
FOR REFERENCE ONLY

2 8 JAN iggt|



ProQuest Number: 10290275

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 10290275

Published by ProQuest LLC(2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



THE USE OF ACOUSTIC EMISSION 
TO MONITOR THE DEFORMATION OF A SOIL BODY

JOHN GERARD KAVANAGH

A thesis submitted in partial fulfilment of the 
requirements of The Nottingham Trent University 

for the degree of Doctor of Philosophy

May 1997

40 0675707 9



To Mum & Dad

i



The Use of Acoustic Emission 
to Monitor the Deformation of a Soil Body

A thesis submitted in partial fulfilment of the 
requirements of The Nottingham Trent University 

for the degree of Doctor of Philosophy

John Gerard Kavanagh

Abstract

This study has demonstrated that the phenomenon of acoustic emission can be used to detect and 
monitor first time deformation characteristics in stiff, heavily-overconsolidated clay soils.

The results from two field studies are presented and discussed with the aim of identifying the 
mechanisms responsible for the generation of acoustic emission. The first study, conducted at the 
Building Research Establishment’s test site at Cowden (Humberside), was a section of cliff, 
naturally eroded by sea action. The second study, conducted in a ‘moth-balled’ brick-pit in 
Arlesey (Bedfordshire), was a large scale test in which instability was induced in a cut slope (in 
the Gault Clay) by cutting away at the toe. A number of different designs of wave guide were 
installed at both sites in order to determine the relative performance of each and, also, to provide 
further insight into the generation mechanisms. Some consideration has also been given to the 
effect of alternative data processing techniques.

The results obtained indicate that the active wave guide model is the more appropriate in 
explaining the occurrence of acoustic emission and this finding is supported by the results of 
laboratory tests designed to replicate the perceived role of the wave guide in the field. In itself, 
identification of the generation mechanism is a result but, more importantly, understanding of 
the mechanics enables the design of monitoring systems which are suited to particular 
geotechnical conditions.

Some comparison is also made between acoustic emission and standard methods of deformation 
monitoring. It is observed that acoustic emission can detect and clearly indicate disturbances at 
the same time as standard methods record such small magnitudes of movement as to be 
indistinguishable from instrument error.

Additionally, a number of triaxial shear tests were conducted on a selection of soils which 
illustrates that different soils do exhibit different acoustic characteristics.

Finally, this study demonstrates the feasibility of envelope processing using analogue to digital 
signal conversion both in the field and laboratory.

Four published papers pertaining to work described within this thesis are appended.
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Chapter 1

Introduction

1.1 Evolution of Acoustic Emission Monitoring Applied to Soil

The phenomenon of acoustic emission (AE) generated by a deforming body of soil evolved from 

comparative studies in rock where it was observed that failure, such as collapse or rock bursts, 

was often preceded by an audible emission. Initially, investigations were concerned with mining 

and tunnelling applications but were extended to include cut and natural slopes; the predominant 

constituent geologic material of interest being rock. However, once investigations started to 

focus on surface material, the application of the technique to soil stability was only a logical 

step.

The earliest work accredited to having specifically investigated soil (as opposed to rock) was 

entitled ‘Predicting slides in cut slopes’. Appearing in a publication called ‘Western 

Construction’ it described the successful use of the ‘Seismitron’, an instrument designed to 

detect microseisms (acoustic emission), and the article proudly announced ‘First results are 

highly promising’. The item, written by FD Beard (figure 1.1), was published in September 

1961!

However, even this work was primarily concerned with rocks and, concerning soil, Beard would 

only concede th a t...

“Certain soft materials such as sand, clay, mud, etc., do not produce microseisms that are 

clearly definable

It was more fundamental field and laboratory investigations conducted in the USA (by 

researcher’s such as Koerner, Lord and Hardy) in the 1970’s and 1980’s which clearly 

established the link between the acoustic emission and the type of soil being examined and the 

process affecting it. Additionally, by the middle of the 1970’s Japanese workers (primarily 

Tanimoto) had also started to play an increasingly important role in this area of research.
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Although chapter 2 details the findings of past works and presents an appraisal of them, it should 

be appreciated that a good deal more work pertaining to AE in a geologic environment than is 

discussed in chapter 2 exists. However, it is considered that much of this is largely peripheral to 

this research (particularly studies in rock) and is not, therefore, referred to. For those interested 

in the broader perspective, Hardy (1989) reviews research, relating to the geotechnical field 

application of AE, being conducted in nineteen countries and Hardy (1994) presents an historical 

review of similar studies conducted at the Pennsylvania State University.

It should be made clear at the outset that this investigation is wholly concerned with soil; with a 

granular medium consisting of discrete particles and not with rock where a substantial 

contribution to the material’s strength may be derived from an element of true inter-particle 

cohesion. Specifically, attention has been focused on the detection of first-time deformation 

processes in stiff clay soils.

1.2 Soil Behaviour and Acoustic Emission

Soil is a granular material consisting of solid particles and fluid filled voids; the fluid usually 

being air and/or water. When subjected to a change in the stress regime a soil body responds by 

straining and, because the soil is an assemblage of discrete particles, this involves some 

reorganisation of the constituent particles. For example, simply subjecting a soil sample to an all 

round pressure (in the drained state) forces the soil grains to come into closer contact with one 

another. Although this investigation is primarily concerned with modes of shear deformation 

(soil being weak in tension) the important point is that soil strain involves relative particle 

movement. However, exactly how the soil responds to a particular change in the stress regime is 

governed by its nature and stress history.

When a differential exists between the principal stresses acting on a soil body then shear stresses 

are generated. The shear stresses strain the soil and the strain mobilises soil shear strength. 

Coulomb (1766) formulated the following equation to describe the strength envelope of a soil 

(which has been modified in order to describe shear strength in terms of effective rather than 

total stresses) :-

r  = c'+a' t a n ^ '

2



where T is the shear strength, c' is the apparent cohesion, &  is the normal effective stress and 

(f)' is the angle of shearing resistance. 'Cohesion' does not usually refer to a genuine component 

of soil strength but is used to describe the intercept of the failure envelope with the r  axis 011 a 

T— &  plot (figure 1.2). Hence the soil’s resistance to shear is dependent upon the effective 

stress (i.e. after allowing for any pore water pressures) and the parameter qV. Note that (f> is a 

true soil parameter and it’s value is dependent upon the nature of the soil. In particular, it reflects 

volume change, occurring in the shear zone, as a soil responds to shear stresses.

A model which explains the behaviour of soil, after an increment of shear stress has been 

applied, as particles sliding past one another under pressure, is attractive when attempting to 

explain the generation of AE. It can be envisaged that the AE produced is the sum effect of the 

frictional characteristics of the soil grains, the total particle surface area involved in sliding 

(related to volume change) and the normal effective stress. Of greater consequence to this 

investigation, however, is that the emission is generated as a result of the strain and, in effect, 

provides a means of strain monitoring and measurement.

Figure 1.3 is a schematic representation of the model showing the relationship between an 

applied shear stress (F), the mobilised shear strength ( r )  and the normal effective stress (cr'). 

Clearly the magnitude of the contact area, the normal effective stress and the frictional 

characteristics of the material will all contribute to the generation of the AE.

It is emphasised that this is only intended as a simple consideration of factors which might be 

significant in the generation of AE from soil. The behaviour of soil particles under shear is more 

complicated than described above and the mechanisms responsible for the generation of AE in 

field situations is still a subject of debate. For reasons which will become evident, in field 

applications of AE, it is necessary to utilise a wave guide. This is essentially an instrument which 

facilitates the capture of field generated AE and is, in itself, a subject of some research. Wave 

guides are discussed further in section 2.4.5, section 3.3, chapter 4, chapter 5 and chapter 6.

This research is principally concerned with the application of acoustic emission to the 

monitoring of soil slope stability. All slopes are inherently unstable structures in which a 

differential in the principal stresses is tending to bring the body to failure. In many 

circumstances the soil or rock body can mobilise enough strength to resist these tendencies and

3



maintain equilibrium but in many circumstances it cannot, especially where the stresses are 

changing due to, for example, erosion of a natural slope or construction of an earth embankment.

Slope failure can be classified into three main groups - slides, falls and flows. This investigation 

is wholly concerned with slides as this is the most commonly encountered mechanism. Although 

it is tempting to visualise blocks of sliding soil generating frictional noise, clearly pre-failure 

deformation is of more interest as there can be little point in developing monitoring systems 

without some element of intended prediction or forewarning of failure.

Current methods of slope deformation monitoring measure the macroscopic effects of instability. 

Extensometers determine the change in width of surface tension cracks. Inclinometers (section 

4.4.2) determine the change in lateral position of various points at depth in the slope. However, 

the fact that such macroscopic defects are observable indicates that much deformation has 

already taken place. AE is produced by (or as a result of) the microscopic response of the soil 

and it is this aspect which makes the phenomenon so potentially useful in detecting and 

measuring pre-failure deformation.

1.3 Programme of Work

This research project, which commenced in September 1992, comprises three basic work units - 

two field studies and a laboratory test programme. The first field study centred on a section of 

coastal cliff at the Building Research Establishment’s test site, based at Cowden in Humberside, 

and which is naturally eroded by sea action. This was the main focus of attention between 

September 1993 and May 1994. The second field study consisted of a large scale test conducted 

on a cut slope in a ‘moth-balled’ brick-pit in the Bedfordshire town of Arlesey and'this was the 

main focus of attention between September 1994 and May 1995. The main laboratory test 

programme occupied the final three months of the project, from July 1995 to September 1995.

It should be borne in mind that the above two sites were only subsequently selected after 

considering (in the first study) a number of other coastal locations in Yorkshire and Norfolk, and 

(in the second study) a brick-pit in Nottinghamshire. Additionally, a considerable part of the first 

year was spent in assembling and assessing components for the AE monitoring system.
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Furthermore (during the three year period) the literature search was completed, a number of 

presentations on the work were given and a number of conference papers published.

1.4 Original Contribution to Knowledge

This research has clearly demonstrated the feasibility of using acoustic emission to detect and 

monitor first time deformation characteristics (i.e. shear zone development) in heavily- 

overconsolidated clay soils. It has also demonstrated the feasibility of envelope processing using 

analogue to digital signal conversion both in the field and laboratory. In particular, it has also 

achieved the following:-

(i) The production of a model which describes the mechanisms responsible for the 

generation of acoustic emission in the field. In particular, evidence acquired at the field 

sites suggests that the active wave guide model (as opposed to the passive) is the more 

appropriate in explaining the nature and occurrence of a field emission. This contention 

has also been supported by the results of a number of laboratory based tests designed to 

replicate the perceived role of the active wave guide in the generation of a field 

emission. This should not be interpreted as meaning that pedogenic AE is non-existent 

or not detected by the monitoring system. However, there is no evidence to suggest that 

any such pedogenic AE is significant,

(ii) The determination that the constructional features of a wave guide may be responsible 

for the generation of emission.

(iii) The determination, in the laboratory, that increased acoustic activity is due to the 

generation of a greater number of similarly sized events rather than the generation of 

events of increased magnitude.

(iv) The identification of two different field AE characteristics related to two different 

modes of generation. The first, consisting of relatively large magnitude emission 

generated over a short duration of time, is considered to arise as a result of a sudden 

disturbance to the soil mass. The second, consisting of relatively small magnitude
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emission generated over a more sustained period, is considered to arise in response to a 

more gradual, longer-term, deterioration in slope stability.

(v) Two case histories illustrating the potential use of acoustic emission in the detection of

first-time deformation mechanisms in stiff, heavily-overconsolidated clay soils, have 

been provided. The effects of different wave guide design and different signal 

processing techniques have been explored and a control wave guide (section 3.3) has 

been introduced for the first time.

1.5 Outline of Chapter Contents

Chapter 2 contains the literature survey which presents a review of all relevant material. It 

concentrates on works centred on field and laboratory investigations which examine the 

relationship between AE and soil in a state of strain. Some mention is also made of the 

application of AE to other geotechnical situations such as seepage monitoring and penetration 

tests. The review is divided into six sections. The first is an introduction and the second 

describes some of the means of measuring acoustic emission, of which some knowledge is 

necessary in order to understand the literature review. Of the last four sections, the first deals 

with general laboratory soil-AE investigations, the second deals with studies of fundamental 

properties of soil-AE, the third with field soil-AE investigations and the fourth with other 

geotechnical AE applications.

Chapter 3 details the components of the AE monitoring system. It describes the function of each 

component and discusses the role of the wave guide in field applications. Consideration is also 

given to monitoring philosophies. Monitoring procedures are detailed and AE measurement 

criteria stated.

Chapter 4 concerns the Cowden field study. It describes the site and details instrumentation, 

instrument installation, site monitoring and presents the results. It also includes a detailed section 

concerning the use of inclinometers; explaining the data acquired and the relevance of the 

various processing techniques. As Cowden was the first field study, the evolution of the AE 

monitoring routine is also outlined.
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Chapter 5 concerns the Arlesey large scale test. It describes the site and details instrumentation, 

instrument installation and the structure of the test. It also describes site monitoring and presents 

the results. The effects of wave guide design and data processing technique are analysed and 

special consideration is given to the topics of background acoustic noise and the control wave 

guide. Where necessary, results from the Cowden field study are drawn on and used to aid 

analysis.

Chapter 6 examines the findings of the Cowden and Arlesey field studies (jointly) in an attempt 

to ascertain the mechanisms responsible for AE generation and to present a descriptive model. It 

discusses the application of AE to deformation monitoring and makes qualitative 

recommendations concerning the suitability of particular instrument designs and data processing 

techniques to particular geotechnical situations.

Chapter 7 deals with the laboratory test programme. It details for each test type (triaxial shear, 

consolidation and ‘box’ tests) test equipment, test procedure, monitoring routine and results. 

Inference is made concerning the mechanisms responsible for AE generation and (where 

possible) the laboratory test results are used to support the field test results.

Chapter 8 summarises the findings of this research and makes some recommendations 

concerning future work.
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Predicting slides in cut slopes
An instrument called the Seismitron, used for years 

in mines and tunnels to give advance warning of failures, 
is now being tried on surface excavations. First results 
are highly promising.

By F. D. BEARD
Senior E n g ineer 

Liberty M utual In su ran ce  C o. 
San Francisco, C alifornia

Figure 1.1 Title of first accredited study into soil generated AE by FD Beard in Western 

Construction, September 1961
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Figure 1.2 Generation of apparent cohesion (c’) by extending the failure envelope 
to intercept the y-axis (t).
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Figure 1.3 Idealised model depicting factors responsible for the generation of acoustic 
emission from a soil body.
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Chapter 2

Literature Review

2.1 Introduction

Before proceeding with the review of past works, it is necessary to have some understanding of 

the various methods used to quantify an acoustic emission and section 2.2 describes some of the 

commonly used parameters. The literature review itself is sub-divided into four sections. Section

2.3 details general laboratory based tests designed to investigate the relationship between soil 

(under various conditions) and any generated acoustic emission. Section 2.4 examines soil 

acoustic emission fundamentals. These include (for example) wave velocity and attenuation in 

soil as an acoustic medium. Literature relating to investigations of the wave guide is also 

included in this section, as this is considered to be a fundamental requirement for monitoring 

acoustic emission in the field. Section 2.5 examines field investigations, and large scale tests, of 

acoustic emission to detect instability in soil masses. Section 2.6 briefly examines literature 

relating to other geotechnical applications of acoustic emission such as the development of in- 

situ pressuremeter testing equipment and seepage detection.

2.2 Acoustic Emission Measurement Criteria

Resonant sensors used to detect an acoustic emission respond by producing a decaying transient 

sinusoidal signal. Such a typical response is illustrated in figure 2.1 and a number of alternative 

methods by which the wave form can be quantified are shown. The traditional AE measurement 

parameters are the ringdown count and event count. A ringdown count is simply an upward 

crossing by the signal (rising edge) of some threshold value pre-determined to eliminate 

background noise (section 3.3). Figure 2.1 shows nine counts constituting a single event. Two 

event describing parameters, peak amplitude and rise time, are also shown and defined on the 

figure.

It is important to appreciate that (considering narrow band transducers as used in this 

investigation) all measurement criteria relate to the sensor’s response to an emission and not to
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the emission’s actual wave form propagating through the soil. An introduction to AE sensors and 

measurement criteria is given by Nakamura (1977). Although dealing with a particular 

application, Dixon et al. (1994) also provides a general introduction to the use of AE (but from a 

broader perspective) and provides some historical background. Further detail of the sensor used 

in this investigation is given in section 3.2.1.

Finally, it should be noted that the signal described in figure 2.1 is (in this investigation) further 

processed before being analysed. This step is dealt with in section 3.2.4.

2.3 Laboratory Investigations of Soil-Acoustic Emission Relationship

One of the earliest laboratory based investigations of soil generated AE, by Cadman & Goodman 

(1967), consisted of a series of tests in which small slopes of saturated sand were brought to 

failure by tilting. Four Rochelle-salt, bender, crystal transducers were installed within the sand as 

the 45° slopes were constructed. The aim of the investigation, to locate the source of the 

emission (which was calculated by consideration of differences in arrival times of individual 

events at each sensor), was reasonably successful as figure 2.2 illustrates.

Koerner & Lord jnr (1972) published the first of many fundamental works on soil-AE 

relationships with a study of a medium plasticity clay. Samples of the soil, at different moisture 

contents, were subjected to unconfined compression tests and the emission monitored in terms of 

counts. The sensor used was an accelerometer described as having a response which was ‘flat 

from a few hertz to about 6,000Hz’. The accelerometer was mounted to the sample in one of 

three different fashions, reflecting the different soil properties due to the varying moisture 

contents. Two of the methods involved inserting the sensor, either partially or totally, into the 

sample and it is possible that this intrusive method may have resulted in some noise being 

generated as a result of soil-sensor interaction - particularly under load. Never-the-Iess, the 

results (figure 2.3) illustrated that the level of recorded emission increased as axial stress 

increased and moisture content decreased.

Lord jnr & Koerner (1974) examined the response of five dry soils with different gradings. The 

soils were formed by ‘blending’ specific proportions of two ‘parent’ soils, one a sand and the 

other a clayey silt. The samples were tested in unconfined compression using the same
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accelerometer as Koerner & Lord jnr (1972) but with the addition of a short wave guide which 

was inserted into the sample. The results indicated that the greater the proportion of sand 

particles present the greater the level of emission, as recorded in terms of counts and these are 

illustrated in figure 2.4. The authors also used equipment which is responsive to high frequencies 

to determine that soil generated AE is ‘well below’ 100kHz.

Koerner & Lord jnr (1974) subjected a number of samples of a clayey silt, at varying moisture 

contents, to a series of isotropic consolidation and triaxial shear compression tests. Again, the 

results demonstrated that increasing levels of stress generated a greater magnitude of emission 

(measured in counts). This is probably the first documented use of acoustic emission monitoring 

in triaxial shear.

Koerner et al. (1975) described (among other aspects) two laboratory experiments designed to 

replicate soil failure mechanisms in the field. The first experiment utilised a large box with an 

adjustable segmented base upon which was constructed a model earth dam. The soil used in the 

construction was described as a clayey silt and a number of tests were conducted using different 

moisture contents. After the dam had been constructed, failure was induced by lowering the 

segmented base. Acoustic emission was monitored with a Columbia 476 accelerometer which 

was described as having a reasonably flat response from a few Hz to 5000Hz. The authors found 

that most of the emission was generated immediately after the deformation was initiated and that 

the total number of acoustic emission counts reached a peak when the soil recorded its optimum 

moisture content (figure 2.5). This they reasonably explained as being due to more inter-particle 

contact occurring at maximum density. The authors also commented upon the low number of 

counts generated which they attributed to the lack of confining pressure.

The second experiment consisted of a steel plate being vertically pressed into a sample of dry 

Ottawa sand in order to generate a bearing capacity type failure mechanism within the sand. The 

results, depicted in figure 2.6, indicate that there is a good relationship between the load- 

deflection and load-AE curves.

Tanimoto & Noda (1977), who were particularly interested in the prediction of failure, 

conducted a series of stress and strain controlled drained triaxial shear tests on saturated samples 

of well graded sands. Using a 40kHz transducer, they identified two AE processes in which the 

emission (measured as a count rate in counts per minute) first climbed to a peak value and then
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remained constant at that value until failure. The authors showed that the count rate during this 

second, or ‘steady-state’, process was directly proportional to the strain rate (figure 2.7). In an 

attempt to remove the effects of confining pressure (cell pressure), the authors defined an 

emission rate R as being the result of the total number of counts in the first thirty seconds of the 

steady-state process divided by the total number of counts in the first process. Additionally, this 

was plotted against failure time which, for each test, was defined as the time from the test start to 

failure point. Figure 2.8 plots the results, which indicates a good linear correlation between 

failure time and log R, for strain controlled tests. A similar relationship was found to exist for 

stress controlled tests.

Tanimoto et al. (1978) extended the investigations of the previous work to include a wider range 

of soils and test parameters (using a 40kHz transducer). Again the authors generated a good 

linear correlation between failure time and log R which appeared to be independent of the cell 

pressure, strain rate, moisture content, dry density of the sample, sensitivity of the sensor and the 

threshold employed. They also introduced the concept of calculating the work done in deforming 

the soil sample by consideration of applied stresses and measured strains. Figure 2.9 depicts the 

authors’ results for a number of tests which indicate a good linear correlation. Note that energy 

(E) is plotted against cumulative counts (N) and that figures for both the first process only and 

for the test totals are shown (Ei & Ni - first process, ET & NT -totals). The authors also describe a 

repetitive loading test, in which the point of maximum previous stress is identified using the 

Kaiser effect, and comment themselves that the emission ‘can be monitored only in the virgin 

state of loading’. The authors’ results are illustrated in figure 2.10.

Tanimoto & Nakamura (1981a) further extended the previous two works by improving the 

triaxial apparatus. This, essentially, amounted to measuring the volume of water flowing into or 

out of the cell in order to determine volumetric strain. Additionally, the authors switched from 

using the 40kHz transducer in the previous investigations to using a transducer described as 

having a flat response from 4Hz to 17KHz in this investigation. One test sand was employed and 

similar relationships as previously determined were illustrated again. Figure 2.11 depicts 

deviator stress, emission count rate and volumetric strain plotted as a function of axial strain. 

The figure indicates that the change from an increasing to a constant count rate occurs at the 

point where sample contraction changes to dilation.
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It must be commented that it is difficult to understand the emphasis being put upon the 

conducting of both stress and strain controlled tests. It is widely accepted by Tanimoto and his 

various co-workers that the acoustic emission is generated by inter-particle friction. It seems 

only too reasonable, therefore, that there ought to be a relationship between the rate of strain and 

the count rate (i.e. faster strain rates produce greater count rates because there is more movement 

per unit time). Use of stress controlled tests merely masks this fundamental relationship. 

