path has been followed.

Chapter 4 showed that the AE event rate was affected by the
(axial) strain rate, and was not directly proportional to it.
During monotonically 1loaded, constant cell pressure tests the
(total) AE events were found to increase, at an increasing rate,
in a way which may be approximated by a power law. The AE data
indicated that the sand tested Dbecame more ductile with

increasing strain (in constant cell pressure tests).

The AE response of sand was shown to be both stress level and
stress path dependent in Chapter 5. It was demonstrated that the
stress level dependency could be compensated for by normalising
the event rate with the (current) mean stress. The stress path
dependence was most obvious during extension tests, in which the
the number of events received was an order of magnitude less than
the number recorded in comparable compression tests. This was
shown to be due, primarily, to the work done by the external

stresses.

In Chapter 6 the sand tested was shown to exhibit the Kaiser
effect, and it was determined that AE could be used to-identify
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yield. It was possible to identify yield in tests involving both
simple and complex stress paths. It was shown that it is the
changes in event rate which are important for yield point
identification, not the 1level of the event rate. Chapter 7
demonstrated that inverse yield points, following large stress
reversals, could be identified more clearly using AE than by

conventional methods of yield point identification.

In Chapter 7 it was noted that a kink occurred close to the
isotropic stress state, and that this was due +to inadequate
design of the top platen connection. Clearly, before further
large stress reversal tests are carried out, it is necessary to
redesign this part of the equipment. Other research workers,
using smaller specimens, have used a 'vacuum cap’' arrangement
where the top platen and load cell are held together by suction.
It may be possible to employ this sort of technique, but the

relatively large size of the specimen may prevent it.

The manual method of stress path control used for the tests ‘in
this research program was shown to be satisfactory. However, it
would be beneficial to employ some form of automatic stress - path
control 8o that greater accuracy could be maintained, - and -more

complex stress paths undertaken.

Over the research period a number of enhancements/were made to
the AET5000 software. In particular it became possible to
calculate the AE energy of an event (see Chapter 2), and to
display the characteristics of every event from a test.
Unfortunately the information regarding AE energy was not
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available from the manufacturer until the end of ‘the research
period, which reduced its usefulness. However, as acoustic
emissions derive from the release of stored energy, and AE energy
reflects both the strength and duration of an event, it would
seem more relevant to use AE energy rather than AE events in any
future analysis. This is supported by the correlation of AE with

the work done by the external stresses.

The scope for further work using AE in soils laboratory testing
is wide. Since all the tests reported in this thesis have used
dense sand samples an obvious extension would be to perform a
series of tests on looser specimens. This would provide a more
complete description of the AE response, although the presence of
the stress path and stress level effects may be anticipated.
Obviously it is possible to test different types of sand but -it
may be more useful to direct attention towards further aspects of

yield point identification.

More tests to locate the yield surface, and to identify the
appropriate hardening rule could be carried out. This would, of
necessity, require the modification of the top platen connection.
With a revised top platen connection, and an automatic method of
stress path following, large stress reversal tests, such as those
reported in Chapter 7, would be much easier. This, in turn, would
allow the hardening rule to be more accurately identified.
Additional tests to investigate the possible isotropic yield
surface could be carried out, with particular attention being

given to the effect of mean stress on the AE data.
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AE monitoring complements existing experimental teéﬁniques, and
its non-intrusive nature is an advantage in the investigation " of
the Ybehaviour of sand. AE also offers the ability to identify
yield with a greater objectivity than conventional methods of
yield point identification. This allows a more rigorous
experimental appraisal of theoretical models which attempt to

describe the behaviour of sand.
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Notes:

The

Appendix A

Additional details of Tests.

rate is the AXIAL strain rate, not the deviatoric

strain rate.

Key for TYPE column as follows:

Test

32

36

40

46

47

54

55

57

CCP Constant Cell Pressure
CMS Constant Mean Stress
CDS Constant Deviator Stress
CAS Constant Axial Stress
U Undrained
PATH Stress path (See schematic in Chapter 6)
CYCLE Load cycle (possibly into extension)
E Extension (Some or all of test)
Porosity Strain Threshold Gain Type
(%) rate Voltage
(%/hour)
36.4 1 1.00F 4.0 CCP/CYCLE
100kPa
36.0 1 0.50A 2.0 CCP/CYCLE
100kPa
35.8 1 1.00F 4.0 CCP/CYCLE
200kPa
36.3 1 1.00F 4.0 CCP/CYCLE
50kPa
35.6 1 1.00F 4.0 CCP/E
300kPa
35.5 1 1.00F 4.0 CAS
300k Pa
35.3 1 1.00F 4.0 CCP
100kPa
35.7 1 1.00F 4.0 U

100kPa
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Test P0f;sity Strain Threshold Gain Type

rate Voltage
(%/hour)
58 35.4 1 1.00F 4.0 U
100k Pa
59 35,2 1 1.00F 4.0 CMS
100k Pa
60 34.9 1 0.75F 4.0 CMS
100kPa
61 34.9 1 0.50F 4.0 CMS
100kPa
63 35.5 1 1.25F 4.0 CMS
100kPa
65 35.1 1 0.50F 4.0 CMS
200k Pa
66 35.2 1 0.75F 4.0 CMS
200k Pa
67 35.2 1 1.00F 4.0 CMS
200kPa
69 235.1 1 1.25F 4.0 CMS
200kPa
73 35.6 1 1.00F 4.0 CHS
300k Pa
T4 35.7 1 1.25F 4.0 CMS
300kPa
76 35.3 1 0.50F 4.0 CMS
300kPa
7 34.9 1 0.75F 4.0 CMS
300kPa
88 35.9 3 1.00F 4.0 CCP/CYCLE
100kPA
89 36.1 3 1.00F 4.0 CCP
No end membranes 100k Pa
91 - 4 1.00F 4.0 CCP
Double height 100kPa
92 35.7 10 1.00F 4.0 CCP
100kPa
93 35.1 15 1.00F 4.0 CCP
100kPa
94 35.3 3 1.00F 4.0 CCP/PATH
300/100kPa
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Test Porosity Strain Threshold Gain Type
(%) rate Voltage
(%/nour)

95 35.8 3 1.O00F 4.0 CCP/PATH
100/300kPa

96 35.6 3 1.00F 4.0 CCP/PATH
100/200xPa

97 35.1 3 1.00F 4.0 CCP/PATH
200/100kPa

98 35.2 3 1.00F 4.0 CCP/CMS
100/100kxPa

99 35.3 3 1.00F 4.0 CCP/CMS
200/200kPa

100 36.3 3 1.00F 4.0 CCP/CMS
100/234kPa

101 35.2 3 1.00F 4.0 CCP/PATH
100kPa

102 35.2 3 1.00F 4.0 CCP/CDS
100xPa

103 35.8 3 /2 1.00F 4.0 CCP/PATH
100kPa

106 35.6 3 1.00F 4.0/5.0 CMS/CYCLE/E
200k Pa

107 35.5 3 1.00F 4.0 CMS/CYCLE/E
300kPa

108 35.0 3 1.00F 4.0 CMS/CYCLE/E
300kPa

109 35.0 1 1.00F 4.0 U/CYCLE
100kPa

110 35.1 3 1.00F 4.0 CCP
100kPa
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