Consider figure 2.12 which depicts the results of such a stress controlled test as reported by 

Tanimoto & Nakamura (1981a) in the same form as that in figure 2.11. At the point identified as

Sj by the authors, both tests indicate that axial strain of approximately 2% corresponds with a 

deviator stress of 600kPa (all other test parameters being equal). However, at this point, the 

strain controlled test records a count rate of approximately 1500 counts per minute compared 

with the stress controlled test’s equivalent figure of approximately 300 counts per minute. The 

difference lies in the strain rates, which both Tanimoto & Noda (1977) and Tanimoto & 

Nakamura (1981a) identified as being directly proportional to the count rate (in the ‘steady state’

process). In the strain controlled test, the rate used was 0.6% per minute, implying that Sj had 

been reached after some three to four minutes of testing. In the stress controlled tests the rate 

used was 70.4kPa per minute, implying that Sj had been reached after some eight or nine minutes 

which corresponds to a strain rate of approximately 0.25% per minute. Clearly, therefore, it 

would be expected that the stress controlled test would exhibit a lower count rate than the strain 

controlled test. Furthermore, this can be used to explain the apparent difference between the 

constant response of the strain controlled test in the ‘steady state’ process and the increasing 

response of the stress controlled test. In the former, a constant strain rate infers a specific 

magnitude of movement in unit time and, therefore, a constant count rate. In the latter although 

the soil hardens in response to strain, it does so at a reducing rate. As the deviator stress is 

applied at a constant rate (in terms of kPa per minute) this will obviously result in greater 

magnitudes of strain being generated in unit time and also, therefore, greater count rates. Never­

theless, the point S, does demarcate two distinct physical processes.

Mitchell & Romeril (1984) tested two clay and two sand soils by bringing them to passive failure 

in a special box with a hinged wall. The authors recorded acoustic emission (in terms of volts 

and cumulative events), angle of wall rotation and the average wall stress. It was concluded that 

the emission was ‘stronger’ and the rate of acoustic emission events ‘higher’ in course grained 

soils than in fine grained soils.
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Koerner et al. (1984a) was the first of three papers to specifically investigate the potential use of 

acoustic emission to predict pre-consolidation pressure in the field and it reported a laboratory- 

based investigation of granular soils. Using a consoiidometer, the authors first loaded and then 

completely unloaded a soil sample before reloading it. During the reload cycle deformation and 

acoustic emission were both measured. A series of eighty tests were conducted, on five different 

granular soils, using four different degrees’ of saturation and four different pre-load pressures. 

Using a 175kHz transducer, the authors concluded that both AE and deformation techniques 

were capable of predicting the pre-consolidation pressure to within approximately 5%; the only 

exception being that for the lowest magnitude of pre-consolidation pressure for which the error 

was 12.9%. However, the authors appear to have calculated these figures by simply averaging 

the error’s for each test at a particular pre-consolidation pressure, regardless of soil type or 

degree of saturation.

The second paper in the series, by Koerner et al. (1984b), reported a laboratory investigation of 

fine grained (‘cohesive’) soils. Using a similar procedure to that described previously, the 

authors used a 30kHz transducer to detect emission from six soils, at each of three different 

moisture contents and four different pre-consolidation pressures; in all seventy-two tests were 

conducted. The authors concluded that it should be feasible to predict in-situ pre-consolidation 

pressures to within approximately 10%. The third paper in this series of three is referenced in 

section 2.6.

Garga & Chichibu (1990) subjected three different sands to a series of drained triaxial shear 

tests, studying frequencies in the range 500Hz to 30kHz, with the aim of investigating a number 

of acoustic emission parameters. These were event count, ring down count, rise time, duration 

time, peak amplitude, AE energy and energy moment.

AE energy, E , is defined as

a 2 dt
ts

and energy moment, Tem, is defined as
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Figure 2.13 depicts what the authors described as a typical result and it illustrates the traits of a 

number of AE parameters as well as the stress-strain relationship through the course of a test. As 

the authors concluded, whereas energy rate and ring down count rate increased with increasing 

strain the event rate remained constant. This implies that the size of an event, as strain increases, 

must also be increasing (in terms of counts). Also, the event count rate is quoted in units of xlO8 

in a ten minute period which equates to a rate of event generation in the order of 105 per second! 

Unless the figure is being misinterpreted this seems rather high.

The authors also considered peak amplitude distribution by plotting AE count as a function of 

peak amplitude on a log-log basis and from which a parameter ‘m’, equivalent to the gradient of 

the line, was obtained. Figure 2.14 illustrates that the magnitude of ‘m’ decreases as the strain 

increases although, the authors noted, there was a tendency for ‘m’ to at first increase when 

strains were small.

Finally, a plot of energy moments as a function of strain for all three sands (figure 2.15) 

illustrates that, at low strains, the energy moment exhibited one peak whereas, at high strains, the 

energy moment exhibited two peaks. The authors associated the first with particle reorganisation 

and the second with a sliding mechanism and noted that this characteristic is the same for ail 

sands irrespective of density. However, examination of the figure reveals that magnitudes of the 

‘high’ strain values considered vary between 16.8% and 22.1%. It is, therefore, possible that the 

second peak may be due to other test related factors.

Shiotani et al. (1994) derived an improved ‘b-value’ (lb) parameter, based on the original ‘b- 

value’ (b) parameter as defined by Gutenburg and Richter. The original b-value was derived 

from an examination of earthquake magnitude and frequency. It is calculated by plotting the 

logarithmic cumulative frequency of earthquake magnitude (or peak amplitude) and calculating 

the gradient of the descending portion of the curve. Figure 2.16 illustrates such a plot. Note that 

M  is magnitude, n ( M )  is frequency and N ( M ) is defined by the authors’ as (although this 

appears to ‘weigh’ the frequency by the magnitude):-

N ( M )  = \n {M ) dM
M
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The authors improved the original b-value by considering data generated by a test on a 60° 

model slope constructed from sand and into which had been imbedded five 150kHz resonant AE 

sensors. The slope was brought to failure by loading the top. They observed that, by optimising 

the number and the range of the amplitude data set considered, that the b-value could be 

improved. It should be noted that, whereas the adjustment to the number of data appears to be 

somewhat arbitrary, the adjustment to the range is based upon the arithmetic mean and standard 

deviation of the set. Figure 2.17 illustrates such cumulative plots at various times during the test 

and the demarcated zone using the mean and standard deviation. Figure 2.18 depicts calculated 

Ib-values and load as a function of displacement obtained from four of the AE sensors for the 

first 7mm of deformation. Note that, in figure 2.18, the sensors are numbered one through four 

and were vertically spaced at 5cm intervals in the slope with sensor one at the top. It is 

interesting to observe, as the authors do, the general tendency of the maximum Ib-value to 

correlate with increasing displacement at increasing depth.

The frequency distribution (not cumulative) shown in figure 2.16 is a schematic of the typical 

form of amplitude distribution exhibited by soils in a state of shear. Other examples can be found 

both in this work (see, for example, figure 7.17) and in work by Jackson (1986). The main 

characteristic of the real distributions is that only one peak exists and this lies within the range of 

available amplitudes. In fact both this work and Jackson (1986) further demonstrate that this 

distribution is ‘right skewed’, i.e. the peak is situated nearer to the left boundary of the 

distribution than the right. As part of an investigation into the AE response of sand (with 

particular reference to the identification of the yield point), Jackson (1986) attempted to provide 

a parametric description of soil-AE by fitting a curve to this frequency distribution using the 13- 

probability density function. This has the form of

f i x ) = k ( x - a ) a ( b - x ) ^

where

a  lower bound of distribution

b u P P e r  bound of distribution

k ,a ,J 3  parameters derived from the range, mean and standard deviation of the data
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Unfortunately, the author found that the variation in the parameters a  and J3 (calculated for a 

number of tests) was too large to make characterisation feasible, except in the most general case. 

The only conclusion which appears to be drawn from such a distribution is that the single peak is 

indicative of a single generation mechanism.

Amplitude distribution’s were also considered by Garga & Chichibu (1990) from which, as 

already discussed, values were derived for the parameter ‘m \ However, as figure 2.14 illustrates, 

the amplitude distribution forms one straight line of a negative gradient, which appears 

contradictory to the findings discussed in the above paragraphs. It is possible that what the 

authors described as ‘AE count’ is cumulative, however there would then be little to distinguish 

the parameter fin’ from the ‘b-value’ other than the former is derived from a log-log plot and the 

latter from a semi-log plot (but both of essentially the same data).

2.4 Soil-Acoustic Emission Fundamentals

2.4.1 Frequency Content of Emission

This section considers investigations which specifically examined the frequency content of 

acoustic emission. As described in section 2.2, actual measurements of AE are derived from the 

sensor’s response to the emission rather than the actual wave form propagating through the soil 

body. It should be appreciated, therefore, that frequency contents are also derived from the 

sensor’s response.

Lord jnr et al. (1977) used a Bruel and Kjaer 4344 accelerometer as part of a system in which 

detected AE was recorded and then played back through an octave filter in order to establish the 

frequency content of the emission. The whole system was described as having a response ‘to be 

quite flat up to 15kHz’. Sands, clays, silts and combinations of these three soils were subjected 

to unconfined compression and triaxial compression shear tests. The authors found that, for both 

a clayey silt soil and a silty sand soil tested in unconfined compression, the predominant 

frequencies were in the 1 and 2kHz bands (figures 2.19 and 2.20). However the results of one 

triaxial shear test, conducted on a silty sand soil with a confining pressure of lOpsi (69kPa), 

showed that the dominant frequencies had shifted up to the 4 and 8kHz bands (figure 2.21).
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Koerner et al. (1976) summarised the AE characteristics of granular soils. Although this is a 

good paper which details the relationship between AE and various soil descriptive parameters (as 

well as reviewing more fundamental works), it includes 110 new data pertaining to emission 

frequency content.

Koerner et al. (1977) summarised the AE characteristics of ‘cohesive’ soils. This complemented 

the previous work but also included some new investigations into the emission frequency content 

of clay soils. Samples of kaolinite clay were subjected to unconfined compression tests and AE 

detected using a Bruel and Kjaer type 6366 accelerometer described as having a ‘flat response 

from 1,000Hz to 40,000Hz’ and a ‘resonant frequency of 119,000Hz’. Despite the wide 

bandwidth of the accelerometer, the authors discovered that the predominant frequencies were in 

the 2 and 3kHz range . This was found to be independent of moisture content and the results 

(shown in figure 2.22) were the same for moisture contents of between 22% and 38%. No 

mention is made in the text of the nature of the response above 20kHz. Although the authors 

noted that the upward shift in frequency which occurred in compression tests on granular soils 

did not occur in ‘cohesive’ soils, they do not detail any such tests as having being conducted.

Tanimoto et al. (1978) also examined frequency content of the emission. Using a 40kHz 

transducer to detect AE during a series of triaxial shear tests conducted on sandy soils, the 

authors noted that the dominant frequency was in the range of 0 - 13kHz. The result is depicted 

in figure 2.23, from which it is noted that the largest recorded amplitudes lie in the range of 

12kHz. As already discussed, Lord jnr et al. (1977) demonstrated an upward shift in frequency 

content when tests were conducted with a confining pressure. It was found that using a cell 

pressure of lOpsi (69kPa) increased the dominant frequency range from the 1 - 2kHz region to 

the 4 - 8kHz region. This work has indicated a dominant frequency of approximately 12kHz and 

was conducted under a cell pressure of l.Okgcm'2. In fact, as lOpsi corresponds to approximately 

69kPa and l.Okgcm'2 corresponds to approximately 98kPa, these results are consistent and 

appear to confirm the finding that increased confining pressure increases the frequency content 

of the emission. Note, however, that for the 40kHz transducer used by Tanimoto et al. (1978), 

nothing is known about its frequency response. Koerner et al. (1976) suggested that ‘shifting’ 

might be caused by higher cell pressures causing densification of the soil which, in turn, causes 

higher frequencies to be less attenuated.
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Koerner et al, (1981a), in a state-of-the-art review paper, summarised and extended their 

previous findings. Using a transducer with a resonant frequency of about 130kHz, the authors 

subjected three soils (a well-graded angular beach sand, a river-transported clayey silt and a 

commercially obtained kaolinite clay) to a series of direct shear box tests. Each soil was tested, 

under a normal load of 76 kNm'2, by the application (in turn) of blocks of shear stress which 

were not incremented until activity had ceased. The stresses were 9, 18, 36 and 72 kNm'2; all 

samples failed following application of the final shear stress increment.

It was demonstrated that for all soil types that the dominant frequency range (near failure) was in 

the order of 0 - 10kHz. However, for silt and sand soils, the authors noted, increased activity was 

also detected in the region of about 100kHz. The results are illustrated in figure 2.24.

The authors also cited work conducted by Hakuno et al. (1968) who found that emission 

frequency content was related to sand density, with a maximum magnitude of approximately 

6000Hz.

2.4.2 Signal Attenuation

Owing to the loss in the acoustic stress wave amplitude, or attenuation, a signal suffers as it 

propagates through a medium, it is possible that an emission at source may have completely 

dissipated by the time it has reached an AE sensor. It is, therefore, useful to have some idea of 

the magnitude of the attenuation affecting an emission.

With regard to AE in soil material, this area of research is the most ancient with the first, and 

probably most comprehensive, study being conducted by Nyborg et al. (1950). The authors 

measured the magnitude of attenuation suffered by a sand and a silty loam, both dry and 

saturated, with varying density and over a frequency range of between 10 and 100kHz.

The test set up, for dry soils, essentially consisted of a sound source (which was a whistle) and a 

sensor, separated by varying thicknesses of a soil sample. Attenuation was measured in the order 

of 2dbcm'' for ‘nodulous, loose soils’ to greater than 25dbcm'‘ for ‘finely divided soils and 

sand’. Figure 2.25 illustrates some of the results obtained for a sand. Note that the authors also 

considered the d.c. flow resistivity of the material and this is plotted on the graph.

21



For saturated soils, the authors considered the test set up used for dry soils to be unsuitable 

owing to the large reflection losses which they felt would occur at the air-mixture boundary. As 

a result, a source and a number of receiver hydrophones were placed within the soil sample. The 

magnitude of the attenuation was found to be highly dependent on the proportion of air, probably 

in the form of bubbles, in the mix. Attenuation, measured in air-free soil samples (i.e. a saturated 

soil in which the voids are filled with water from which all the air has been removed - deaired 

water) proved ‘too small to be measurable - probably less than 2dbcm''.’ For one sample 

prepared in the presence of air, attenuation was measured from between 26dbcm'1 at 10kHz to 

64dbcm‘1 at 30kHz, although one test resulted in an attenuation of 74dbcm'1 at 35kHz being 

recorded. Figure 2.26 depicts the relationship between signal level and distance travelled for a 

number of frequencies in a medium consisting of a mix of ‘field soil’ and water.

The authors pursued the effects of air on attenuation in soil-water mixes by monitoring samples 

immediately after preparation and again after having left the sample standing for a number of 

days. An increase in signal level with time was noted, which the authors attributed to air bubbles 

going into solution. Furthermore, the authors observed that whereas the silty loam would, if 

disturbed by stirring, record a reduced signal level, that the signal level recorded through a sand 

was unaffected by this.

The results indicated that, generally, saturated soil samples (using deaired water) produced the 

lowest attenuation, air-water mix samples the highest and dry samples somewhere in between. 

However, it must be noted that the mechanisms of noise generation employed bear little 

resemblance to genuine mechanisms of generation. The authors acknowledged that the sound 

was probably transmitted through the voids and this would explain increasing attenuation with 

increasing density. However, in reality, emission generation will occur as a result of inter- 

particle friction and will, therefore, be generated and initially propagated through the solid soil 

material. This may explain why these results appear to contradict the findings of section 2.4.1, 

where an upward frequency ‘shift’ with the imposition of confining pressure was explained in 

terms of greater density leading to a reduction in attenuation.

Lord jnr et al. (1977) added to these findings by consideration of an extensive theoretical and 

practical investigation of damping in sands by Hardin (1965). Using this work Lord jnr et al. 

(1977) deduced an attenuation of 0.007dbcm'1 at 200Hz for sand. The authors also extended the 

range of available data by conducting a number of ‘pulse’ tests using a mechanical hammer to
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strike a soil sample within which a number of sensors had been imbedded. A number of different 

soils were tested but, in particular, the attenuation recorded for a dry silty sand was 1.3dbcm'‘ at 

approximately 1kHz. The authors also developed testing apparatus along the lines of that 

described by Nyborg et al. (1950) in which a soil sample was placed between a microphone and 

a loud-speaker continuously emitting sound. Results were similar to those obtained by Nyborg et 

al. (1950) including the increasing effect the presence of air had on the recorded attenuation.

Koerner et al. (1976) deduced from Cadman & Goodman (1967) an attenuation of 0.09dbcm'1 at 

500Hz for a moist sand. The authors also reported attenuation of Sdbcm"1 at 4kHz and lOdbcm*1 

at 16kTIz in dry silty sand obtained using the ‘loud-speaker’ apparatus described above.

Koerner et al. (1977) reiterated findings published by Lord jnr et al. (1977) in which it was 

demonstrated that attenuation of a 1kHz signal in a clayey silt decreases as moisture content 

increases. This is consistent with previous findings assuming that any air present is in solution.

Koerner et al. (1981a) presented a general summary of the results of investigations into soil 

attenuation to date.

Figure 2.27 combines a number of the results from investigations into attenuation in soil and 

figure 2.28 illustrates the recorded variation in attenuation due to varying moisture content in a 

clayey silt. Figure 2.29 compares attenuation in soil with attenuation in other materials and 

figure 2.30 collates the majority of the published soil attenuation data into a single graph. Note 

that the three sets of twinned data denoted as ‘Nyborg et al. 1950 - dry sand’ each occur due to 

variations in sample density with the higher points in each pair corresponding to the greater 

density. Also note that the set denoted as ‘Koerner et al. 1976 - dry sand’ consists of a number of 

results obtained by different researchers using different techniques as outlined in that paper and 

is a reproduction of the data plotted in figure 2.27.

2.4.3 Wave Velocity and Prediction of Emission Magnitude

A knowledge of frequency content and attenuation are obviously pertinent to any study 

interested in utilising acoustic emission as a means of strain measurement as they both have 

implications for the monitoring system employed. Although not as important, some discussion of
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wave velocity has also appeared in the literature. Lord jnr et al. (1977) and Koerner et al. (1976) 

both referred to an in-depth study of the subject by Hardin & Richart (1963) where samples of 

Ottawa sand, crushed quartz and crushed quartz silt were tested using the resonant column 

method. The effect on wave velocity of confining pressure, moisture content, void ratio and grain 

characteristics were examined although, the authors concluded, void ratio was the most 

significant factor; other factors only exhibiting an effect on wave velocity by virtue of their 

effect on void ratio. It was found that wave velocity in sand varied with approximately the lA  

power of the confining pressure.

Lord jnr et al. (1977) and Koerner et al. (1976) both related an experiment used to determine 

wave velocity by mechanically generating an impulse in a large tank of silty sand within which 

two sensors had been placed. The authors obtained velocities of between 120 - 240ms'1 

depending on density and moisture content and regarded these values as being consistent with 

the findings of Hardin & Richart (1963).

The only attempt to derive an expression for the magnitude of an emission appears to be that by 

Lord jnr and Koerner (1979) which is also summarised in Koerner et al. (1981a). Assuming 

elastic soil deformation, the authors developed the following relationship between the magnitude 

of an emission at source and it’s magnitude at a receiver:

1

n  f 2e2VR
2A tr

where a  = acceleration c = wave velocity

/  = frequency At = time

e = elastic strain r  = distance from source

V  = volume R = radiation efficiency
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2.4.4 Relationship between Physical Characteristics of Soil and Acoustic Emission

The effect various soil characteristics have on the nature of the acoustic emission is a 

consideration of many of the works already reviewed. In particular, Koerner & Lord jnr (1972, 

1974), who considered the effects of moisture content, and Lord jnr & Koerner (1974), who 

examined the effects of different gradings, have already been discussed in section 2.3.

Lord jnr et al. (1977) reported the results of a number of triaxial shear tests conducted on glass 

beads and clearly demonstrated that increasing confining pressure generated an increasing 

magnitude of emission.

Koerner et al. (1976) conducted a comprehensive study of the AE behaviour of granular soils in 

which the authors subjected four different sands to a series of drained isostatic and triaxial shear 

tests. Each sand was fully described in the paper in terms of particle shape, coefficient of 

uniformity (grading) and effective size. The authors commented, based on the results of the 

isostatic tests, that those soils containing the rounder particles tended to regain equilibrium and, 

hence, cease generating emission, ‘much’ before those soils consisting of angular particles. It 

was also remarked that the angular and sub-angular samples were ‘significantly more’ emissive 

than the rounded particles ‘in both the initial and final stages of triaxial testing.’ The authors 

were less certain about the effects of the coefficient of uniformity despite the fact that an 

increase in the magnitude of this parameter was accompanied by an increase in the detected 

emission. This was because the more angular soils also had the highest coefficient’s of 

uniformity, leading the authors to conclude that the ‘actual cause of greater emission may 

therefore be a combined effect.’

Koerner et al. (1977) investigated the AE behaviour of ‘cohesive’ soils using four clays for 

which full descriptions (including liquid limit, plastic limit and optimum moisture content) are 

provided. However, initially, two sand samples used in the investigation by Koerner et al. (1976) 

and a sample of kaolinite clay, were each subjected to triaxial testing in order to compare the 

resulting emission. The sensor, a Columbia 476-R accelerometer was embedded within the 

sample, and a confining pressure of 34kNm"2 applied. As figure 2.31 illustrates, the sands tended 

to be more emissive than the clay and, at about 80% of the failure stress, whereas the magnitude 

of the emission generated by both sands tends to dramatically increase, that of the clay reduces. 

The authors explained this by suggesting that the soil particles have become aligned with the
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shear plane. It was also demonstrated, using two of the ‘cohesive’ soils in triaxial shear, that 

increasing confining pressure generated emission of increasing magnitude.

All four ‘cohesive’ soils were also compacted in order to achieve a void ratio of 0.89 and then 

each subjected to a series of triaxial shear tests. It was subsequently shown that there was a good 

correlation between the level of generated emission and the plasticity index.

All works concerning fundamental soil-AE relationships are collected together in the state-of- 

the-art paper by Koerner et al. (1981a). However, a brief summary of the main findings is given 

below:-

Confining Pressure - When generating an increase in the effective stress, an increase in the 

confining pressure always results in an increase in the level of detected emission.

Mineralogy - The emission, which is considered to be the result of inter-particle friction, is 

related to the frictional characteristics of the soil minerals. (Although this is not specifically 

mentioned in any of the works reviewed, it is considered to be a logical extension of the findings 

so far obtained).

Particle Shape - Angular particles are more emissive than rounded particles.

Coefficient o f  Uniformity - A measure of a soil’s grading, the evidence is, unfortunately, 

inconclusive. The level of AE appears to increase with an increasing coefficient of uniformity 

(i.e. the soil is tending to become well-graded) but of the soils examined, those with the higher 

coefficients of uniformity were also the most angular.

Effective Size - Inconclusive.

Moisture Content - For a saturated soil, increasing moisture content implies a decrease in shear 

strength and detected emission.
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Plasticity Index - A ‘strong correspondence’ exists between the plasticity index and the level of 

detected emission. However, as the index is dependent upon soil mineralogy and grading, this is 

not unreasonable.

2.4.5 Investigations of the Wave Guide

Although the beneficial use of wave guides (both in the field and laboratory) in facilitating the 

capture of acoustic emission has long since been appreciated, surprisingly little work has been 

focused on wave guides themselves. The earliest investigation appears to have been by Koerner 

et a l  (1975), who examined the effect of the wave guide on a signal propagating through it. This 

was achieved by generating a specific signal which was made to propagate through wave guides 

of varying design before being detected by an accelerometer. The wave guides were constructed 

from various lengths and two diameters (1/8 & 1/2 inch) of steel rod.

The authors drew the following conclusions which are taken verbatim from the paper:-

■ Longer wave guides lower the frequency of first resonance of the detector system.

■ Different diameter rods do not appear to influence the first resonant frequency of the

system.

■ Different surface conditions (threaded versus smooth) do not appear to affect the

location of the first resonance.

■ The method of connecting one rod to another does not appear to influence the

resonances, so long as such connections are solid and firm in their metal to metal 

contact.

Figure 2.32 illustrates the relationship between the frequency of first resonance and wave guide 

length.
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Additionally, the authors also examined the effect of the surrounding medium on a signal 

propagating through a wave guide. A number of tests (as described above) were conducted on a 

4ft section of 1/2 inch diameter steel rod which was variously surrounded by a silty sand soil at 

different moisture contents. It was concluded that ‘the influence of the soil mass around the 

wave guide is negligible on the detector’s frequency response but does reduce its sensitivity to a 

certain extent’.

Lord jnr et al. (1982) expanded on the previous investigation using a similar experimental set-up. 

A signal, consisting of frequencies between 1 and 8kHz was ‘pulsed’ through a 2m long section 

of 12mm diameter steel bar which was surrounded by either Ottawa sand or Kaolinite Clay at 

different moisture contents. At either end of the bar an accelerometer was used to detect the 

emission both before and after propagating the length of the wave guide section. The difference 

between the magnitudes of the two signals (thought to be due to absorption by the soil) was 

referred to by the authors as the soil covering loss (SCL).

It was found that the soil covering loss, for longitudinal waves, varied between 0 and 6dB. These 

values were described as being higher than for steel alone but lower than for soil alone. The 

equivalent range for transverse waves was 10 to 17dB which, the authors noted, was close to that 

of soil alone and from which it was concluded that transverse waves are attenuated much more 

than longitudinal waves. It was also found that (a) increased moisture content increased the soil 

covering loss but not significantly, (b) greater soil density produces higher attenuation and (c) 

the resonant frequencies of the rod were only altered some 0.05 - 0.1kHz due to the presence of 

the soil.

The authors described a model in which emission, propagating from a source and through the 

soil, was collected by the wave guide. This has subsequently been described as the passive 

model and, as figure 2.33 illustrates, the authors derived a relationship which implies that the 

volume of soil sensed is cone shaped. They also claim that use of the wave guide increases the 

volume of soil sensed by a factor of 30 and the depth of soil sensed by a factor of 60.

Styles et al. (1988) also made clear the importance of ‘acoustic coupling’ between the soil and 

the wave guide. As is common in the physical world, energy propagating through one medium is 

both reflected and refracted at the boundary when crossing into another. This is illustrated by an
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example in which it is demonstrated that, whereas only 30% of acoustic energy travelling in a 

soil medium will cross a soiksteel boundary, 85% will cross a soiliwater boundary.

A number of investigations of wave guides have also been carried out by Hardy and various co­

workers, for example Hardy et al. (1989) and Hardy (1992). However as they are wholly 

concerned with applications in rock, they are not considered further.

Finally, an interesting development of the wave guide was described by Nakajima et al. (1995). 

In this investigation a wave guide formed from glass fibre and resin was used in conjunction 

with two AE transducers to detect emission. However, as the arrangement was used in the 

monitoring of a landslide, discussion of this work is deferred until section 2.5.

2.5 Applications of Acoustic Emission Strain Monitoring to Soil Masses in the Field

In what is largely accredited as being the first work to specifically investigate soil, Beard (1961) 

reported the use of AE to predict the onset of failure in a soil mass. Although dealing mainly 

with rock slopes (as opposed to soil), the author described an instrument called the ‘ Seismitron’ 

and its operation in detecting field generated AE. Concerning rocks, the instrument recorded 

higher magnitudes of emission as instability increased. When applied to soil, however, it 

unfortunately appears to have been somewhat less than successful. As already stated in section 

1.1, the only reference made of the AE behaviour of soil is ... *Certain soft materials such as 

sand, clay, mud, etc., do not produce microseisms that are clearly definable’. It is also 

interesting to note that background noise and characterisation of an emission (which is referred 

to as a ‘microseism’) were already established phenomena.

Fisher & Yorke (1964) investigated three existing landslides in soil material using a geophone 

with a resonant frequency of 1kHz. Monitoring was achieved by lowering the geophone to the 

bottom of a borehole which traversed the shear zone, although use was also made of ‘reference’ 

(or control) boreholes placed outside the ‘unstable area’. There do not appear to have been any 

deformation measurements made using conventional techniques and instability is indicated by a 

disparity between the AE readings obtained from boreholes in and out of the ‘unstable area’. The 

authors also comment on various sources of background noise.
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Goodman & Blake (1966) examined existing slides and cut slope failures using, initially, a single 

channel system which was upgraded to four channels. This enabled background noise to be 

separated out from genuine emission and also enabled the location of the source to be identified. 

The authors did not relate the sensitivity of the geophone used in the investigation but 

commented that such emission consisted of frequencies in the range of between 0.1 -1kHz. 

‘Blast’ experiments, in which the positions of the instruments and source were previously 

determined, were conducted in the field in an attempt to verify the source location technique. 

Unfortunately, the authors only noted that ‘extreme velocity variations’ and ‘attenuation of the 

high-frequency portion of the blast energy’ occurred in soft materials. This was due to the many 

problems encountered with the instrumentation. The authors did, however, conclude that ‘Rock 

noise monitoring does forewarn o f  accelerated movements in landslides and rockslides\

McCauley (1977) described the successful use of AE monitoring to forewarn of reduced stability 

at two sites. The first, a 41m high cut slope in differentially weathered granite, was situated in 

Kern Canyon, California. After cracks had appeared on the surface of the cut it was decided to 

monitor stability both using AE and, also, by driving pairs of nails into the ground either side of 

a crack and regularly measuring the distance between them. Transducers were located in six 

positions (five of the six being buried in shallow hand-augered holes) and data was acquired in 

fifteen minute recordings. The authors reported that increased AE activity, in conjunction with 

the other deformation measurements, ‘strongly influenced’ the decision to take remedial action.

The second site (consisting of poorly consolidated marine sand, silt and clay) was situated at 

Thornton Bluffs, California. As before, AE was monitored at six locations and deformation 

measurements made by regularly monitoring the distance separating pairs of nails either side of a 

crack. The transducers were housed in shallow hand-augered holes into which a length of piping 

had been placed. The author noted that a dramatic increase in detected AE pre-empted a sizeable 

change in the deformation as recorded by more traditional methods. Figure 2.34 illustrates these 

results. Note that ‘SARN SI-3’ is the measured AE in counts per minute whereas ‘NAIL POINT 

#6’ and ‘SI-3 AT 95” represent measured displacement.

Lord jnr & Koerner (1975) reported four earth dams instrumented for acoustic emission but only 

gave details of one (which was designated ‘Neb. 200’). This dam, which was 67ft tall, was 

instrumented with four ‘sets’ of wave guides. Each set comprised three wave guides (or ‘rods’) 

of varying length (constructed from 3/8 inch diameter reinforcing rods) and were arranged
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horizontally, one above the other, with the longest rod at the bottom and the shortest at the top. 

This is illustrated in figure 2.35. The aim appears to have been to detect settlement. Although the 

authors noted some success in the level of emission detected between rods within a set (i.e. the 

longest being noisiest), there were differences between sets which they were unable to explain.

Koerner et al. (1978a) reported seventeen field studies being conducted but detailed only three. 

The first, designated as ‘Pa-PIA’, was essentially a compressibility test in which a surcharge 

induced settlement in a foundation soil. Wave guides were used to monitor the generated 

acoustic emission and the authors noted that the time in which the AE dissipated ( 5 - 1 5  days) 

was in better agreement with theoretical predictions than the 2 - 3 days observed from the 

measured settlement. Figure 2.36 illustrates the test set-up and figure 2.37 illustrates the time- 

settlement-AE response.

The second study, designated ‘NJ-NLF, revolved around a series of holding ponds for chemical 

waste fluids constructed from 2.4 - 6.1m high embankments and founded on extremely poor 

soils. Using twelve wave guides at depths of up to 6.1m below the foundation soil, the authors 

could only conclude that ‘count rates vary considerably’. The third study, designated ‘Pa-DSP2’, 

was a large scale test conducted in a stockpile for highway fill and this also forms the major 

consideration of Koerner et al. (1978b).

Using the same piezoelectric transducer (described as having a ‘relatively flat frequency 

response from about’ 0.5 to 5kHz) as Koerner et al. (1978a), Koerner et al. (1978b) described a 

test in which an earth stockpile was artificially brought to failure by cutting away at the toe. 

Consisting of a well-graded silty sand with an approximate 17% clay content, the stockpile was 

originally 18m long and 4.6m high. It was brought to failure by making five cuts with a large 

front end loader and these are illustrated in figure 2.38. Instrumentation consisted of (a) surface 

stakes for surveying purposes, (b) soil strain gauges, (c) slope inclinometers and (d) steel rod 

wave guides. The AE response to each of the cuts, together with a ‘cut summary’, is shown in 

figure 2.39. The authors commented on the typical AE response to each cut in which initially 

high readings were followed by an approximate exponential decay. The only exception was the 

response following cut five where the decay in the level of the emission was abruptly interrupted 

by a rapid increase occurring some thirty minutes after the cut was made. These AE readings 

compared with an average movement of 0.51cm recorded by the surface stakes following cut
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three. The authors also noted that heavy rain during the test period had the affect of temporarily 

causing large increases in the level of AE recorded.

Evans (1984) investigated a soil failure problem surrounding the construction of a lagoon 

adjacent to a high-pressure steel gas pipeline and a canal. Although the exact nature of the 

problem appears to be unclear, it manifested itself in the form of bubbles (determined to be air) 

rising from the bottom of the canal and was considered to be due to the additional load of the 

filled lagoon. Using the steel pipeline as a wave guide and an AE monitoring system with a 

frequency bandwidth of between 20 and 100kHz, the author recorded the effects of increased 

instability and, subsequently, of remedial works. A soil slip, producing heave in the bottom of 

the canal, also occurred and the recorded AE is shown in figure 2.40. The author noted that there 

was a general decrease in the level of emission (associated with the corrective work) and that, 

ultimately, recorded values of AE became ‘acceptable’. The author also commented on the 

existence of a relationship between water level readings obtained from piezometers and the 

recorded AE. A number of triaxial shear tests were also conducted and reported on.

In their state-of-the-art paper, Koerner et al. (1981a) summarised many of the works so far 

considered but also discussed some others which have not. One concerns a water reservoir which 

had been drained too quickly with the net result that a very high water table was left in the 

surrounding slopes generating, in turn, a seepage-induced failure. Monitoring commenced after 

mobilisation of the failure plane and lasted for approximately one month. It was noted that 

initially high rates of AE were associated with increasing settlement rates but, as settlement rates 

became ‘steady’, AE rates decreased.

A second study concerned the use of AE to detect lateral movement in trench walls as a result of 

stress relief. However, three separate AE monitoring systems were employed and the main aim 

of this investigation appears to have been to provide an inter-comparison of the three.

Penning et al. (1983) described a field experiment in which a trench (in material described as 

medium to coarse graded sand) was dug out in stages and the resulting AE monitored. 

Instrumentation consisted of seven 4m long steel rod wave guides (placed perpendicularly to the 

line of the trench) which were monitored using two separate AE systems. Figure 2.41 illustrates 

the results obtained by one of the systems monitoring the wave guide nearest the trench edge (a 

distance of 0.3m). The authors noted the correlation between the level of emission and the depth
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of the trench as well as the tendency of the AE to stabilise with time after each cut. A number of 

triaxial shear and plate bearing tests were also reported.

Yuda et al. (1984) described AE monitoring of existing landslips (in weathered rock material) 

and noted the existence of two types of event. The first, with a frequency of about 1kHz, 

occurred at the toe of slope and was (according to the authors) associated with inter-particle 

action close to the wave guide. The second, thought to be generated by the slip-plane, had a 

frequency of about 200Hz. The authors noted both spatial and temporal variations in the 

emission, which was captured using a system with a frequency bandwidth of between 1.6Hz and 

7kHz and 1 to 2m long carbon steel wave guides.

Chichibu et al. (1989) reported a slope failure (in material described as ‘Clayey rock’) caused by 

a road cutting and which occurred after a displacement stake, installed to monitor deformation, 

had recorded less than 5mm of movement. Subsequently, a 20m high embankment was 

constructed as a counterweight to prevent further movement and a number of other instruments 

to monitor the slip were also installed. Note that both the counterweight embankment and the 

slope were monitored in the study.

The embankment was instrumented with a driven 5.5m section of 32mm diameter steel rod (as a 

wave guide) and a deformation stake to monitor both vertical and horizontal displacements. The 

results are illustrated in figure 2.42. Initially rates of movement and AE were high and it was 

decided to construct an additional embankment to support the first. This was completed on 14 - 

15 November and, as figure 2.42 shows, both AE and movement almost ceased. Heavy rain then 

caused further activity which diminished within two weeks. The authors commented that there 

was a good correlation between the AE and the horizontal movement of the stake. They also 

suggested that the source of the AE may be inter-particle friction or an inter-action between the 

soil and the wave guide.

The natural slope was monitored using a borehole inclinometer, a ground surface displacement 

meter and a 17m section of 25mm diameter reinforcing rod (as a wave guide). Figure 2.43 

illustrates the results. Note that ‘A ’ and ‘ET refer to ground surface displacement and that 

underground movements were recorded at a depth of 14.5m. The authors noted that the high 

rates of AE recorded over February were accompanied by very small rates of measured 

displacement. This, they claimed, implies that ‘microcracks’, which themselves cannot be
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detected by the displacement meter, generated AE which can be acquired. However, owing to a 

diminishing AE rate, with effect from 1 March the authors decided to change the AE monitoring 

point and they lowered a water-proofed sensor down the inclinometer borehole to a depth of 

20m. This is marked in figure 2.43 and clearly illustrates that high rates of AE were recorded as 

a precursor to any significant magnitudes of recorded movement. The authors also commented 

that, once displacements became significant, AE activity decreased.

Styles et al. (1988), Rouse et al. (1991a) & Rouse et al. (1991b) reported work carried out on 

two large, existing, landslips and the geology of the area was extensively detailed. Four Bruel 

and Kjaer 8318 accelerometers (with a relatively flat response up to approximately 6kHz) and an 

O.A.S. 281 hydrophone were used to capture AE which was subsequently recorded onto 

analogue tape. Unfortunately, the recorder was identified as a source of noise which had a 

frequency content described as being ‘partially coincidental with the signal bandwidth of 

acoustic emission, 0.25 to 8kHz, as defined by Koerner et al. (1981a)’. The authors, therefore, 

recorded system noise on a separate channel in order to subtract this element from signals 

captured via the accelerometer and hydrophone. Monitoring was performed (on one site) 

subsequent to a major failure and (on another) during slow continuous movement but never 

before a major failure. Apart from natural slippage, the authors also conducted tests in which a 

twenty ton load was placed on the backscar of one of the slips and this was found to generate 

AE. A good correlation between periods of high rainfall and increased AE activity was also 

established, as figure 2.44 illustrates. However the authors’ primary result was the identification 

of four types of ‘pedogenic’ AE event, the descriptions of which are as follows (after Rouse et 

al., 1991a):-

Type A are multicyclic, burst type signals that usually have a small amplitude of emission with 

one or two specific frequencies present within the signal. Comparison of the noise channel and 

signal channel is very important with low power events of this nature. Figure 2.45 illustrates an 

example of a Type A event, after noise removal, and indicates peaks at 4.2, 4.9 and 5.5kHz.

Type B events consist of two frequencies: a lower monocyclic negative going pulse that has a 

frequency of between 200 to 500Hz and a higher multicyclic pulse that can range in frequency 

from 2.5 to 8kHz. Their amplitude is larger than that of Type A.
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Type C events have only been recorded at one of the sites and are multicyclic with a 

characteristic frequency of 1.2 to 2.0kHz.

Type D  are particularly rare and consist of very short mono/di-cyclic events with a frequency of 

approximately 6.5kHz.

Nakajima et al. (1995) described a very interesting new wave guide design and its application in 

the monitoring of active landslides. The wave guide, illustrated in figure 2.46, was formed from 

a composite of resin and glass fibre encased in a steel pipe. Two Marubun M568 accelerometers, 

with a frequency response of between 0.3 and 5kHz, were attached either end of the assemblage 

which was then placed into a section of PVC piping. The steel and PVC pipes were separated by 

nylon rings in order to reduce the effect of damping on the propagating signal. The authors 

claimed that this reduced the damping factor from about 0.84dBm_1 (for a wave guide in contact 

with a borehole) to about 0.07dBm'\ The wave guide was subjected to a number of laboratory 

tests prior to its deployment in the field. Figure 2.47 illustrates the results of applying a constant 

deflection rate to the wave guide and, despite the variance in the AE count rate, it is fairly 

evident that there is a good linear correlation between the number of accumulated events and the 

deflection. Additionally, as illustrated in figure 2.48, the dual accelerometer configuration makes 

it possible (by using arrival times) to identify the source of AE events. This, in turn, can relate 

which section of the wave guide has been most active and, therefore, suffered greatest 

deformation.

The authors monitored two locations in active landslides. The first AE monitoring rod, at the 

head of the slope, was installed to a depth of 40.4m and the second, located mid-slope, was 

installed to a depth of 45.9m. Pipe strains were monitored by a series of strain gauges attached to 

the PVC piping and ground water levels were also recorded. At the head of the landslide, the 

authors detected AE activity which they related to an earthquake which had occurred some 

650km from the monitoring site. Using the relationship derived for AE and deformation, they 

deduced that rates of movement equivalent of up to 38myeaf1 had been generated. By contrast, 

the mid-slope AE only corresponded to movement rates of up to lOmmyeaf1 .

The most impressive aspect, however, was the identification of the sliding surface in the mid­

slope. The total number of events per 0.2m length of wave guide was plotted and compared with 

displacement (as recorded by the strain gauges) for monitoring periods of 16, 23 and 58 days.
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Initially (after 16 and 23 days) distinct levels of AE were recorded only at a depth of 35m but 

displacement (according to the strain gauges) was negligible measuring, at most, 0.001mm. After 

58 days, however, although AE activity was still greatest at a depth of 35m, additional activity 

was recorded at depths of between 7 and 24m. The strain gauges (for the first time) recorded a 

distinct displacement, which occurred at a depth of 35m, but even this was in the region of only 

0.005mm. As the authors concluded, the acoustic emission monitoring rod appears to have 

successfully identified the active location long before any conclusive evidence was available 

from the strain gauges.

Details of field studies conducted as part of this investigation are reported by Dixon et al. (1994, 

1996a, 1996b) and Hill et al. (1994).

2.6 Other Geotechnical Applications of Acoustic Emission Monitoring

In this section it is not intended to describe any of the works concerned but simply to present a 

list of appropriate references.

Much work has concentrated on the use of acoustic emission in the testing of soils in-situ and in 

the development of in-situ AE testing apparatus. Relevant works are by Tanimoto & Nakamura 

(1984), Tanimoto et al. (1981), Villet et al. (1981), Lord jnr & Koerner (1983, 1985), Deutsch et 

al. (1989) and Naemura et al. (1990)

The use of acoustic emission in the detection of sub-surface seepage has also received some 

attention and relevant works include Koerner et al. (1979, 1981a, 1981b) & Blystra (1990, 

1994).

Other studies include the use of AE to monitor rock and soil grouting - for example Huck & 

Koerner (1981) and Koerner et al. (1981a) - and its use in monitoring subsidence - for example 

Koerner (1986) and Wood & Harris (1990).
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2.7 Literature Review Summary

The study of acoustic emission and soils is very broad-based with both physicists and engineers 

having contributed works over the past forty-six years. Soil-AE fundamentals (such as emission 

frequency content, signal attenuation, wave velocity and wave magnitude) have been 

investigated. Many laboratory tests have demonstrated that generated AE is related to the type of 

soil being examined and the degree of strain it has suffered. Other laboratory tests have sought to 

develop and improve data processing techniques. In the field AE has been used to detect 

movement in existing landslides but only two field tests aimed at the detection of first time 

deformation characteristics, Penning et al.( 1983) and Koerner et al. (1978b) (both in granular 

material), appear to have been conducted. A wide range of detection equipment has been 

employed and AE sensors, sensitive to frequencies of between a ‘few Hz’ to 130kHz, have been 

used. Wave guide design and behaviour has been investigated and they exist in the form of 

simple metal rods driven into the ground or more complex designs such as described by 

Nakajima et al. (1995). It has also been shown that AE monitoring can be applied to many other 

forms of geotechnical processes such as seepage monitoring, detection of subsidence and the in- 

situ testing of soils. A very large volume of work, investigating AE monitoring of rock, is also in 

existence.

The research described within this thesis adds to the body of knowledge by the provision of two 

case histories which demonstrate the use of AE in the detection and monitoring of first time 

deformation characteristics in stiff, heavily-overconsolidated clay soils. Additionally, it details 

the use of an analogue-to-digital conversion board to capture soil generated AE both from the 

field and laboratory.
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Fai lure  s u r f a c e

°  ^

• z Twoj.events occurring within I second and at the same point

Tension crack
\  Failure surface'

■ ■ ■ ■ — ■ V—

Figure 2.2 (A) Profile of a thick slide developed in a tilting box in the
laboratory, showing the location of the noises generated at 
high factors of safety (open circles), lying mostly within the 
slide. The noises at low factors of safety (black circles) lie 
close to the failure surface. (B) Profile of a thinner slide, 
showing most of the very early events lying behind the failure 
surface and probably associated with the tension crack. The 
noises generated just before failure again plot close to the 
failure surface. Gray verticals are layers of red sand.

(After Cadman & Goodman, 1967)
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Figure 2.3 Axial stress as a function of cumulative AE count for four soil 
samples at varying moisture contents.

(After Koerner & Lord, 1972)
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Figure 2.4 Axial stress (as a % of maximum axial stress) as a function of 
cumulative AE count for five differently graded soils.

(After Lord & Koerner, 1974)
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Figure 2.5 Earth dam model shown schematically in its failed position 
(transverse crack) and the results for a series of tests at 
various moisture contents.

(After Koerner et al., 1975)
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Figure 2.6 Bearing capacity model test showing schematic of test setup 
and the deflection and acoustic emission response curves.

(After Koerner et al., 1975)
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Figure 2.7 Relationship between strain rate and emission count per 
minute monitored during steady-state process of strain control 
tests.

(After Tanimoto & Noda, 1977)
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Figure 2.8 Prediction of failure time by emission rate in strain control 
tests.

(After Tanimoto & Noda, 1977)
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44



6o
*  
v—'

« /d • b 
><u
Q

o
<u

c w
pO O 
O  CO

G u‘ O «a
MW

s

1

100 k H z P i c k

0 1 0 2 0 3 0

Time • t ( m i n )

Figure 2.10 Emission count in repetitive loading test (<demonstration o f  Kaiser 
effect).

(After Tanimoto et a l 1978)

45



600

1500'

z 1000-
200 - rd = 16.0 kN/m3 

<T3 = ISO kPa 

£ = 0.6 94/1*1 in

500 -

-1

20 25

AXIAL STRAIN

Figure 2.11 Emission counts, volumetric strain, deviator stress and axial 
strain relationships in strain-controlled test.

(After Tanimoto & Nakamura, 1981a)
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Figure 2.12 Emission counts, volumetric strain, deviator stress and axial strain 
relationships in stress-controlled test.

(After Tanimoto & Nakamura, 1981a)
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Figure 2.13 Relationships between energy rate, ring down count rate, event count rate, 
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(After Garga & Chichibu, 1990)
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Figure 2.14 Changes of peak amplitude distribution with axial strain growth. 
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Figure 2.15 Energy moment distribution with AE count. 
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Figure 2.16 Schematic representation for AE peak amplitude distribution. 
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Figure 2.19 Frequency distribution of acoustic emission resulting from an 
unconfined compression test on a clayey silt soil.

(After Lord Jnr et al., 1977)
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Figure 2.20 Frequency distribution of acoustic emission resulting from an 
unconfmed compression test on a silty sand soil.

(After Lord Jnr et al., 1977)
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Figure 2.21 Frequency distribution of acoustic emission resulting from a 
triaxial compression test at lOpsi confining pressure on a silty 
sand soil at 17% water content.

(After Lord Jnr et a l, 1977)
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Figure 2.22 (bottom) Frequency distribution of acoustic emission from 
kaolinite clay at 33% moisture content tested in unconfined 
compression

(After Koerner et al., 1977)
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Figure 2.23 An example of frequency emission content.

(After Tanimoto et al., 1978)
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Figure 2.24 Frequency content of emission from sand, silt and clay (near 
failure) tested in direct shear.

(After Koerner et al., 1981a)
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Figure 2.25 Attenuation and flow resistivity for a dry sand at various 
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(After Nyborg et al., 1950)
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Figure 2.26 Relationship between signal level and source-receiver 
distance.

(After Nyborg et al., 1950)
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Figure 2,27 Frequency vs attenuation response of dry granular soils using 
techniques indicated.
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Figure 2.28 Attenuation of acoustic emission in clayey silt at varying 
water contents at frequency of about 1kHz.

(After Koerner et al., 1977)
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Figure 2.29 Attenuation response of different soil types contrasted to rock/coal and iron/steel. 

(After Koerner et al., 1981 a)
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Figure 2.30 Collation of majority of published data relating to attenuation in soils.

59



2.02.0

—  L E G E N D  —

D  ■ CONCRETE SAND (S O IL - 3 )  

O •  OTTAWA SANO (S O IL -  2 )

O • KAOLINITC CLAY ( S O IL 'S )

1.01.0

0.10.1

0.01aoi

0.0010.001 •o 10040
PERCENT FAILURE STRESS

SO

Figure 2.31 Average amplitude of acoustic emission (measured as peak signal 
voltage output) for various soils as function of percentage failure 
stress in triaxial creep at 34kNm"2 confining pressure.

(After Koerner et al., 1977)
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Figure 2.32 Influence of various lengths and diameter of steel rod wave guides 
on acoustic emission response.

(After Koerner et al., 1975)
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Figure 2.33 Idealised configuration of soil volume sensed by AE method using steel rod wave 
guides: (a) m odel; (b) volume of soil sensed

(After Lord jnr et a l 1982)

62



200

THORNTON BLUFFS

SARN S I - 3

COUNTS 
1 0 0  PER 

MINUTEDISPLACEMENT
IN C H E S NAIL POINT M

0 . 5

Figure 2.34 Noise rates and displacements at Thornton Bluffs field site. 

(After McCauley, 1975)
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Figure 2.35 Elevation and plan view of acoustically monitored earth dam in Nebraska, 
showing wave guide locations

(After Lord jnr & Koerner, 1975)
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Figure 2.38 Schematic diagram of site ‘PA-DSP2’ showing approximate boundaries of five cuts 
made.
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Figure 2.40 Acoustic emission measurements prior to soil slip 

(After Evans, 1984)
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Figure 2.42 Sketch of embankment and results of monitoring. AE is measured in terms of counts 
per 10 minute period and displacements are given in cm.

(After Chichibu et al., 1989)
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Figure 2.43 Results from monitoring of the natural slope. AE is measured in terms of counts per 
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(After Chichibu et al., 1989)

71

di
sp

la
ce

me
nt



R a i n f a l l  Very- 

H e a v y

i -^im  ■ * .

n
1 5 5 0
TAPECOUNT

.n 1 h

Figure 2.44 Relationship between rainfall and AE 

(After Rouse etal., 1991b)
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Figure 2.45 Time series and power spectrum of Type A events. 

(After Rouse et oL, 1991a)
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Figure 2.46 Structure of the acoustic emission monitoring rod 

(After Nakajima et al., 1995)
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(Both figures 2.47 & 2.48 after Nakajima et al., 1995)
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Chapter 3

Acoustic Emission Instrumentation

3.1 Introduction

This chapter discusses the instrumentation used to capture acoustic emission in this investigation 

and section 3.2 details both the electronic hardware and software employed. Note that individual 

data capture and processing routines are not covered in this chapter as these have varied between 

each of the field sites and the laboratory. (Particular capture routines used at Cowden, Arlesey 

and in the laboratory can be found in section’s 4.4.1, 5.4.2(i) and 7.3.2 respectively). An integral 

part of any field monitoring system, section 3.3 discusses the wave guide and outlines two of the 

models used to describe its role. Section 3.4 discusses monitoring philosophy and highlights five 

considerations on field data acquisition which are imposed through the use of the system 

employed. Section 3.5 describes the field monitoring procedure, which was common to both 

Cowden and Arlesey. Following on from section 2.2, section 3.6 discusses measurement criteria 

in more detail and includes the effects of one further step of pre-capture processing (the signal 

enveloping circuit) not yet considered. It also includes some relevant formulaic definitions. 

Section 3.7 examines the nature of the captured emission and, finally, section 3.8 looks at some 

of the problems encountered with field acquired data and outlines the remedial techniques used.

3.2 Electronic Hardware and Software

Figure 3.1 presents a schematic representation of the components of the instrumentation system, 

each of which is detailed as follows:-

3.2.1 Transducer

The sensor used was an Acoustic Emission Technology (AET) 30kHz peak resonance 

piezoelectric acoustic transducer. This converts mechanical disturbances into an electrical 

voltage in the order of micro-volts (10‘6 volts). Figure 3.4 shows a typical transducer response, 

which is called an event or transient, and it’s rectified envelope (section 3.2.4). Figure 3.2
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illustrates a sensor calibration curve for a 30kHz transducer, indicating the sensitivity of it’s 

response at various frequencies. The choice of a 30kHz resonant transducer is something of a 

compromise between the desire to monitor at as low a frequency as possible (in order to reduce 

the effects of acoustic attenuation) and the need to minimise background acoustic noise 

(achieved by monitoring at as high a frequency as possible).

3.2.2 Filter and Preamplifier

Combined into one unit, this AET product is a narrow band preamplifier with a bandwidth of 15 

- 45kHz and amplifies the signal by 40dB (xlOO).

3.2.3 The AET 204GR

This is a ruggedized battery operated, acoustic emission monitoring system designed to measure 

and process AE data arising from field applications. It operates within a bandwidth of 30Hz to 

200kHz and can provide measurements of AE in terms of total ring down counts, total events, 

count rates, event rates and signal strength (Root Mean Square). It can sample up to eight 

channels consecutively and amplifies the signal between 10 and 68dB in steps of 2dB. Together 

with the transducer and preamplifier this forms an AE monitoring system in itself. The only 

output is an LED counter, which relates the current value of the chosen parameter, or a 

connector through which the amplified signal is available. The AET only operates from a battery 

supply and will work for approximately twenty-four hours on one full charge. In this 

investigation the unit was used solely to amplify the signal prior to being further processed as 

outlined below.

3.2.4 Signal Enveloping Circuit

The purpose of the signal enveloping circuit is to reduce the number of data points required to 

describe the response of the transducer to an emission. The circuit achieves this by processing 

the a/c signal generated by the transducer to produce it’s rectified envelope. Figure 3.4 illustrates 

such an a/c signal with it’s rectified envelope. The circuit basically consists of three electronic
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components - a diode, a capacitor and a potentiometer (variable resistor). The diode permits 

charge of only one polarity to pass (thus eliminating half the original wave form) and this is 

stored by the capacitor. The capacitor then discharges over a period of time dependent upon the 

product of the capacitance and resistance (the time constant) used in the circuit. The 

potentiometer, therefore, permits final refinements to be made to the form of the envelope until 

the desired output is obtained.

Although this involves some loss of resolution of the AE event, acquiring a smaller number of 

data points does generate a number of advantages. In this research it resulted in the use of a half­

sized analogue-to-digital (A-to-D) conversion board (section 3.2.5) instead of a full-sized one. 

This immediately involved savings in terms of both cost and consumption of electrical energy, 

the latter being of considerable importance in field applications. Additionally, a reduction in the 

number of data points required to describe an event enables more events to be stored on a 

computer hard disc of finite capacity. Note that this unit, logically positioned between the main 

amplifier and A-to-D conversion board, is not shown in figure 3.1.

Figure 3.4 is explained more fully in section 3.6 which deals with measurement criteria.

3.2.5 Analogue-to-Digital Conversion Board

The board is a Keithley DAS1402 capable of sampling at a maximum rate of 100kHz. It is a half- 

sized board with sixteen single-ended or eight differential input channels. The A-to-D board, 

under instruction from the computer, is responsible for the sampling and digital conversion of 

the analogue voltage. An important aspect, which has implications for the data capture routines, 

is the fact that the board is not capable of triggering on the event. Although this is a useful and 

efficient way of eliminating unwanted noise, it does require the judicious selection of a 

‘threshold’ value below which data is discarded. Too high a threshold may involve the loss of 

valuable data. Owing to the DAS 1402’s inability to trigger on the event, this was not a problem 

and details of the various data sampling routines used can be found in sections 4.4.1, 5.4.2(i) 

and 7.3.2.
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3.2.6 TheDacPac

The DacPac is a specially manufactured expansion box which houses the A-to-D board. 

Rechargeable batteries within the DacPac power the board for about six hours of field 

acquisition from one full charge.

3.2.7 The Computer

The notebook computer is a Dual 486DX 33MHz clock speed, 8 MB RAM, 250MB hard disc. It 

has its own on-board battery power source but, due to problems concerning an adequate ground 

connection (section 4.4.1), was invariably run from a Landrover battery using the vehicle’s 

chassis as ground. The notebook, DacPac and AET model 204GR are illustrated (in use in the 

field) in figure 3.3. (Note that the DacPac is the slim unit under the notebook and on top of the 

AET 204GR).

3.2.8 Software

Data acquisition (and much of the processing) was controlled by the high-level, Keithley- 

produced programming language called Viewdac. It consists of powerful single commands or 

tasks which can control, or be controlled by, any other task (within certain rules). This means 

that programmes can be formulated whereby the usual top-to-bottom flow of logic can be 

dispensed with. Also, as more than one task may be active at any one time, the language is 

capable of exhibiting pseudo multi-tasking (there is still only one CPU).

A number of additional data processing routines were written in FORTRAN and QBASIC.

3.3 The Wave Guide

The wave guide usually consists of some form of metal tubing which is inserted into the ground 

and to which the transducer is attached. Generated noise propagates along the length of the wave 

guide and is detected by the transducer. There are two suggested models which attempt to
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explain the role of the wave guide and the mechanisms responsible for the generation of the 

emission. In the first, or passive, model (passive wave guide) it is assumed that noise generates 

in, and propagates through, the body of soil (and therefore suffers attenuation in the soil) before 

striking the wave guide. (Note that AE generated in this manner, as the result of soil particle 

interaction, is also known as pedogenic acoustic emission). This model has already been 

discussed in section 2.4.5 (and illustrated in figure 2.33) when work by Lord jnr et al. (1982) 

was considered. The second, or active, model (active wave guide) assumes that noise is 

generated as a result of some interaction between the wave guide and surrounding material, with 

the deformation of the soil body acting as a driving force. As such the emission only propagates 

through the metal of the wave guide (and, possibly, the wave guide backfill as well) and not the 

soil body. (In fact, it has already been stated, both in the abstract and section 1.4, that the active 

wave guide model is considered the most likely explanation of wave guide behaviour in this 

investigation).

It is evident (for both wave guide models) that the position of the wave guide relative to a zone 

o f deformation is highly important. Any wave guide must, therefore, be designed and positioned 

to take account of the prevailing geotechnical conditions in order to ensure that it is capable of 

responding to deformation.

With both models it is also possible to envisage a wave guide which is positioned such that it is 

unable to relay deformation-related AE to the transducer (e.g. it is situated well back from the 

face of a slope) and this leads to the concept of the control wave guide. At both field test sites 

control wave guides were employed in order to determine the level of background noise (section

5.6.6), which is the portion of a captured emission which arises due to mechanisms not related to 

deformation.

In order to distinguish between control wave guides and wave guides which are designed to 

detect deformation-related AE, it is appropriate to define the term gauge wave guide. A gauge 

wave guide is, therefore, defined as a wave guide which is installed into a soil body with the aim 

of detecting deformation-related AE, irrespective of the particular design of the wave guide or 

whether the intention is to generate active AE or capture pedogenic AE.

Specific details relating to the design, construction and installation of wave guides at both 

Cowden and Arlesey are dealt with in sections 4.2 and 5.3 respectively.
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3.4 Monitoring Philosophy

Although, by design and construction of dedicated circuitry, it is possible to monitor a wave 

guide continuously and indefinitely, there is (as yet) insufficient information upon which any 

such design could be based. Also, as an investigation of this type would involve leaving an 

amount of expensive experimental monitoring and data capture equipment in the field, it is 

clearly not feasible at the moment. It is, at any rate, evident from the description of the 

monitoring hardware that this research was based upon periodic site visits and acquisition of 

data. It is highly likely, therefore, that much deformation-related emission was not captured 

simply because no operator was present when it was generated.

Once a system based on periodic site visits was chosen, important constraints were placed upon 

how and when the field data was acquired. Five major constraints, which are interrelated 

although dealt with separately, have been identified as follows:-

(i) Available Time

Both Cowden and Arlesey were, coincidentally, almost exactly 110 miles by road from The

Nottingham Trent University and both sites were on private property which opened and closed at 

specific times. Although arriving too early was rarely a problem, the fact that both sites closed at 

approximately 5.00pm was. Generally all the Arlesey wave guides were monitored but at 

Cowden, where there were twelve wave guides and two inclinometers, this was not usually 

achieved.

(ii) Electrical Power

Before problems concerning grounding of the system (section 4.3.1) were discovered the

notebook was operated using its own battery supply. This permitted approximately one hours use 

in the field. However, on purchase of an adapter from which the notebook could be powered 

using a vehicle’s battery, this ceased to be a problem. As has been discussed in section 3.2.3 and 

3.2.6, the AET 204GR and DacPac were both powered using their own batteries; the former 

lasting approximately twenty-four hours and the latter six hours on one full charge. The DacPac
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therefore presented the ‘weak link’ and did once, during the Arlesey test, cause monitoring to be 

halted prematurely when the battery became fully discharged.

(iii) Hard-Disc Capacity

The notebook has a hard-disc capacity of 250MB although much of this space was already 

accounted for with various software packages. This aspect was not a problem at Cowden, where 

available time was the predominant factor, but at Arlesey (during the test period when the 

researchers stayed locally permitting all day monitoring) it was. At the end of each of these test 

days it was necessary to compress the captured data using a shareware package called ‘PKZIP’ 

and then remove the data from the hard-disc to floppy-disc using ‘MSBACKUP’. Depending 

upon the original data, which occupies 4 bytes per data point, typically a file would be 

compressed to approximately 25% of its ‘normal’ size. (Further information concerning the 

number of AE files generated and volumes of data produced are given in sections 4.3.3 and 4.3.4 

for Cowden and section 5.4.4 for Arlesey). This constraint had a profound effect on acquiring a 

representative sample which is dealt with in the following section (iv).

(iv) Representative Sample

It is impossible to define exactly what a ‘representative’ sample is, however it is obviously 

desirable to obtain as large a volume of data acquired over as long a period of time, as possible. 

Also, because the A-to-D board was incapable of triggering on the event, it was necessary to 

employ capture routines which simply ran for specific time intervals. The combination of the 

number of wave guides on a site and the acquisition rate had, therefore, to be balanced against 

the length of time it was considered desirable that each wave guide should be monitored for.

(v) Signal Detail

Clearly it is advantageous to capture the emission in as much detail as possible. As the signal is 

generated by a 30kHz peak resonance transducer and passed through a 15 - 45kHz band pass 

filter, the A-to-D board was only operated on its maximum acquisition rate of 100kHz.
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Individual monitoring routines (which were considered to represent the best compromise

between the above five criteria) for each of Cowden, Arlesey and the laboratory test programme

are outlined in sections 4.3.1, 5.4.2(i) and 7.3.2.

3.5 Monitoring Procedure

The following procedure was adopted when setting up the instrumentation system:-

1 The computer hardware was assembled as shown schematically in figure 3.1.

2 The surface of the wave guide was checked for any loose dirt or sand and cleaned. The ‘U’ 

bolt connector was dismantled and reassembled around the wave guide. Acoustic gel was 

applied to the wave guide and the transducer pressed into it. The ‘U ’ bolt connector was 

slipped over the transducer and tightened until the transducer could not be moved by hand 

action (figures 3.5a & 3.b).

3 The inner plastic tube was placed over the wave guide assemblage ensuring that the 

connecting cable passed through the ‘V’ cut in its base and that the cable was loose within 

the tubing (but did not touch the wave guide). The outer plastic tubing was then placed over 

the inner and, after checking that no gaps existed between the wave guide covers and the 

ground, both plastic tubes were fitted with their own custom made lids. The whole wave 

guide was, in effect, ‘double-glazed’ (figures 3.5c & 3.5d).

4 The AET acoustic emission system was switched on and left for 30-60 seconds in order to 

allow the electronics to stabilise. The Notebook computer was then switched on and 

Viewdac control programme run. The appropriate sequence was activated, acquisition mode 

was selected and data written to disk.

3.6 Measurement Criteria

The transducer response illustrated in figure 3.4 also shows some of the alternative techniques

by which the transient can be quantified. The traditional AE measurement parameters are the
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ringdown count and event. A count is simply an upward crossing by the signal (rising edge) of 

some threshold value pre-determined to eliminate background noise (section 5.6.6). Figure 3.4 

shows nine counts and, in this investigation where an event is defined as any number of 

consecutively acquired post-threshold data points (including one), one event.

Two other parameters which can be extracted from an electronically defined event, peak 

amplitude and rise time, are also shown and defined on the figure. The rectified envelope can be 

processed to calculate the area under the curve formed by the envelope. However, this 

investigation predominantly uses the statistical measurements of the arithmetic mean and 

standard deviation (and, to a lesser extent, the root mean square) to describe both the bulk data 

sets and post-threshold data. Some use of ringdown counts and events, as described above, is 

also made and amplitude distributions (of laboratory test data only) have been examined. Note 

that rise time and event duration have not been used as the resolution of the acquired wave form 

is not considered good enough to render measurements of sufficient precision to be meaningful. 

(Figure 3.8 shows wave forms captured at Cowden).

Peak amplitude distributions have been used to attempt to differentiate between alternative 

mechanisms responsible for the generation of AE within a particular system as well as indicating 

changes in the nature of an emission with time (e.g. Jackson, 1986; Garga & Chichibu , 1991; 

Shiotani el al., 1994 - section 2.3). As has been stated in the abstract and section 1.4, the 

mechanism considered most likely to generate AE in the field is that described by the active 

wave guide model. Some consideration is given to this processing technique in sections 6.6 and 

7.9.1. However, it is not the peak amplitude of the event which is considered but the mean 

magnitude of if  s constituent data points.

Use of the statistical measurements of the arithmetic mean and standard deviation (a measure of 

the ‘spread’ about the mean) to describe an AE data set is not without precedent (Jackson (1986) 

& Shiotani et al. (1994) - section 2.3). As will become evident in Chapter’s 4 and 5, comparison 

between the arithmetic means and standard deviations of ‘bulk’ and ‘post-threshold’ data sets 

can provide some insight into the mechanisms of AE generation.
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The arithmetic mean, standard deviation and root mean square are defined as follows:- 

For a set of N  data points X 1, X i ,  X 3 ............ , X n

a) The Arithmetic Mean

_  1 «  

X ' » % X '

b) The Standard Deviation

c) The Root Mean Square (RMS)

RM S -  - I / v  2
V N

It is appropriate to include here the definition used for signal amplification - the decibel (dB)

dB = 20 log10 V out
Vt

Where Vm is the reference or input voltage and Vout is the voltage resulting after some form of 

processing has been performed on the signal. Processing, for example, could be the amplification
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made to the voltage generated by the transducer or it could be the attenuation suffered by the 

signal as it propagates through a medium.

3.7 The Data

One of the advantages of the capture system employed in this investigation is that the acquired 

data may be examined on the computer’s screen (and thus enabling the operator to assess it’s 

validity) prior to it being written to hard disk. This form of visual check is very difficult, if not 

impossible, to accomplish with a numeric display as would have been used by earlier workers. 

This has led to the identification of a number of problems which are dealt with in section 3.8.

An example of genuine field acquired AE data is shown in figure 3.6 which depicts a sample of 

20,000 data points captured at the Cowden site. This also indicates how captured data would 

appear on screen to an operator. Figure 3.7 depicts just 100 data points of the same sample. 

Figure 3.8 is the same as figure 3.7 but with the acquired data points indicated.

3.8 Data Set Problems

A number of different problems were encountered in data acquisition. These are outlined below 

and illustrated in the appropriate figures.

(a) It was noted at Cowden that monitoring immediately after switching on the AET produced a 

low level signal which gradually increased (over approximately fifteen seconds) to the 

‘normal’ level. Figure 3.9 illustrates such an increasing signal. The problem was not, 

therefore, allowed to occur at Arlesey. However, for those data sets where it did occur, it 

was dealt with simply by excluding the affected portion of the wave form. Reduced data sets 

were then expanded to the standard size for Cowden (section 4.3.1) by duplicating 

unaffected portions of the wave.

(b) A number of data sets acquired at Arlesey suffered from a threshold shift, an example of 

which is shown in figure 3.10. These were adjusted by reducing the affected data set to the
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‘zero’ position by considering the level of other data acquired on the same day and data 

trends with time.

(c) Groups of ‘null’ data points were found in a number of data sets acquired at Arlesey. An 

example of this is illustrated in figure 3.11. It transpired that these were due to a faulty 

connection in one of the co-axial cables. Substitute files were collected immediately after 

the main acquisition and these were then used to replace the null sets. (

(d) A problem related to (b) above was the generation of files within which portions of the 

acquired data appeared to suffer from a threshold shift. An example of this is illustrated in 

figure 3.12. Again, a corrected data set was generated by reducing the affected portion of 

the wave form to the ‘zero’ position, as described in (b).

Fortunately few data sets suffered any of these problems. The ‘rising signal level’ problem 

affected five Cowden files, null data sets were found in ten Arlesey files and the shifted 

threshold data set problem occurred in four Arlesey files.

3.9 Acoustic Emission Instrumentation Summary

This chapter has described the components of the AE monitoring system and qualified the effect 

each has on a signal. It has also included some discussion on the role of the wave guide and 

outlined the field monitoring procedure. Limitations of the system have placed a number of 

constraints on data capture which have been presented as a monitoring philosophy. Post-capture 

data processing and measurement criteria are discussed both generally and with specific 

reference to this research. Finally, the format of the captured data is considered, together with a 

number of problems encountered in the field and the remedial techniques employed.
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Figure 3.5 Field wave guide and transducer attachment - (a) transducer clamped to wave 
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wave guide cover in place & (d) outer wave guide cover in place
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Chapter 4

The Cowden Field Test

4.1 Introduction

The aim of the Cowden field test was to install a number of wave guides of varying design into a 

section of initially stable cliff and then to monitor the onset and development of failure as it 

occurred naturally using AE. It was intended to use the acquired data from alternative wave 

guide designs to make inferences about the mechanics of AE generation and to make some 

qualitative decisions about the relative merits of each design. Additionally, the acquired AE was 

compared with deformation measurements which were obtained from two inclinometers (section 

4.4.2) which had been installed into the cliff section. This part of the investigation also 

represented something of an evolutionary period during which data acquisition routines were 

developed.

4.2 Site Description

The site chosen for the Cowden field test was a section of coastal cliff situated some 800m from 

the Building Research Establishment’s (BRE) test site at Cowden, in the Holderness Plain on the 

east coast of England (Grid Reference TA 253405). The geology consists of a Cretaceous chalk 

plateau overlain by 20 to 30 metres of glacial till deposits which are currently considered to 

consist of three units. From the bottom upwards these are the Basement Till, the Skipsea Till and 

the Withernsea Till (Bell & Forster 1991 after Madgett & Catt 1978). The latter two units date 

from the Late Devensian, approximately 18,000 - 13,000BP. The geotechnical characteristics of 

the till deposits are extensively detailed by Marsland & Powell (1985) and by Bell & Forster 

(1991). The geographical location of the site is illustrated in figure 4.1 and a soil profile of the 

cliff section at Cowden, as determined by Butcher (1991), is reproduced as figure 4.2.

The site had been selected because it was evident that the cliff face was being subjected to 

extensive erosion. The remnants of many previous slips were visible and the presence of rear
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scarps consisting of un-weathered (and un-vegetated) material indicated that activity was recent. 

This was confirmed in a number of discussions with members of the local community and was 

also, at the time, widely reported in the media. Additionally, failures predominantly occurred in 

the form of slides which is, as pointed out in section 1.2, the most commonly encountered 

mechanism and the slip planes generally tended to cut the ground surface some 3 to 5m inland 

from the cliff face. (This latter point was important because a knowledge of the likely position of 

the failure plane aided in the design and positioning of the wave guides). The site at Cowden 

appeared, therefore, to present the best opportunity of monitoring a first-time slide in a stiff, 

heavily overconsolidated clay soil. In particular, the main instrument array was installed adjacent 

to a particularly steep (approximately 40° to the horizontal) section of cliff face (and, as such, no 

slope profile is illustrated).

The unprotected cliffs were approximately 20 metres high (relative to sea level) and the rate of 

erosion over the past 70 years has risen from 1.5 metres per year to 2 metres per year. The 

littoral drift is in a southerly direction and the construction of sea defences to the north of the 

cliff has been cited as a potential explanation for the increase in the rate of erosion (Butcher 

1991).

The results of an extensive investigation into the degradation and failure of a section of cliff at 

Cowden is described by Butcher (1991). It is postulated that progressive failure is triggered in a 

band of high plasticity, relatively stone-free clay till (below beach level) which exhibits a large 

reduction in strength between peak and residual values. (In figure 4.2, this is the stratum 

described as ‘soft brown clay till’). The trigger is considered to be the reduction in toe-loading 

through the removal of beach material and failure is further facilitated by rapid pore-pressure 

equalisation which can occur due to the underlying sand and gravel layer (labelled ‘sand and 

gravel’ in figure 4.2). Failure, therefore, is initiated with the development of a basal shear zone. 

Movement then causes a reduction in strength which, in turn, promotes further deformation. 

Figure 4.3 is a schematic diagram of the post-failure degradation of the soil mass (after Butcher, 

1991).

The site forms part of RAF Cowden and was, therefore, only accessible between 8.30am and 

5.00pm Monday to Friday.
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4.3 Site Instrumentation

4.3.1 Site Instruments

Twelve wave guides and two inclinometers were installed at the site with the specifications as 

given in table 4.1. The instrument positions and cliff face are shown in figure 4.4.

The wave guides numbered 1 to 6 were used as the main wave guide array and monitored for 

acoustic emission. They were designed to explore the effects of wave guide length and backfill 

material. The length and position of the wave guides also reflected the anticipated failure 

mechanism based on all the available information (i.e. literature and observation). The remaining 

wave guides were designed to further explore the effects of size, backfill material and position 

relative to a zone of deformation.

The gravel used as a backfill was graded and this revealed that more than 82% of its particles 

were greater than 6.3mm. Unfortunately no such grading was available for the sand However, it 

should be appreciated that, as the sand and gravel used as backfills were both commercially 

obtained, the sand was very likely to satisfy the definition of having more than 50% of its coarse 

material being finer than 2mm (BS 5930).

4.3.2 Instrument Installation

Fourteen 150mm diameter boreholes were made, by the continuous flight augering technique 

using a Traveller 30 rotary drilling rig (borrowed from the University of Kingston, Department 

of Civil Engineering), to accommodate the instruments listed in table 4.1. Boreholes were either 

6, 12, 18 or 21 metres deep and installation took place over a two week period in September 

1993.

All wave guides were constructed from 6 metre sections of 50mm diameter steel tubing. Owing 

to the weight of the sections, installation was a three-man job. For boreholes deeper than 6 

metres a vice was placed across the open borehole and the first section passed through the vice 

until most of its length was below ground. The vice was then tightened under the tubing coupler. 

Another section was screwed into the coupler and a chain wrench gripped around the second
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section. The vice was then gently loosened and both sections allowed to slip down. This 

procedure was repeated until the wave guide stood on the bottom of the borehole. The wave 

guide was cut down (if necessary) so that only half a metre or so remained above ground level.

The boreholes were then backfilled with either sand, gravel or grout. The grout was a 4:1 

bentonitexement mix. No compaction technique was used on the sand and gravel backfills other 

than to tremie the fill into the borehole and to ‘spiral’ the wave guide in order to prevent 

‘bridging’.
>

The aluminium inclinometer casings were assembled from 3 metre sections which were riveted 

together via a coupler. The joints were sealed with a combination of silicon sealant and ‘denzo’ 

tape in order to prevent the influx of the grout backfill. A plug was then inserted into the base of 

the inclinometer and held in place with denzo tape (again to prevent the influx of grout). After 

insertion into their respective boreholes, the inclinometers were grouted into place. Protective 

caps were then placed around each inclinometer and concreted into the ground. Note that 

aluminium inclinometers were used (as opposed to plastic) because the intention was to 

investigate their potential use as wave guides.

4.3.3 Borehole Logs

The borehole logs, which are presented in table 4.2, were obtained by examining the arisings 

from the augers as each borehole was drilled. As such, there may be some error in the derived 

soil profiles. This is due partly to the difficulty in accurately measuring the depth from which a 

particular sample was obtained and partly to the fact that soft (or loosely consolidated) soils are 

i likely to have become mixed with more competent strata during the extraction process.

Despite these difficulties, however, the borehole logs obtained are in reasonably good agreement 

with the soil profile described by Butcher (1991) and illustrated in figure 4.2. (Note that, as the 

final group of borehole logs presented in table 4.2 are derived from this figure, they are only 

approximate). All logs clearly identify three main strata. The first, described as a ‘weathered 

brown’ clay, occurs in the top 3 to 4m of the cliff. The second, described as a ‘dark grey brown’ 

clay, is found at depths of between (approximately) 6 and 10m below ground level and the third, 

described as a ‘dark grey’ clay is found at depths of between (approximately) 10 and 20m below
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ground level. Note that Butcher (1991) identified two thin bands of sand and gravel separated by 

a layer of the ‘dark grey brown’ clay at a depth of between (approximately) 2.5 and 5m below 

ground level. This corresponds (at least in part) to a layer described (by this investigation) as 

‘silty fine to medium’ sand. Also, the stratum described as a ‘soft brown’ clay was found by 

Butcher (1991) at depths of between (approximately) 19 and 21m below ground level. This 

corresponds with a layer described (by this investigation) as a ‘clayey fine to medium’ sand. 

Note, however, that this stratum was not identified in the bulk of the Cowden boreholes.

According to Bell & Forster (1991), the ‘weathered brown’ clay is a ‘composite weathered unit 

of Skipsea and Withernsea Tills’. It is also likely that the ‘dark grey’ clay is the Basement Till 

but, owing to the similarities between the Skipsea and Withernsea Tills, it is impossible to 

distinguish between them using the available information.

4.3.4 The Control Wave Guide

Initially it was planned that wave guide 7 would be the control wave guide. However, during 

installation, it was noted that the borehole struck a layer of ‘running sand’ which made it 

necessary to terminate drilling at a depth of 18 metres. At this stage of the investigation the 

relevance of this layer in terms of ‘noise’ generation was not appreciated. Subsequently, 

therefore, it proved necessary to use wave guide 12 as the control wave guide.

4.4 Instrument Monitoring

4.4.1 Evolution of AE Monitoring Technique

It was recognised that specific methods to capture, manage and analyse acoustic emission data 

would need to be developed and, in this respect, the Cowden field test represented an 

evolutionary period.

The emission was captured using the A-to-D board’s maximum sampling rate of 100kHz with 

each data point occupying four bytes of computer memory. At first it was attempted to initialise 

sampling by the upward crossing of a signal through some pre-determined threshold, known as a
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trigger, but it became evident that the A-to-D board was not quick enough to do this. It was also 

originally intended to monitor all twelve wave guides and two inclinometers within a daily visit 

from Nottingham (which, owing to time restrictions, usually proved impossible). This 

combination of wave guide numbers and time restriction resulted in a monitoring routine which 

sampled 1000 data points at 100kHz every second for three minutes. This produced a data file 

for each wave guide consisting of 180,000 data points or 720,000 bytes.

For the first three days monitoring, an expansion box was used rather than the DacPac (section

3.2.6) as it was still awaiting delively. As the expansion box would only operate from the mains 

it was also necessary to hire a portable generator for this period. With the arrival of the DacPac 

the AE capture system became completely independent of additional power supplies although an 

adapter enabled the Notebook to run from a motor vehicle’s (the Nottingham Trent University’s 

Landrover) battery. In due course it became evident that signals captured were considerably 

affected by which of these two power sources was used. The problem, it transpired, was to do 

with correct grounding. Although the exact cause of the problem was unknown, it has been 

suggested that, when used in isolation, the Notebook and the DacPac offered two competing 

grounds resulting in unintelligible signals. However when the power adapter was used a good 

ground was afforded through the Landrover’s chassis. On occasion, when the Landrover was 

unavailable, good grounding was also achieved through a wire connection between the DacPac 

and a wave guide. The portable generator used in the first three days of monitoring also provided 

a good ground.

The role of the signal smoothing circuit has already been detailed in section 3.2.4. Initially the 

board was set to unipolar acquisition as it was expected that the sampled signal would be the 

positive half only. However, due to ‘DC shift’, although the wave-form only consisted of the 

wave envelope, negative values also existed. It was therefore necessary to use bipolar 

acquisition.

The total signal amplification of 96dB (x 63,096) was arrived at by visually examining the 

captured wave-form. It represented a compromise between magnification of small signals and the 

prevention of larger signals exceeding the upper limit of the range. This range was set to -5V to 

+5V.
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Apart from the first three days monitoring all files follow the name convention of WG#.$ where 

# is the wave guide number and $ is a file suffix representing the date the data was acquired. The 

first day’s data saved under this convention is WG#.D2, acquired on 13 January 1994.

The Cowden standard AE monitoring routine can be summarised as follows:-

■ The AE data consisted of 1000 envelope waveform data points collected at a 100kHz 

data sampling rate, every one second for three minutes - i.e. a 1% sample resulting in a 

file consisting of 180,000 data points (720kB) or 1.8 seconds of data

■ Total AE signal amplification of 96dB (x 63,096)

■ Electrical ground (earth) connection through Landrover chassis or wave guide

■ Bipolar acquisition of signal envelope

■ Monitoring method as outlined in section 3.5

■ Threshold of 0.05V applied post-capture during data processing

4.4.2 Inclinometer Monitoring

An inclinometer is a piece of casing installed vertically into the ground and extending from the 

surface through all potential shear zones to a stable stratum at depth. As the slope deforms, the 

inclinometer deforms with it and measurements of the relative lateral displacement at points 

along the length of the inclinometer casing can be made using (in this investigation) a biaxial 

torpedo. (Figure 4.5 is a schematic representation of an inclinometer which is being subjected to 

deformation. It is shown at two separate moments in time and readings of lateral displacement 

are taken at two points along it’s length). The torpedo, which senses the deviation from true 

vertical, is connected to a Datalogger which collects and processes the data. The biaxial 

torpedo, so called because it is able to sense the deviation from true vertical in two orthogonal 

directions, travels down the inclinometer tubing by means of two sets of wheels which fit into 

grooves or keyways inside the tubing. The four keyways, set at 90° to one another, are labelled 

Faces A, C, B and D in a clockwise direction. The torpedo is lowered to the bottom of the tubing 

and senses deviation from true vertical as it is pulled back to the surface in 0.5 metre increments 

(initially in Faces A and C). On reaching the top of the tubing the torpedo is retracted and turned 

through 180° in order to read Faces B and D. This results in two sets of readings (in opposite
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directions) in each of two orthogonal planes which can be used to check the accuracy of the 

measurements and provide an average reading or mean deviation from true vertical.

The angular displacement is used to calculate the mean deviation as illustrated in figure 4.5. The 

mean deviation, therefore, represents the difference, in the horizontal plane, between the top and 

bottom sets of wheels of the inclinometer torpedo. Inclinometer data is presented in two ways; 

change in mean deviation and displacement profile.

The change in mean deviation is simply the difference between two sets of mean deviations at a 

given depth. In figure 4.5 this would be given by (b-a) at the lower depth and by (d-c) at the 

higher. It should be noted that it is assumed that the base of the inclinometer remains fixed and 

that mean deviations, therefore, relate to the top set of wheels of the torpedo. For a 21 metre 

borehole the depth of the lowest reading was 20.5 metres. It should also be noted that this form 

of measurement necessarily assumes that the sets of wheels are located in exactly the same 

position every time readings are taken.

It is important to appreciate that the change in mean deviation identifies a component of 

displacement at the particular depth being considered. In the example, whereas (b-a) represents 

the actual distance moved through the ground at that depth, the distance (d-c) only represents the 

component of displacement at that depth; the actual distance moved through the ground being 

given by (d+(b-(a+c))) or, rewriting, (b-a)+(d-c). This value, which is the sum of the change in 

mean deviations from the base of the inclinometer to the depth in question, is called the 

displacement profile.

The change in mean deviation therefore indicates the relative degree of deformation suffered at 

each depth whereas the displacement profile provides a more accurate picture of the actual 

physical movement in space .

As has been stated two sets of orthogonal readings are taken; one in the A-B plane and one in the 

C-D plane. The processed data has amalgamated these two sets into one vectored set which 

specifies the deformation as one magnitude and a direction of displacement.

The inclinometers were also ‘dipped’ in order to ascertain the depth of water within the casings.
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4.4.3 Instrument Monitoring History

The inclinometers were first read on 12 October 1993 and this date assigned as Day 0. 

Subsequent site visits have been allocated a value based on the number of days passing since 

Day 0. This number is used as the time scale for all site data. Typically site monitoring would

begin about 10.30 - 11.30am and finish 3.30 - 4.30pm the same day.

The inclinometer and wave guide monitoring history is summarised in table 4.3 and a full 

chronology of the site monitoring (which complements table 4.3) is given below. (Also included 

are some notes concerning the weather, the state of the tide and the condition of the sea. These 

observations would have been made on arrival at the site and so, therefore, refer to that time. 

Further observations would only have been recorded had any significant changes occurred).

September 1993 

Installation of Instruments

12 October 1993 Day 0

The inclinometers were read twice and the data averaged to produce a ‘base file’. This is the file 

against which future inclinometer readings are compared to ascertain the magnitude of 

displacement. No AE readings were taken.

2 November 1993 Day 21

Both inclinometers were read to the maximum depth of 21 metres. No AE readings were taken.
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11 November 1993 Day 30

The inclinometers were read to the maximum depth of 21 metres and a full survey of the site was 

made. The inclinometers were dipped to ascertain the level of the ground water. No AE readings 

were taken.

25 November 1993 Day 44

The inclinometers were dipped and read to the maximum depth of 21 metres. The weather was 

mild and sunny with a slight breeze. The sea was calm and the cliff profile to the immediate north 

of the site was becoming very steep.

1,2 & 3 December 1993 Day 50, 51 & 52 Data File Suffix: various

The inclinometers were dipped and read to the maximum depth of 21 metres. AE readings were 

made for the first time. A portable generator was used to power the A-to-D board (which was 

housed in an expansion box) and also provided a good ground. The weather was generally mild to 

cold but always breezy. The sea was calm and did not reach the base of the cliff during 

monitoring.

22 December 1993 Day 71

Both inclinometers were dipped but only inclinometer 2 was read as considerable difficulty was 

experienced in removing the inclinometer caps. The weather was bright with a light breeze but 

there was evidence that it had been raining heavily. The tide was approximately 10 metres away 

from the base of the cliff.
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13 January 1994 Day 93 Data File Suffix: D2

Both inclinometers were dipped and read. Inclinometer 1 could only be read to a depth of 16 

metres. The sand backfill in wave guide 1 had dropped approximately 1 metre and there was some 

indication that it had dropped in wave guide 8 also. Noticeable gaps between the concrete caps of 

the inclinometers and the surrounding soil had also developed.

The weather was sunny, cold and breezy and the tide was out. AE readings were taken without a 

proper ground and, as a result, this data was lost.

21 January 1994 Day 101 Data File Suffix: D3

Both inclinometers were dipped and read; inclinometer 1 to a depth of 20 metres. Inclinometer 2 

was read to the maximum depth of 21 metres but torpedo travel below 16 metres was lumpy. The 

sand backfill in wave guide 1 was still about 1 metre below ground level and was topped up. The 

cracks around the inclinometer caps were quite distinct; that around inclinometer 1 was in the 

order of 1 to 2cm wide all round and that around inclinometer 2 was about 0.5cm on the north side 

of the instrument only.

The weather was dry, overcast and breezy. The tide was approximately 15 metres away from the 

base of the slope. Some AE readings were taken using the Landrover chassis as ground for the 

first time and acquisition was switched to ‘bipolar’.

28 January 1994 Day 108 Data File Suffix: D4

Both inclinometers were dipped and read; inclinometer 1 to a depth of 20 metres. Inclinometer 2 

was read to 21 metres but the bottom of the tube seemed to be blocking very slightly. The cracks 

around the concrete appeared slightly bigger but the difference was minimal. The ground level 

around inclinometer 1 had evidently dropped as removal of the cap caused the casing and concrete 

to slide down around the inclinometer.
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The weather was sunny, cold and quite breezy. Ice and snow were evident in inland country lanes. 

The sea was rough. The tide was approximately 50 metres away from the base of the cliff. AE 

readings were taken without a proper ground and this data was lost.

4 February 1994 Day 115 Data File Suffix: D5

Both inclinometers were dipped and read to the maximum depth of 21 metres. No discernible 

difference in the size of the cracks surrounding the inclinometers was noted. The weather was 

sunny, cold and breezy. The waves were strong but the tide was about 10 metres short of the cliff 

base. Some AE readings were taken using the Landrover chassis as ground.

11 February 1994 Day 122 Data File Suffix: D6

Both inclinometers were dipped and read; inclinometer 1 was read to a depth of 14 metres and 

inclinometer 2 to 16 metres. The crack around the concrete of inclinometer 2 had increased to 3cm 

wide on the south side of the instrument and 6cm on the north side. A 0.67 metre tension crack 

(running almost parallel to the cliff face) had developed in a northerly direction, originating from 

wave guide 8 (see figure 4.6). The sand backfill of wave guide 9 had dropped by approximately 

0.5 metres and was re-filled.

The weather was bright but cloudy, cold and breezy. The sea was rough and the tide out. AE 

readings were taken without a proper ground. Hence this data was lost.

25 February 1994 Day 136 Data File Suffix: D7

Both inclinometers were dipped and read to a depth of 14 metres. Downward movement of the 

torpedo in inclinometer 1 was temporarily halted at a depth of 5.5 metres, suggesting a non- 

alignment of two sections had developed. The inclinometer protective caps could not be re-fitted 

(due to the inclinometers protruding through them) indicating further downward movement of the 

ground had occurred. The crack surrounding the concrete of inclinometer 2 had increased to 10cm 

on the north side of the instrument and a similar crack had developed surrounding the concrete of
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inclinometer 1. Further tension cracks had developed around wave guides 6, 8 and 11. There was 

also a noticeable 2cm drop in the ground level just seaward of wave guide 11.

The weather was sunny and mild with a light breeze; the tide was very far out. Some AE readings 

were taken using the Landrover chassis as ground.

10 March 1994 Day 149 Data File Suffix: D8

Both inclinometers were dipped and read to a depth of 14 metres. There was also a noticeable dip 

in ground level between the lines of wave guides 1, 2, 3 and 4, 5, 6 which ran the entire length of 

the instrument array (see figure 4.7). As the ground surrounding wave guides 1, 2 and 3 had 

dropped it became impossible to cover them as the tops of the instruments protruded through the 

wave guide covers. The ground surface was dry.

The weather was sunny, cold and breezy; the tide was out. AE readings were taken using the 

Landrover chassis as ground.

24 March 1994 Day 163 Data File Suffix: D9

Both inclinometers were dipped and read to a depth of 14 metres. The dip previously identified 

was now a difference in ground level of some 10 - 20cm. Wave guides 1, 2 and 3 were cut down 

by approximately 0.5 metres. A large crack on the seaward side of wave guide 4 had also 

developed.

The weather was sunny, cold and breezy; the sea was about 50 metres away from the base of the 

cliff. The ground was dry. AE readings were taken using the Landrover chassis as ground.

7 April 1994 Day 177 Data File Suffix: X0

Both inclinometers were dipped and read. Inclinometer 2 could only be read to a depth of 3 

metres. Torpedo travel on face A of inclinometer 1 was to a depth of 14 metres. However, on
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attempting to read face B, the torpedo would not pass the 3 metre mark and so reading was 

abandoned. The dip previously identified had developed into a large, more extended, crack which 

ran through the instrument array and disappeared into the side of the cliff some 10 metres north of 

wave guide 8. The southern portion of the crack was less distinct but appeared to travel much 

further. The difference in ground levels was now in the region of 20 - 30cm.

The weather was overcast and mild with a gentle breeze. Some heavy rain was, however, 

experienced during monitoring. The tide was about 150 metres from the base of the cliff. AE 

readings were taken using the Landrover chassis as ground. .

6 May 1994 Day 206 Data File Suffix: X I

Both inclinometers were dipped and read. The torpedo travelled to a depth of 3.5 metres in 

inclinometer 1 and 3 metres in inclinometer 2. However, as approximately 1 metre of each 

inclinometer was now above ground surface, it was decided to abandon the inclinometers 

altogether. The difference in ground level had now increased to about 1 metre and the southern 

extent of the failure was some 45 metres south of wave guide 11. Wave guides 1, 2, 3 and 10 were 

all located within the failure wedge and required cutting down to be covered securely by the wave 

guide covers.

The weather was sunny and mild with a light breeze; the tide was out. AE readings were taken 

using wave guides 4 and 7 as ground.

27 May 1994 Day 227 Data File Suffix: X2

It was attempted to dip both inclinometers. The probe would only travel to a depth below ground 

level of approximately 2.8 metres for inclinometer 2 and approximately 3.8 metres for 

inclinometer 1. In both cases the probe failed to reach the water table. The difference in ground 

level had not altered much and was still in the region of 1 metre.

The weather was cold and breezy. The tide was approximately 100 metres away from base of the 

cliff. AE readings were taken using wave guides 4 and 5 as ground.
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Figure 4.8 depicts the instrument array (as at 11 November 1993) and the full extent of the slip 

surface (as at 16 June 1994). Figure 4.9 shows a ‘close-up’ of the instrument array (as at 11 

November 1993) and the slip surface (as at 16 June 1994). Figure 4.10 illustrates the instrument 

array (as at 11 November 1993), the slip surface (as at 16 June 1994) and indicates the change in 

height of the ground level at instrument locations WG1, 2, 3, 10, II & 12 between the two dates.

Finally, a full survey of the site was carried out on the 16 June 1994. Figure 4.11 illustrates the 

landslip as of this date and figure 4.12 depicts WG11 which was situated on the slip plane.

4.4.4 AE Analysis Database

As already mentioned in section 4.4.1, a number of data files were lost due to poor grounding of 

the signal. Additionally a number of files were collected to assess the magnitude of amplification 

required, an appropriate threshold (when it was erroneously thought the board was capable of 

capturing an event on a trigger) and the number of samples collected on activation of a trigger. 

Several other forms of test files, for example to demonstrate the effect of the removal of the 

wave guide covers, were also collected. The result is that a much smaller number of data files, 

collected on a consistent basis, than outlined in table 4.3 are available for analysis in respect of 

the destabilisation of the cliff face. The full database of AE files used for analytical purposes is 

given in table 4.4.

The total number of files for analysis has been reduced from the original 200 (table 4.3) to 78 

acquired using the standard monitoring routine as outlined in section 4.4.1. Additionally there 

are 14 files generated to investigate aspects of AE monitoring not connected with slope stability.

AE files captured on 1, 2 & 3 December 1993 were generated by Viewdac routines triggering off 

various threshold values. They are of variable length but in all other respects follow the standard 

AE monitoring routine (section 4.4.1).
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4.5 Field Instrument Data Analysis

4.5.1 Inclinometer Data

Figure 4.8 shows the positions of the instruments with reference to the failure plane as at 16 June 

1994. The slip surface is approximately 65 metres in length and, at its widest, the failure mass is 

about 8 metres across at the cliff top. Both inclinometers, as well as wave guides 1, 2, 3 and 10, 

are located within the failure wedge; wave guides 8 and 11 lie on the failure plane and all 

instruments are located within the northern third of the failure.

The inclinometer data (mean deviation and displacement profile) is shown in figures 4.13 - 4.16 

and indicates that shearing largely occurred within a band approximately 3 to 6 metres deep but 

with maximum deformation occurring at a depth of about 3.5 metres.

Due to the large size of the failure wedge, the inclinometers, although separated by 

approximately 5 metres, occupy a similar position and this is reflected in the graphs of change in 

mean deviation and displacement profile. Inclinometer 1 is situated 0.7 and 13 metres away from 

the rear and northern ends of the slip plane respectively; inclinometer 2 is situated 1.0 and 46 

metres away from the rear and southern ends of the slip plane respectively.

The greatest recorded change in mean deviation for inclinometer 1 is 46.8mm at a depth of 4 

metres and for inclinometer 2 is 46.6mm at a depth of 3.5 metres. The equivalent figures for 

displacement profile are 148.4mm for inclinometer 1 and 138.8mm for inclinometer 2; both at a 

depth of 3 metres. Face errors are typically in the region of 0.1 - 0.4mm for faces A & B and 0.1 

- 0.7mm for faces C & D, although towards the end of the test period some errors were as large 

as 1.9mm. The angles, representing the direction of the vectored displacements, indicate that 

movement was seaward.

The above findings are also largely in agreement with Butcher (1991) who recorded a failure 

with a maximum displacement of approximately 180mm (prior to the inclinometer tube shearing) 

at a depth of around 3.5 metres. The inclinometer concerned (identified as ‘B9/10’) was installed 

approximately 3 to 4m from the cliff face.

115



The plots also give an indication of when movement took place but, because readings were not 

always taken at a constant interval, it must be remembered that a large increase in displacement 

may be accompanied by an equally large time gap between monitoring periods. A much better 

way of determining significant changes in the displacement pattern is to consider rates of 

displacement. This is depicted in figure 4.17 for inclinometers 1 and 2 and is defined as the 

difference in successive change in mean deviation figures divided by the number of days 

separating the readings. For inclinometer 1 rates are based on a depth of 4 metres and, for 

inclinometer 2, 3.5 metres. Note that calculated rates are plotted at the end of the period to 

which they refer. Both graphs are very similar and indicate that displacement rates significantly 

increased after Day 108 (28 January 1994). The displacement profile for inclinometer 1 at 3 

metres below ground level is also shown and some significant site observations are marked on 

the figure.

Rate of displacement is particularly suited to this study as it is postulated that noise is generated 

by means of the active wave guide model (section 3.3). It may, therefore, be reasonably expected 

that higher noise levels coincide with higher rates of displacement. However just because a high 

rate is recorded over a particular period does not necessarily mean that the AE, which only 

reflects the state o f  stability at the time o f  monitoring, will also be high.

The only inconsistency between the two inclinometers is recorded in figure 4.18 which depicts 

the dipped water level relative to the base of the of the inclinometer. Inclinometer 2 has 

remained more or less constant over the monitoring period with a recorded head of about 5 -5 .5  

metres. Inclinometer 1, however, has steadily risen from a head of about 5 metres to a peak of 

9.5 metres over a 50 day period before reducing to a level of some 4 - 5  metres over the 

following 50 to 100 days. It is not immediately obvious why the behaviour should differ so much 

but this is discussed further in section 4.5.3.
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4.5.2 Acoustic Emission Data

(i) Introduction

Twelve wave guides of varying design (section 4.3.1) were installed into the slope in order to 

compare the acoustic emission data acquired from each. The design parameters were backfill 

type, length of wave guide and position relative to the slip plane.

The theory and function of the control wave guide have been dealt with in section 3.3.

Note that, in the following graphs, sets of AE data points are connected by lines. This is only to 

maintain clarity between individual sets of data points relating to different wave guides and is 

not meant to infer anything about the behaviour of the signal between data points.

(ii) Wave Guides 1, 2 & 3

Wave guides 1, 2 and 3 were 21 metres long and arranged in a row parallel to, and 

approximately 4 metres from, the cliff face. Wave guide 1 was backfilled with sand, wave guide 

2 with gravel and wave guide 3 with grout. Figure 4.19 compares the recorded mean AE signal 

values (volts) for each wave guide and wave guide 12 (the sand backfilled, 6 metre long control 

wave guide) over the test period (days). It also compares the AE data with displacement rates 

(based on inclinometer 1) expressed in terms of mm per day over the test period (days).

There is a generally good correlation between the AE data with the control wave guide always 

registering the lowest values. Typically wave guide 1 recorded the best response, followed by 

wave guide 2 and then 3. There is also good agreement between the AE trend with time and the 

rate of displacement recorded by inclinometer 1. Note also, that a reduction in mean signal value 

from Day 149 to Day 163 (recorded by all wave guides) is accompanied by a reduction in the 

rate of increase of displacement recorded by inclinometer 1 (as indicated by the reduced gradient 

of the rate of displacement graph).
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It was observed from the inclinometer data (section 4.5.1) that the shear plane was present at a 

depth of approximately 3.5m. Referring to figure 4.9, it is evident that wave guides 1, 2, 3 and 10 

(together with both inclinometers) lay approximately in a straight line which was parallel to the 

shear plane (where it cut the surface). As such, it is likely that the aforementioned wave guides 

also passed through the slip plane.

(iii) Wave Guides 4, 5 & 6

Wave guides 4, 5 and 6 were 12 metres long and arranged in a row parallel to, and 

approximately 6 metres from, the cliff face. Wave guide 4 was backfilled with grout, wave guide 

5 with sand and wave guide 6 with gravel.

Figure 4.20 plots the mean signal values (volts) over the test period (days) and indicates that, 

although the wave guides designed to detect deformation {gauge wave guides - section 3.3) and 

the control wave guide (on the whole) follow the same trend with time, the control wave guide, 

as before, generally recorded a lower value. The difference is not as pronounced as for wave 

guides 1, 2 and 3. However, this may be explained by the shorter wave guide length and 

positioning to the rear of the slip plane (of wave guides 4, 5 & 6). Other than the low level of 

activity, there is little consistency between the gauge wave guides themselves with both wave 

guides 4 and 5 having recorded a particular day’s largest reading. However the fact that they 

have recorded an emission level in excess of that of the control wave guide at least provides 

evidence that gauge wave guides do not need to pass through the failure plane in order to detect 

movement.

Unfortunately no data prior to Day 115 (4 February 1994) exists for these three wave guides so it 

is impossible to determine whether or not the signal would have been of a reduced magnitude to 

complement the lower rates of displacement. However, it was possible to continue monitoring 

them until 27 May 1994; well beyond the termination date of 7 April 1994 for wave guides 1, 2, 

3 and 10 and both inclinometers.
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(iv) Wave Guides 8, 9, 10 & 11

The wave guides were positioned in pairs to the north (8 & 9) and south (10 & 11) of the main 

wave guide array. Wave guides 8 and 10 were 12 metres in length and 9 and 11 were 6 metres in 

length; all were backfilled with sand. The four were installed as supplements to the main wave 

guide array and were usually the last of the wave guides to be monitored. As such the monitoring 

record is somewhat intermittent. Also, as figure 4.9 shows, wave guides 8 and 11 were on the 

slip plane. The difference in ground level surrounding these wave guides made use of the wave 

guide covers impossible and, taking into account the data sets lost early in the test period has 

resulted in wave guides 8 and 11 each only being monitored twice.

As figure 4.21 shows, the mean AE signal value (volts) for each of the wave guides over the test 

period (days) generally follows a similar trend to that of the control wave guide although, and 

interestingly, of the six available readings for wave guide 9 only one plots above its equivalent 

control wave guide reading.

(v) Wave guides 7 & 12

As stated in section 4.3.4 originally it was intended to use wave guide 7 as the control wave 

guide. However it was noted on installation that it passed through a layer of ‘running sand’. The 

significance of this in terms of AE generation was not appreciated at that time and, subsequently, 

it became necessary to use wave guide 12 as the control wave guide. Figure 4.22 plots the mean 

AE signal value (volts) of wave guides 7 and 12 over the test period (days). Although there is 

some correlation between the two, generally wave guide 7 records much higher levels than wave 

guide 12 thus vindicating the decision to use wave guide 12. The role and performance of the 

control wave guide is discussed more fully in section 5.6.5 where the Arlesey test control wave 

guide is also considered.

(vi) Alternative Data Processing Techniques

Figure 4.23(a) shows the AE recorded for wave guides 1, 2, 3 and 12 but plots the standard 

deviation (volts) instead of the arithmetic mean of the data sets over the test period (days).
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Although the general relationship between the readings is similar there are some notable 

differences. In particular the dip in the mean value (figure 4.19) for wave guide 1 on Day 163 

disappears and the graph of standard deviation more resembles an exponential relationship. 

Wave guide 3 becomes more coincident with wave guide 12 and wave guide 2 becomes a more 

exaggerated form of its mean equivalent. Figure 4.23(b) shows the same data which has been 

processed by considering the cumulative normalised area under the signal (volts vs time) above 

the level recorded by wave guide 12. It is possible that the different AE characteristics derived 

by applying alternative statistical techniques may reflect differences in the generation of the AE, 

which in turn, may be dependent on the design of the wave guide. The effect of alternative 

processing techniques is discussed more fully in section 5.6.3 and section 6.5 (and is considered 

in conjunction with the Arlesey test).

4.5.3 Summary of AE & Inclinometer Field Data

As discussed in section 4.5.1 the bulk of the deformation occurred at a depth of 4 metres, 

according to inclinometer 1, and 3.5 metres according to inclinometer 2. From the borehole data 

presented in section 4.3.3 this would correspond to the layer described as ‘silty fine to medium 

sand’ which is found between 4 and 6 metres below ground level (inclinometer 1) and between 3 

and 6 metres below ground level (inclinometer 2).

There is considerable evidence to demonstrate that displacement rates increased dramatically 

after the period 28 January - 4 February 1994. Acoustic emission (particularly from wave guides 

I, 2 and 3) and inclinometer data (presented in the form of displacement rates) both show a 

marked increase after this period. Additionally the dipped water level in inclinometer 1, which in 

figure 4.24 is plotted along with the displacement rate, shows that peak water levels were 

recorded at 28 January and 4 February 1994. In section 4.5.1 the variable behaviour of the water 

level in inclinometer 1 was contrasted with that in inclinometer 2 which remained more or less 

steady throughout the test. This may be explained by reference to the borehole data (table 4.2) 

which shows that while the bottom 15 metres of inclinometer 1 (including the toe) was within 

glacial till, the bottom 3 metres of inclinometer 2 was ‘toed’ into a stratum described as ‘clayey 

fine to medium sand’. It is likely that this layer readily facilitated drainage. It is important to 

appreciate that, because the inclinometer was not sealed to measure pore water pressures in the 

same way a piezometer would be, the ground water level measured may not reflect either the
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magnitude or trend of actual pore water pressures at a depth of 21 metres. However, the rapid 

drop in the level does coincide with increased rates of displacement (as recorded by the 

inclinometers) and increased levels of detected AE.

There is also some evidence that bouts of slippage along the failure plane occurred at different 

times along its length. Wave guides 1 and 9 were both sand backfilled and were situated on the 

northern side of the instrument array. Figure 4.25 shows that, over that period where both wave 

guides had been monitored, the AE trends (in terms of mean signal value in volts) were identical . 

Similarly wave guides 5 and 10 were both sand backfilled and situated on the southern side of 

the instrument array. Figure 4.25 shows that, as before, over the common monitoring period the 

AE trends were very similar (although not identical). The interesting point is that the AE trends 

exhibited by the wave guides on the northern and southern sides of the instrument array were 

different. This may suggest that movement occurred at different times along different stretches 

of the slip surface. There is some corroborative evidence presented in the displacement rates 

calculated for inclinometers 1 and 2 (figures 4.17), which were slightly different, but it is 

impossible to relate individual displacement rates to individual AE trends.

Further discussion of the findings of the Cowden field test are contained in chapter 5 and chapter 

6, when they are considered in conjunction with the results obtained from the Arlesey large scale 

test.
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Instrument Type Instrument
Code

Instrument
Depth

Instrument
Material

Instrument
Backfill

metres
Wave Guide WG1 21 Steel Tubing Sand
Wave Guide WG2 21 Steel Tubing Gravel
Wave Guide WG3 21 Steel Tubing Grout
Wave Guide WG4 12 Steel Tubing Grout
Wave Guide WG5 12 Steel Tubing Sand
Wave Guide WG6 12 Steel Tubing Gravel
Wave Guide WG7 18 Steel Tubing Sand
Wave Guide WG8 12 Steel Tubing Sand
Wave Guide WG9 6 Steel Tubing Sand
Wave Guide WG10 12 Steel Tubing Sand
Wave Guide WG11 6 Steel Tubing Sand
Wave Guide WG12 6 Steel Tubing Sand
Inclinometer 11 21 Aluminium Grout
Inclinometer 12 21 Aluminium Grout

Table 4.1 - BRE coastal cliff section instrumentation
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1 Inclinometer 1; Wave Guides 1 - 6, 8 & 9, 11 & 12

mbgl Description
0 - 4 weathered brown stiff gravelly CLAY: Till
4 - 6 silty fine to medium SAND

6 - 10 dark grey brown stiff gravelly CLAY: Till
10-21 dark grey stiff gravelly CLAY: Till

2 Inclinometer 2 & Wave Guides 10

mbgl Description
0 -3 weathered brown stiff gravelly CLAY: Till
3 - 6 silty fine to medium SAND

6 -1 0 dark grey brown stiff gravelly CLAY: Till
10-18 dark grey stiff gravelly CLAY: Till
18-21 clayey fine to medium SAND

3 Wave Guides 7

mbgl Description
0 - 4 weathered brown stiff gravelly CLAY: Till
4 - 6 silty fine to medium SAND

6 -1 0 dark grey brown stiff gravelly CLAY: Till
10-18 dark grey stiff gravelly CLAY: Till
18-21 clayey silty fine to medium SAND: Ingress of water into borehole which 

collapsed back to 18 mbgl

4 Soil profile at the Cowden cliff site (after Butcher, 1991)

mbgl Description
0 -2 .5 weathered brown stiff stoney CLAY till

2.5 -3.0 SAND & GRAVEL

0 1 Li dark grey brown stiff stoney CLAY till
4 .5-5 .0 SAND & GRAVEL

u/i o ■ © o dark grey brown stiff stoney CLAY till
10.0-19.5 dark grey stiff stoney CLAY till
19.5-21.0 soft brown CLAY till
21.0-22.0 SAND & GRAVEL

22.0- dark grey stiff stoney CLAY till

Table 4.2 Cowden instrument borehole logs (mbgl - metres below ground level). Note that the 

descriptions of strata in 4 above, are taken verbatim from the soil profile reproduced 

as figure 4.2 (after Butcher, 1991)
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Date Day File
Suffix

Wave Guides Monitored No
of

AE
Files

Notes on Data 
Acquisition

Sept 93 - - - - Instruments
Installed

12 Oct 93 0 0 I
2 Nov 93 21 - 0 I

11 Nov 93 30 - 0 I
25 Nov 93 44 - 0 I

1 Dec 93 50 various 6 I,T,U,G
2 Dec 93 51 various 24 I,T,U,G
3 Dec 93 52 various 11 I,T,U,G

22 Dec 93 71 - 0 I
13 Jan 94 93 D2 2, 3, 7, 10, 11 41 I,S,U,C
21 Jan 94 101 D3 1,2, 3 ,4 , 5, 6, 10, 11, 12 12 I,S,B,G,C
28 Jan 94 108 D4 1,2, 3, 4, 5, 6, 7, 9,12 10 I,S,B,C
4 Feb 94 115 D5 1,2, 3, 4, 5, 6, 7, 8, 9, 10,11 ,12 18 I,S,B,G,C

11 Feb 94 122 D6 1,7 10 I,T,B,C
25 Feb 94 136 D7 1,2, 3, 4, 5, 6, 7, 10, 11, 12 17 I,S,B,G,C
10 Mar 94 149 D8 1,2, 3, 4, 5, 6, 7, 8 ,9 ,10 ,12 14 I,S,B,G
24 Mar 94 163 D9 1,2, 3, 4, 5, 6, 7, 9, 10,12 11 I,S,B,G

7 Apr 94 177 XO 1, 2, 3, 4, 5, 6, 7, 9, 10, 12 11 I,S,B,G
6 May 94 206 XI 5, 6, 7, 9,12 5 I,S,B,G

27 May 94 227 X2 1,4, 5, 6, 7, 9,12 10 I,S,B,G

Table 4.3 - Summary of Cowden inclinometer & wave guide monitoring history 

Notes on Data Acquisition

I inclinometers II and 12 read except 22 Dec 93 when only II read

S Viewdac routine which captures data by periodic sampling

T Viewdac routine which captures data when activated by a trigger

U unipolar data acquisition

B bipolar data acquisition

G signal grounded using either Landrover chassis, generator or wave guide

C signal not grounded
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Date Day Data File 
Suffix

No of 
AE 

Files

Wave Guides Monitored

1 Dec 93 50 1 1
2 Dec 93 51 12 1,2,3
3 Dec 93 52 4 1, 12
4 Feb 94 115 D5 12 1,2, 3, 4, 5, 6, 7, 8, 9 ,10 ,11 ,12

25 Feb 94 136 D7 8 3, 4, 5, 6, 7, 10, 11, 12
10 Mar 94 149 D8 11 1,2, 3, 4, 5, 6, 7, 8, 9,10, 12
24 Mar 94 163 D9 10 1,2, 3,4, 5, 6, 7, 9, 10, 12

7 Apr 94 177 XO 10 1,2, 3, 4, 5, 6, 7, 9, 10, 12
6 May 94 206 XI 5 5, 6, 7, 9, 12

27 May 94 227 X2 5 4, 5, 6, 9, 12

Table 4.4 Data sets available for AE slope instability analysis
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a

BRE Test Site, Holderness

Figure 4.1 Geographical location of BRE coastal cliff section

VMaatherad brown stiff s ton e / clay tit)

Park grey brown stiff stoney day till

Dark grey brown stiff stoney clay till

10

Dark grey stiff stoney day  till

Soft brown day till

Dark grey stiff stoney d ay  till

Figure 4.2 Soil profile at the Cowden site (after Butcher, 1991)
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1. PresJtfJe state

Beach area 
clear of aid 
slide debris

Low beach 
level

2. Mid slide state

Debris
infill

Slide blocks providing 
stabilising toe 
loading

3. E quil ib r ium  state

Standing water

Figure 4.3 Schematic diagram of the failure mechanism (after Butcher, 1991)
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•  W ave Guide 
□ Inclinometer 
 C liff Edge

12 4m

0 5m

Figure 4.4 Cowden instrument positions as at 11 November 1993
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d = Lsin co

a = Lsin a

b = Lsin p

L = length of inclinometer = 0.5m

Figure 4.5 Schematic representation of inclinometer geometry



Figure 4.6 Tension crack around WG8 as at 11 February 1994
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•  W&veGicb 
□ frdincrneter

 Sut\^edQifFB%;
—+— Sip Plane

7 •

Figure 4.8 Cowden instrument array as at 11 November 1993 showing extent of slip surface 

as at 16 June 1994
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•  Wive Guide 

n IndkmEter
 OiffEdg;
— Slip Plane

5m

Figure 4.9 Cowden instrument array as at 11 November 1993 showing relationship with slip 

surface as at 16 June 1994
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• Whve Guide 11 Nov 93
■ Inclinometer 11 Nov 93
o Wbve Guide 6 Jun 94
o Inclinometer 6 Jun 94

Cliff Edgi
— +— Slip Plane

5=1.237

Figure 4.10 Cowden instrument array depicting change in instrument position between 11 

November 1993 and 16 June 1994. Change in ground level ( S ) with reference 

to Ordnance Datum is given for instrument locations WG1, WG2, WG3, 

WG10, II and 12
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Figure 4.12 Cowden W G 11 as at 16 June 1994
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Figure 4.13 Cowden inclinometer 1 change in mean deviation
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Figure 4,14 Cowden inclinometer 2 change in mean deviation
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Figure 4.15 Cowden inclinometer 1 displacement profile
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Figure 4.16 Cowden inclinometer 2 displacement profile
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Figure 4.17 Cowden inclinometers rates of displacement
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Figure 4.18 Dipped water levels in inclinometer casings (head measured relative to 

base of inclinometer)
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Figure 4.19 AE mean signal value WGs 1, 2, 3 & 12 and displacement rate inclinometer 1
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Figure 4.20 AE mean signal value WGs 4, 5, 6 & 12 and displacement rate inclinometer 1
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Figure 4.22 AE mean signal value WGs 7 & 12 and displacement rate inclinometer 1
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Figure 4.23 Alternative data processing techniques using (a) standard deviation of data 

and (b) normalised cumulative area under the curve in excess of WG12 (after 

Dixon et al., 1994)
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Chapter 5

The Arlesey Large Scale Test

5.1 Introduction

The Arlesey large scale test was conceived as a means to supplement and complement the 

findings of the investigation at Cowden. Deformation at the BRE site was dependent upon 

natural processes and was, therefore, largely unpredictable in both extent and time scale. 

However at Arlesey the plan was to induce deformation of a slope by deliberately making a 

number of specific cuts. This enabled monitoring to take place as and when the equilibrium of 

the slope was being seriously affected and exerted some control over the extent and time scale of 

the deformation.

5.2 Site Description

The site was a working brick-pit (although ‘moth-balled’) where clay was dug for the making of 

bricks and for use in cat litter. It was owned by Butterley Brick and lay adjacent to a landfill site 

owned and worked by Shanks & McEwan. The pit, situated in the Bedfordshire town of Arlesey 

(figure 5.1), was approximately centred at Grid TL 185350.

The test site was a section of a cut slope situated entirely within the Gault Clay of the brick-pit 

and particulars of the test slope are described more fully in section 5.4.1. (Figure 5.2 illustrates 

the site and test slope after all cuts had been made). The Gault Clay, deposited in the Cretaceous 

Period (65-135 million years ago), is a heavily-overconsolidated dark blue-grey stiff to very stiff 

clay with closely spaced fissures (BS 5930). Some indication of the geotechnical characteristics 

of the Gault Clay are given in section 7.9.5 where the results of some triaxial tests carried out on 

reconstituted samples are discussed. Further information concerning the Gault Clay is provided 

by Samuels (1975) who reported the results of a number of laboratory tests conducted on 

samples of Gault Clay which were obtained as part of a site investigation in connection with the 

construction of a water tunnel in Essex.
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There was much movement of traffic around the site including the arrival and departure of refuse 

vehicles and the continuous action of a bulldozer redistributing the recently deposited waste. 

Some 100 metres away from the slope face, a diesel pump was used throughout much of the 

winter period to drain a small pond of water which had accumulated at the bottom of the pit. 

Additionally, trains regularly passed by using the main London-Bedford rail line and light 

aircraft often flew over the site. Despite what would be perceived by most as a noisy 

environment, acoustic background noise was not (as will become evident) a problem. However, 

this serves to illustrate that examination of ultrasonic frequencies can be successfully conducted 

in such environments.

5.3 Site Instrumentation

5.3.1 S ite Instruments

Seven wave guides and two inclinometers were installed at the site with the specifications as 

given in table 5.1. The instrument positions are shown in plan in figure 5.3.

5.3.2 Instrument Installation

Installation took place over a three week period between 19 September and 7 October 1994, 

although a number of days were lost due to bad weather. (Figure 5.4 shows the site shortly after 

installation had been completed. Note the very wet conditions). The instruments were installed 

using The Nottingham Trent University’s B24 mobile rotary drilling rig.

Nine 150mm diameter boreholes were made to accommodate the instruments listed in table 5.1 

using the continuous flight augering method.

Wave guides 1, 2, 3, 5 and 7 were assembled from 1.5 metre sections of 50mm diameter steel 

tubing screwed together (via couplers) into the required lengths and then inserted (in one piece) 

into the borehole. The borehole was then backfilled with either sand, gravel or grout. The grout 

was a 4:1 bentonite:cement mix.
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Wave guide 4 was designed to be installed by being driven into the host soil and was formed 

from 1.5 metre sections of 50mm diameter solid steel bar. (This wave guide came in five 1.5 

metre sections and was constructed at The Nottingham Trent University). Only two sections 

(which were screwed together) could be driven giving an instrument length of 3 metres. This was 

probably due to the frictional resistance generated between the wave guide and the Gault Clay.

Wave guide 6  was constructed from 3 sections of 3 metre length plastic drainage tubing which 

was assembled, waterproofed with denzo tape and sealant, and then inserted into a 9 metre deep 

borehole. The borehole was then backfilled with sand. This borehole was designed for use with a 

hydrophone. Unfortunately, readings obtained from the instrument proved erratic and unreliable, 

so no further consideration is given to wave guide 6  in this thesis.

No compaction technique was used on the sand and gravel backfills other than to tremie the fill 

into the borehole and to ‘spiral’ the wave guide in order to prevent ‘bridging’.

All wave guides were cut down (if necessary) so that a maximum length of approximately 0.5 

metres remained above ground. Table 5.1 shows the depths of the instruments below ground 

level.

The inclinometers were 9 metres in length and installation was carried out as described in 

section 4.3.2. Inclinometer 1 also doubled as a wave guide and was designated wave guide i.

5.3.3 The Control Wave Guide

Wave guide 7 was installed as a control wave guide (section 3.3). This instrument, from which 

base AE readings were taken, was installed approximately 16 metres from the face of the slope.
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5.4 The Test

5.4.1 The Test Site

A section of slope entirely within the Gault Clay, approximately 16 metres in length and some

4.5 to 5.5 metres in height, was identified as being suitable for the test. The face of the slope, 

which made an angle of approximately 35° with the horizontal, was divided into six cuts and by 

the end of the test had been cut back by some 5.5 to 6.5 metres. Evidence of weathering, in the 

form of ‘iron-staining’, was confined solely to the exposed face of the slope except for some 

additional staining which was discovered along the shear plane of the ‘small’ pre-test failure 

which had occurred (section 5.4.3).

The extent of the test site, the instrument positions and the size of the six test cuts are illustrated 

in plan in figure 5.3. Figure 5.5 depicts the whole site in plan indicating a line of cross-section 

and, figure 5.6, the cross-section itself. Figure 5.7 illustrates a 3-D schematic of the six cuts and 

the profiles of either end of the site (showing the cuts) are illustrated in figure 5.8. Table 5.2 

shows the approximate size, by volume, of the cuts. Figure 5.9 illustrates the test slope and the 

five marked cuts.
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5.4.2 Instrument Monitoring

(i) Arlesey Standard Monitoring Routine

The monitoring system was largely derived from the experience gained at Cowden and is 

summarised as follows:-

■ The AE data consisted of 2500 envelope waveform data points collected at 100kHz data 

sampling rate, every second for six minutes - i.e. a 2.5% sample resulting in a file 

consisting of 900,000 data points (3.6MB) or 9 seconds of data

■ Total AE signal amplification of 96dB (x 63,096)

■ Electrical ground (earth) connection through Landrover chassis

■ Bipolar acquisition of signal envelope

■ Monitoring method as outlined in section 3.5

■ Threshold of 0.1IV applied post-capture during data processing

It should be noted that none of the data files were lost due to incorrect grounding and all data 

was captured on a consistent basis making the database for Arlesey much larger than that for 

Cowden. Additionally, because of this experience and the reduced number of wave guides, it 

was also possible to increase the standard data file from 180,000 data points at Cowden to

900,000 data points at Arlesey.

The data files were named in accordance with the same convention as outlined for Cowden 

(section 4.4.1) except during the test period when (owing to multiple same day readings) it 

became necessary to add an extra identifying letter after the wave guide number.

(ii) The Inclinometers

The monitoring method, data processing and data interpretation is as outlined for Cowden in 

section 4.4.2 except the instrument length at Arlesey was 9 metres making the depth of the first 

reading 8.5 metres.
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5.4.3 The Test - A Chronology

A site visit was made on 18 October 1994 and the gravel of wave guide 1, which had subsided by 

approximately 0.5 metres, was topped up.

Instrument monitoring commenced on 26 October 1994 (when the inclinometers were read twice 

in order to form the ‘base’ file) and completed on 12 April 1995. Pre-test readings were taken on 

ten occasions, between 26 October 1994 and 2 February 1995, and the first cut was made on 

Monday 6  February 1995. Cuts 2, 3 and 4 followed on the 7, 8 and 9 February 1995 respectively. 

(Figure 5.10 illustrates cut 2 in the process of being made). The test programme was interrupted 

because of the weekend (when the site was closed and access was not available) and cut 5 was 

carried out on 13 February 1995 with an intermediate reading taken on Friday 10 February 1995. 

Owing to the limited amount of deformation which had occurred (according to the inclinometers 

- section 5.5), it was subsequently decided to introduce a sixth cut which was carried out on 23 

March 1995. Five days of intermediate readings were taken between cuts 5 and 6  and three days 

further readings were taken after cut 6  before the test was brought to an end. In all twenty-five 

separate days readings were taken usually involving one reading from each of the inclinometers 

and one six minute acquisition from each wave guide. However, during the test period, multiple 

readings were taken from many of the instruments.

The cuts were made by an excavator belonging to the plant hire company Blackwell and working 

under contract for Butterley Brick (this is also illustrated in figure 5.10).

On the 7 November 1994 a small failure was noted in the top centre of the slope, between 

inclinometer 2 and wave guide 4, where the level of the ground had dropped by about 0.75 

metres. By the 16 November 1994 it was noted that the failure had moved downwards slightly 

and on the 23 November 1994 it was apparent that the failure itself had split into two parts; the 

left hand side of the slope progressing further down relative to the right hand side (looking down 

the slope). The final note on this minor failure was that, by 20 December 1994, the left hand side 

(again looking down slope) had extended further.

On the 16 February 1995 it was noted that the shallow failure described above had collapsed 

and, as such, the gradient of the slope had been reduced. On the 2 March 1995 it was, therefore, 

decided to remove the spill and restore the slope’s previously steep profile. (Figure 5.11 depicts
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the debris, arising from the collapse, prior to it’s removal and figure 5.12 illustrates the test site 

after cut 6 , as the spoil is being levelled).

It should also be noted that the site, for the greater part of the monitoring period, was very wet. 

This, combined with the need to move the Landrover around, had the result in ‘churning-up’ the 

surface layers of the Gault Clay, making movement around (at times) extremely difficult. By 

way of example, the Landrover, in low differential gearing, became stuck on more than one 

occasion and required pulling out by site plant. In this respect there was only noticeable 

improvement from 23 March 1995 onwards.

Owing to the condition of the surface of the site, no noticeable effects (other than have already 

been mentioned), such as tension cracks etc., were observed. As such it is not possible to record 

a ‘diary’ of observations as it was for Cowden (section 4.4.3).

5.4.4 Instrument Monitoring History

The full AE and inclinometer monitoring history is presented in table 5.3 which gives the AE file 

identification suffices as well as the number of files acquired on each wave guide by day. The 

dates on which each of the cuts 1 to 6  were made are indicated by applying the cut number as a 

suffix to the appropriate date.

As with Cowden it is necessary to relate each AE acquisition with some time-scale. Unlike 

Cowden, however, multiple same-day readings of wave guides were taken, particularly at times 

when the slope had been cut away. It has, therefore, been necessary to set each AE file acquired 

a unique time in minutes. The first AE file captured was WG1.D1 on 26 October 1994 at 15:16 

hours. The time is that as determined by the DOS clock and assigned to the file by DOS on 

completion of the acquisition routine. This particular time and date has been given the value 

‘zero’ minutes. All times assigned to AE files thereafter (based on their DOS allocated times and 

dates) are relative to this.

The inclinometers were also subjected to same day multiple readings and, as such, it has been 

necessary to calculate a reference time in minutes for this data too. The base time is the same as
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for the AE data but the time used to calculate the reference time for the inclinometer readings is 

that given by the datalogger.

Unfortunately a number of inclinometer readings were lost when it became apparent, through the 

generation of large face errors, that the torpedo was in need of re-calibration. For the short 

period while this was being done Geotechnical Instruments Ltd. kindly gave loan of a 

replacement.

The total number of AE files listed in table 5.3 is 246 but a further 12 ‘special’ files were also 

captured to demonstrate (among other things) the effect of omitting the wave guide covers and to 

identify electronic noise. By way of information, the 258 AE files contain a total of 232,200,000 

data points occupying 928.8MB.

The site was surveyed on 18 October 1994 and again, before the first cut was made, on the 3 

February 1995.

5.5 Inclinometer Data Analysis

Figures 5.13 - 5.16 depict the change in mean deviation and displacement profiles for 

inclinometers 1 and 2. The largest recorded change in mean deviation for inclinometer 1 (at a 

depth of 1.5 metres) is 2.3mm and, for inclinometer 2 (at a depth of 0 metres) is 3.7mm The 

equivalent figures for displacement profile are 13.6mm and 16.8mm (both at a depth of 0  metres) 

recorded for inclinometers 1 and 2 respectively. It should be noted, however, that for the latter 

part of the test, the greatest displacement profile recorded for inclinometer 1 occurred at a depth 

of 1 metre; only the final reading, taken on 22 May 1995, records a higher value at a depth of 0 

metres. Whereas the right hand side of the slope (looking downslope) appears to be in the 

process of developing a shear zone at a depth of approximately 1.5m, the left hand side appears 

more to be failing by expansion due to stress relief leading to toppling. However, both 

inclinometers also indicate movement at a depth of approximately 5.5 - 6 m.

As mentioned in section 5.4.3, conditions for much of the test were very wet and it is likely that 

water ‘run-off was responsible for causing the small failure (in the area of inclinometer 2 ) also 

described in that section. The inclinometer readings reflect this disparity between the two sides
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of the site indicating that movement surrounding inclinometer 2  occurred primarily at the surface 

whereas that surrounding inclinometer 1 occurred primarily at a depth of 1.5 metres.

It proved beneficial to illustrate the Cowden inclinometer data in terms of rates of movement. 

Unfortunately the equivalent Arlesey data is of too low a magnitude to produce these figures 

with any degree of confidence. However, in order to relate the inclinometer data to the test, those 

depths recording the greatest change in mean deviation and displacement profile for both 

inclinometers 1 and 2 have been isolated and are plotted in figures 5.17 and 5.18. (Note that the 

displacement profile plotted for inclinometer 1 is that at a depth of 1.5m).

These figures show that movement across the first four cuts was virtually zero; the largest 

difference between any two recorded figures being 0.7mm for inclinometer 2’s displacement 

profile. There is some greater activity after cut 5 but even this is only enough to increase 

movement across the whole test period to something in the order of l-2mm. However it is fairly 

evident that after both cuts 5 and 6  movement rates increase. It is also evident that prior to cut 1 

there was some activity around inclinometer 2  but no evidence of any around inclinometer 1 . 

This compares well with the physical observations made of the site.

As the magnitudes of the movement are small it is difficult to be precise about the direction of 

the vectors. However, considering the larger values of displacement profile and change in mean 

deviation for inclinometer 1 reveals a general direction of movement of 340°-350°. Similar 

consideration of the data for inclinometer 2 produces values of 0°—15°. The measurement 

system makes 0° coincident with face A and points directly down slope. Angular measurements 

are then made in a clockwise direction which means that movement at Arlesey occurred 

downslope and inwards, towards the centre of the instrument array.

Face errors were typically in the range of 0.1 - 0.8mm.

Note also that the inclinometer data presented in figures 5.13 - 5.18 includes the extra reading 

taken on 22 May 1995 and for which there is no corresponding AE record.
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5.6 Analysis and Interpretation of Field Acoustic Emission Data

5.6.1 Introduction

It should be considered that alternative wave guide designs may respond in different ways to a 

variety of deformation mechanisms and that alternative data processing techniques may isolate 

or accentuate different signal characteristics. This section examines the findings of both the 

Arlesey and Cowden studies in order to identify the mechanisms responsible for the generation 

of the acoustic emission. It also attempts to explain the effect of wave guide design and data 

processing technique in order to produce a descriptive model of field generated AE which is 

presented in Chapter 6 .

The wave guide design parameters are identified as follows:-

■ wave guide material

■ wave guide backfill

■ wave guide length

■ position of wave guide relative to zone of deformation

Although the position of the wave guide will clearly affect the level of the emission it is not 

strictly speaking a design parameter as it is impossible to predict with any real accuracy where 

the slip plane will form (or, indeed, if it forms). (However, it is possible, in conjunction with a 

consideration of the prevailing geotechnical conditions, to make informed judgements as to the 

best positions for the wave guides - e.g. Cowden). Additionally, as the material of most of the 

wave guides employed consisted of 50mm diameter steel tubing, the bulk of both the Cowden 

and Arlesey tests are confined to examining the effect of wave guide backfill and length.

Two alternative forms of wave guide were also investigated at Arlesey. These were a grouted 

aluminium inclinometer casing and a driven solid steel bar.

The wave guide design parameters are, initially, dealt with separately because, given the 

available permutations of wave guide backfill, wave guide length and data processing technique 

(not to mention the position relative to any slip plane which may or may not develop), it is 

clearly impractical to discuss every combination; only the parameter in question, therefore, is
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examined. The analysis then goes on to discuss the effects of different data processing 

techniques before concluding with some comment on the topics of control wave guide 

performance and background noise. Chapter 6  draws on the findings of these individual 

discussions in order to present a descriptive model of field generated AE from which custom- 

made monitoring systems can be designed to meet particular criteria.

Figures 5.19-5.24 compare the recorded mean signal values for each of wave guides 1, 2, 3, 4, 5 

and i with that recorded for wave guide 7 (the control wave guide). The upper graph in each 

figure depicts the whole test period and the lower graph concentrates on cuts 1 to 5. In section

5.6.2 only mean signal value is considered in order to simplify discussion but it should be 

appreciated that this may not necessarily be the most productive data processing method. Figures

5.19 - 5.24 are reproduced here to serve as an introduction to the results. Where necessary, 

reference to specific figures is made later in section 5.6.

Note that, in the following graphs (as with the Cowden results), sets of AE data points are 

connected by lines. This is only to maintain clarity between individual sets of data points relating 

to different wave guides and is not meant to infer anything about the behaviour of the signal 

between data points.

5.6.2 Effect of Wave Guide Design

Traditionally the term ‘wave guide’ is used simply to refer to the metal rod inserted into the 

ground and which then ‘guides’ the ‘wave’ to the acoustic sensor. In fact, as has been seen in 

section 5.6.1, the level of the signal received is very much related to the design of the wave 

guide. The following sections attempt to isolate the effects of individual design parameters.

At Arlesey the wave guides were positioned in one line in an attempt to ensure that each suffered 

a similar amount and form of deformation. At Cowden, however, the relationship between slip 

plane and wave guide was more complicated.
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(i) Wave Guide Backfill

Figure 5.25 compares the recorded mean signal values over the test period at Arlesey for each of 

wave guides 1 (gravel), 2 (sand) and 3 (grout) which were of equal design in all respects but 

backfill. It is evident that there were greater (but varying) levels of activity recorded during the 

test period and that differences existed between the responses of the wave guides to the cuts. 

Wave guide 1 indicated some determinable response to cuts 1, 4 and 5; wave guide 2 to cut 5 and 

wave guide 3 to cut 1. These results, where individual cuts have generated an AE response, 

should be considered in conjunction with the inclinometer data which determined that maximum 

movement across the first five  cuts was in the order of l-2 mm and across the first four cuts was 

effectively zero.

It should also be noted that the high responses of wave guides 1 and 2 to cuts 4 and 5 were 

actually recorded some 24 hours after the cuts were made whereas the responses of wave guides 

1 and 3 to cut 1 were recorded 0.5 and 4 hours (respectively) after the cut.

According to the inclinometer data, during the period between cuts 5 and 6 , there was a steady 

increase in the amount of deformation to a total value in the order of 3mm (by displacement 

profile). This coincided with a period of increasing activity as recorded by wave guide 2 and, to 

a lesser extent, by wave guide 1 (figure 5.26). The tendency for sand backfilled wave guides to 

be more responsive in periods of gradual, prolonged deformation was first observed at Cowden 

where WG1 out-performed WG2 which, in turn, out-performed WG3 (section 4.5.2(ii), figures

4.19 & 4.23).

There appears to be an inconsistency between these findings and the lack of correspondence of 

the inclinometer and AE data for wave guide 2 (post cut 6 ) at Arlesey. Figure 5.27 shows that, 

although the inclinometer readings indicate a gradual increase in deformation shortly after cut 6 , 

the AE data remained relatively flat and of low magnitude. However, according to the 

inclinometers, the rate of movement after this period greatly slowed down and it is likely that the 

AE readings reflected this. Unfortunately no intermediate readings were taken. However, this 

example supports the assertion that AE reflects the current state of instability whereas 

inclinometers only reflect the total deformation suffered to date.

161



(ii) Wave Guide Length

Intuitively it seems reasonable to expect (for a specific position in relation to a shear zone) that 

longer wave guides will be more responsive; passive wave guides would benefit from collecting 

AE over a greater volume (sections 2.4.5 and 3.3) and gauge wave guides would have a greater 

length over which to generate noise and/or a better chance of penetrating the shear zone (section 

3.3). Indeed the only factors affecting the size of a wave guide (cost of materials and installation) 

have little to do with any philosophy concerning the science of AE field monitoring.

Figure 5.28 depicts the mean signal values for Arlesey wave guides 2 and 5 which were 

specifically designed to investigate this aspect. Unfortunately both wave guides also indicated 

little response to the cuts with each generating one good peak subsequent to cut 5. (This 

combination of wave guides is discussed further in section 5.6.3).

At Cowden the main instrument array was designed to examine the twin issues of wave guide 

backfill and length. Unfortunately, because the slip plane separated the two lines (figures 4.8 & 

4.10), it is impossible to separate the effects of length and position relative to the slip plane.

There is, therefore, insufficient evidence from which to draw any conclusions.

(iii) Arlesey Wave Guide 4 - Solid Steel Driven Bar

Originally it had been intended to drive this wave guide to a depth commensurate with that of 

wave guides 1, 2 and 3. However it was only possible to reach a depth of under 3 metres. Figure 

5.22 shows that the mean signal value generated was generally very low and rarely did it 

distinctly exceed the level recorded by the control wave guide. No large peaks are present on the 

plot although there does appear to be some increased activity after cut 5.

(iv) Arlesey Inclinometer 1 - Use as Wave Guide

Unfortunately the monitoring record of inclinometer 1 as a wave guide is poor (figure 5.24). 

However the response of this wave guide is most interesting. Apart from two large responses to
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cuts 4 and 5 the recorded mean signal level was distinctly lower than that recorded for the 

control wave guide.

5.6.3 Effect of Data Processing Technique

It has already been demonstrated in section 4.5.2(iv) concerning the Cowden test that different 

processing techniques can alter the apparent response of the AE. Clearly it is desirable to process 

the data in such a way that the results differentiate between those periods of inactivity and those 

in which some form of deformation is occurring. It may also be possible to differentiate between 

different types of deformation mechanism. This section examines the effects of different 

processing techniques. The relevance and interpretation of such effects is discussed in Chapter 6 .

The somewhat disappointing results of the mean signal values of both wave guides 2 and 5 have 

already been seen in section 5.6.2 and figure 5.28. Consider figure 5.29 which depicts the 

standard deviation of the same data. It appears that this method of processing produces a better 

apparent signal response across the test period. Having said this, however, in fact the peak value 

for wave guide 2 (following cut 5) recorded a mean of 0.096 volts but a standard deviation of 

only 0.089 volts. Figure 5.30, which plots the mean, standard deviation and root means square 

for wave guide 2  indicates that the main reason for the apparent better response of standard 

deviation is because (generally) the level of the signal (during apparently inactive periods) was 

both low and consistent. From figure 5.30, it is evident that consideration of standard deviation 

(as opposed to arithmetic mean) produces a better determinable response record for wave guide 2  

and the single high mean value following cut 5 is altered to a good response to cut 1, and two 

responses to each of cuts 4 and 5 (standard deviation). Note that standard deviation for wave 

guide 5 (figure 5.28) shows the first determinable response to cut 6 . Also note that it is 

considered significant to discuss actual recorded and calculated voltages because, depending 

upon the final processing system decided upon, it may be more important to use large signal 

magnitudes (roots mean square) or large changes in the signal (standard deviation)

Interestingly, as figure 5.29 shows, the standard deviations recorded before the test period, for 

both wave guides 2 and 5, are remarkably similar. In fact, of the nine days of pre-test monitoring 

they share, eight days recorded coincident values for standard deviation. As figure 5.31 shows 

this is also true for wave guides 1, 2 and 3.
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Another point worthy of note is that the steady increase in the mean signal value for wave guide 

2 (figure 5.30) between cuts 5 and 6  (first identified in section 5.6.2) disappears when 

considering standard deviation.

When considering mean signal value the best response is recorded by wave guide 1 (figure 5.25). 

Even this, however, is improved by calculating the standard deviation of the same data (figure 

5.31). It is evident that mean signal value generates responses to all five cuts but only those to 

cuts 4 and 5 are appreciably distinct measuring 0.091 volts and 0.102 volts respectively. 

Calculation of standard deviation also generates responses to all five cuts but records 

appreciably distinct values for cuts 1 (0.078v), 3 (0.049v), 4 (0.072v) and 5 (0.099v). As before, 

however, it is the relatively low and consistent value of standard deviation during periods of 

perceived inactivity which tends to accentuate these peaks.

A further step in the analysis is to introduce a threshold. Traditionally this is to eliminate 

background noise but, owing to the time required to process data sets containing 900,000 data 

points, a threshold of 0 .1 1  volts is also used in order to reduce the data sets to a more 

manageable size.

Figures 5.32 and 5.33 illustrate the mean and standard deviation of the post-threshold data for 

wave guides 1 and 2, respectively. It is evident that the response record of the post-threshold 

mean values for both wave guides is greatly improved over their ‘bulk’ data counterparts and this 

is especially true of wave guide 2. From the graphs depicting the whole test period it is also 

interesting to note that (generally) the response increases across the test period from cut 1 to cut 

5 when considering bulk data (e.g. figures 5.30 & 5.31) but decreases over the same period when 

considering post-threshold data. It is also interesting to note that all post-threshold analyses for 

these wave guides indicate a response to cut 6 . Mean signal levels (post-threshold) vary from a 

general level of approximately 0.13 volts with peaks recording between (approximately) 0.15 

and 0.28 volts (for both wave guides). Standard deviation (post-threshold) varies from a general 

level of approximately 0.03 volts with peaks recording between (approximately) 0.10 and 0.50 

volts. Note also that both forms of processing technique (post-threshold) generate results which 

are, for the larger part of the pre-test period, coincident. Additionally it is also interesting to note 

that examining post-threshold data (particularly the standard deviation) appears to change the 

dominance across cuts 4 and 5 from wave guide 1 to wave guide 2.
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The performance of wave guide 3 was generally poor, regardless of processing technique. 

Considering bulk data, the mean signal value (figure 5.21) records only one prominent peak of 

0.088 volts following cut 1 whereas standard deviation records two prominent peaks; one just 

prior to cut 3 (0.059v) and one following cut 4 (0.036v). Standard deviation (figure 5.31) also 

indicates a third peak of 0.037 volts on Day 8  (10 January 1995), some twenty-six days before 

the first cut. An interesting point concerning the response of wave guide 3 is that, for both mean 

and standard deviation (bulk data), lower values than their control wave guide counterparts are 

generated for most of the readings from cut 5 to the test end. The post-threshold response is not 

much better with the mean producing one large peak immediately before cut 3 of 0.292 volts and 

indicating some increased activity between cuts 4 and 5. Calculation of post-threshold standard 

deviation produces a similar response.

Despite the fact that wave guide 4 (figure 5.22) does evidently generate some response, it is quite 

clearly the poorest performing of all wave guides. The largest peak, produced as the standard 

deviation of the post-threshold data, is only 0.237 volts and follows cut 4 (figure 5.34). This is 

the only wave guide which, across the whole test period, failed to produce a signal magnitude 

greater than the largest magnitude recorded for the control wave guide (assuming both data sets 

are processed in the same way).

When used as a wave guide, inclinometer 1 produced some interesting results despite the poor 

monitoring record. As figure 5.24 shows the majority of the bulk mean signal values are 

significantly below their control wave guide counterparts although two distinct peak magnitudes 

are recorded following cut 4 (0.057v) and cut 5 (0.078v). Considering the standard deviation of 

the data introduces a further peak following cut 2 and records a magnitude of 0.207 volts. The 

largest peak is obtained by calculating the standard deviation of the post-threshold data when the 

peak following cut 2 records a magnitude of 0.465 volts. Apart from this there is little 

improvement gained by the consideration of post-threshold data.

In an attempt to illustrate the effect of data processing more clearly, consider figure 5.35 which 

shows the bulk mean signal value and the post-threshold standard deviation for wave guide 2  on 

the same plot.

The control wave guide (wave guide 7) is dealt with separately in section 5.6.5.
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5.6.4 Signal-Time Relationship - A Closer Look

Although it has been amply demonstrated that there is a good general correlation between the 

processed AE and the introduction of the cuts, the scale of the test period disguises the closer 

relationship that exists between the responses and the timing of the cuts. Figures 5.36 - 5.39 

indicate the times and dates of all cuts and AE readings across all six test cuts. AE is represented 

by the standard deviation of the post-threshold data acquired from wave guide 1 (which has been 

selected because of the good response record).

As the figures indicate, the AE responses to cuts 1 and 2 were immediate but, by some 3 to 4 

hours later, levels had reduced to those measured using the control wave guide. Cut 3 generated 

an immediate response which 0.5 hours later had reduced, once again, to background noise levels 

(as indicated by the control wave guide). However two subsequent readings, approximately 1.25 

hours and 4.75 hours following cut 3, indicated increasing levels of activity. (In fact, this type of 

AE behaviour whereby an immediate response gradually decreases before increasing again was 

first demonstrated by Koerner et a l,  1978, and is shown as the response to cut 5 in figure 2.39). 

The wave guide was actually monitored while each of cuts 2, 3, 4, 5 and 6  were made and, as 

mentioned, AE readings made during cuts 2 and 3 indicated higher levels of activity. However 

those readings taken during cuts 4 and 5 indicate no increase whatsoever. In fact the first level of 

increased activity associated with cut 4 occurs some 24 hours later. Increased activity was 

recorded following cut 5 some 0.5 hours after the cut was made and again some 24 hours later. 

The AE response to cut 6  is also shown. The main point from this illustration is that there is a 

change in the general AE pattern, across cuts 1 to 5, from immediate responses to those which 

are more deferred.

5.6.5 The Control Wave Guide

It was appreciated at the outset that the acoustic sensor may respond to noise generated by 

sources other than those connected with the deformation of the slope and, in order to determine 

the level of this background noise (section 5.6.6), control wave guides were installed at both the 

Cowden and Arlesey sites. The principle of operation of the control wave guide is 

straightforward. The wave guide is installed well back from the face of the slope, and is unlikely 

to suffer any deformation. It can be postulated that the difference between the level of emission
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captured from a wave guide within a zone of deformation and the level of emission captured 

from a control wave guide must, therefore, be due to deformation processes only.

It is fairly evident, however, from any of the figures 5.19 - 5.24 where the AE record of the 

control wave guide for Arlesey (wave guide 7) is displayed that it has responded to at least some 

of the test cuts, producing distinct peaks following both cut 3 and cut 6 . Additionally, 

examination of post-threshold data indicates some response to both cuts 4 and 5. Note that the 

three peaks following cut 3 were all recorded within thirty-seven minutes of one another 

(although some 3 to 4 hours following the cut) and, as such, may incorrectly give the impression 

of there being a more sustained level of activity than there actually was. The peaks following 

cuts 4 and 5 both occurred some 24 hours after each cut and that following cut 6  some 2.5 hours 

following the cut.

At Cowden the original control wave guide (wave guide 7) had to be discounted in favour of 

wave guide 12 for reasons as explained in section 4.3.4. It is also fairly evident (from the 

observations discussed in section 4.5.2) that wave guide 12 responded to the deformation 

processes which affected the gauge wave guides. (There is a good correlation between increased 

levels of AE, the increase in movement rates and the rapid drop in water level measured in 

inclinometer 1 - section 4.5.3).

The main point arising from both Cowden and Arlesey (which is indisputable) is that, for the 

greater part, the control wave guides do produce distinctly lower levels of emission than their 

gauge counterparts. This lends support to the hypothesis that those wave guides within a zone of 

deformation do record some emission generated as a direct response of deformation of the slope.

5.6.6 Background Noise

Background noise refers to any extraneous noise arising through mechanisms not related to 

deformation (which is captured by the monitoring system) and it is considered that background 

noise may arise through one, some or all of three different sources identified as follows
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(i) Airborne

This refers to noise generated by machinery, vehicles, activity, etc., in the form of acoustic 

(ultrasonic) waves through air (within the 15 - 45kHz bandwidth because of the electronic 

bandpass of the instrumentation).

The results of nine tests (between the Cowden and Arlesey sites) in which two consecutive 

readings of a wave guide were taken (one with and one without the wave guide covers) are 

shown in figure 5.40. This figure, which plots the mean signal value, indicates that in four of the 

tests absence of the wave guide covers did result in an increased level being recorded. However, 

in three of the tests, larger magnitudes were recorded with the wave guide covers in place while 

two tests produced more or less the same results. The figure also indicates which site the 

readings were taken from and the time interval between the sets of readings.

Additionally all Day 5 (30 November 1994) data was acquired without the wave guide covers in 

place. However, by reference to any of figures 5.19 - 5.24, it is evident that Day 5 data is entirely 

consistent with the recorded levels of other pre-test readings, regardless of which wave guide is 

examined or which processing technique is used.

(ii) Electronic

In sections 4.4.1 and 4.4.4 it was described how a large volume of the early Cowden data was 

lost due to poor grounding. This occurred because electronic interference overwhelmed and 

masked the genuine signal.

Three AE files were recorded (correctly grounded) at Arlesey with the input channel on the AET 

(section 3.2.3) switched off in order to obtain some idea of the level of electronic noise. The 

processed data is depicted along with the equivalent values for wave guide 7 in figure 5.41 

(mean signal value bulk data) and figure 5.42 (standard deviation post-threshold data). It is 

evident that, in both cases, the magnitudes recorded in respect of electronic noise are small (less 

than 0,03 volts) and noticeably less than those recorded for wave guide 7.
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(iii) Constructional

As has already been commented on in section 5.6.3 and illustrated in figure 5.24, when utilising 

inclinometer 1 as a wave guide it consistently generated readings which were of a smaller 

magnitude than those generated by the control wave guide. Inclinometer 1 was 9 metres long and 

situated in the deformation zone whereas wave guide 7 was only 3 metres long and situated some 

16 metres from the face of the slope - yet wave guide 7 generated emission of a greater 

magnitude than the inclinometer. Additionally, as figure 5.24 shows, the inclinometer generally 

produced levels of emission of smaller magnitude within the test period than wave guide 7  did in 

the pre-test period. There is clearly some emission generated as a result of the constructional 

design of the wave guide.
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Instrument Type Instrument
Code

Instrument 
Depth (mbgl)

Instrument
Material

Instrument
Backfill

Wave Guide WG1 7.09 Steel Tubing Gravel
Wave Guide WG2 6.63 Steel Tubing Sand
Wave Guide WG3 7.09 Steel Tubing Grout
Wave Guide WG4 2 .6 8 Steel Bar Driven
Wave Guide WG5 2.89 Steel Tubing Sand
Wave Guide WG6 6.69 Plastic Tubing Sand
Wave Guide WG7 2.84 Steel Tubing Sand
Inclinometer 11 & WGi 9.00 Aluminium Grout
Inclinometer 12 9.00 Aluminium Grout

Table 5.1 Arlesey test site instrumentation (mbgl - metres below ground level). Inclinometer 

II was also utilised as a wave guide for a large part of the test.

Cut Number Volume m3 % of Total Volume 
Excavated

Cumulative % 
Excavated

1 2.4 1.3 1.3
2 5.7 3.2 4.5
3 9.1 5.1 9.6
4 13.0 7.3 16.9
5 38.3 21.5 38.4
6 1 1 0 .0 61.6 1 0 0 .0

Table 5.2 Size, by volume, of the six Arlesey test cuts
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Date Suffix Number of AE files by Wave Guide Inclinometer readings
1 2 3 4 5 6 7 i Total 1 2

26 Oct 94 D1 1 1 1 1 1 1 1 0 7 2 2

7 Nov 94 D2 1 1 1 1 1 2 1 0 8 1 1

16 Nov 94 D3 1 1 1 1 1 1 1 0 7 1 1

23 Nov 94 D4 1 1 1 1 1 1 1 0 7 1 1

30 Nov 94 D5 1 1 1 1 1 0 1 0 6 1 1

1 Dec 94 0 1 1

21 Dec 94 D6 1 1 1 1 1 0 1 0 6 1 1

4 Jan 95 D7 1 1 1 1 0 0 0 4 1 1

10 Jan 95 D8 1 1 1 1 1 0 1 0 6 1

1 Feb 95 D9 1 1 1 1 1 1 1 1 8 1 1

2 Feb 95 XO 0 1 1 1 1 0 1 0 5 1 1

6  Feb 951 XI 2 4 3 1 1 2 3 1 17 3 3
7 Feb 952 X2 5 3 3 2 1 3 3 1 2 1 3 3
8 Feb 953 X3 4 2 2 2 2 4 1 19 2 3
9 Feb 954 X4 3 2 2 2 1 3 1 1 15 2 2

10 Feb 95 X5 1 1 1 1 1 1 1 1 8 1 1

13 Feb 95s X6 4 2 2 1 1 3 2 17 2 2

14 Feb 95 X7 1 1 1 1 1 1 1 1 8 1 1

16 Feb 95 X 8 1 1 1 1 1 1 1 1 8 1 1

23 Feb 95 X9 1 1 1 1 1 0 1 6 1 1

2 Mar 95 VO 1 1 1 1 1 0 1 1 7 1 1

9 Mar 95 VI 1 1 1 1 1 1 1 1 8 1 1
23 Mar 956 V2 2 2 1 2 0

24 Mar 95 V3 1 1 1 1 1 1 1 1 8 1 1

4 Apr 95 V4 1 1 1 1 1 1 1 2 9 1 1
12 Apr 95 V5 1 1 1 1 2 1 2 2 11 1 1

22 May 95 0 1 1

Table 5.3 Arlesey AE & inclinometer monitoring history
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a

Arlesey, Bedfordshire

Figure 5.1 Geographical Position of Arlesey, Bedfordshire UK
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Figure 5.3

cut 1 cut 6

23 4 5

0 2.5m

° Inclinometer j 
Wave Guide

e © 5
e 6

□
2

. 2

3

7

Arlesey test slope, instrument positions and six test cuts. The site and instrument 

positions were surveyed on 18 October 1994 and the cuts on 3  February 1995.

174



Fi
gu

re
 

5.4
 

In
st

ru
m

en
t 

m
on

ito
ri

ng
 

sh
or

tly
 

af
te

r 
in

st
al

la
ti

on
. 

N
ot

e 
ve

ry
 

w
et

 
sit

e 
co

n
d

it
io

n
s.



a Inclinometer 
o Wave Guide

0 5m
 1_____ I

Figure 5.5 Site plan and line of section after survey 3 February 1995
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Figure 5.6 Slope profiles after survey 3 February 1995
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Figure 5.8 Slope profiles after survey 3 February 1995
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---------------------------------------------------------------~·~------------------------------------------------------~-------------------

Figure 5.11 Failure which occurred after cut 5 but which was cleared before cut 6 
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Change in Mean Deviation (mm)
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Figure 5.13 Arlesey Change in Mean Deviation Inclinometer 1
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Figure 5.14 Arlesey Change in Mean Deviation Inclinometer 2
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Figure 5.15 Arlesey Displacement Profile Inclinometer 1
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Figure 5.16 Arlesey Displacement Profile Inclinometer 2
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1—  inclinometer 1 

j.—  inclinometer 2
4.0 n

3.5-

3.0-
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&
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Figure 5.17 Arlesey change in mean deviation for inclinometer 1 (at depth 1.5m) and 
inclinometer 2 ( at depth 0 metres). The upper plot illustrates the entire test period and indicates 
cuts 1, 5 & 6 . The lower plot focuses on the main test period and indicates cuts 1,2, 3, 4 & 5.
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Figure 5.18 Arlesey displacement profile for inclinometer 1 (at depth 1.0m) and inclinometer 
2 (at depth 0m). The upper plot illustrates the entire test period and indicates cuts 1, 5 & 6 . The 
lower plot focuses on the main test period and indicates cuts 1, 2, 3, 4 & 5.
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Figure 5.19 Arlesey AE mean signal value WGs 1 & 7. The upper plot illustrates the entire
test period and indicates cuts 1, 5 & 6. The lower plot focuses on the main test period and
indicates cuts 1, 2, 3, 4 & 5.
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Figure 5.20 Arlesey AE mean signal values WGs 2 & 7. The upper plot illustrates the entire
test period and indicates cuts 1, 5 & 6. The lower plot focuses on the main test period and
indicates cuts 1, 2, 3, 4 & 5.
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"igure 5.21 Arlesey mean signal value WGs 3 & 7. The upper plot illustrates the entire test
period and indicates cuts 1, 5 & 6. The lower plot focuses on the main test period and indicates
cuts 1, 2, 3 ,4  & 5.
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Figure 5.22 Arlesey AE mean signal value WGs 4 & 7. The upper plot illustrates the entire
test period and indicates cuts 1, 5 & 6. The lower plot focuses on the main test period and
indicates cuts 1, 2, 3, 4 & 5.
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Figure 5.23 Arlesey AE mean signal value WGs 5 & 7. The upper plot illustrates the entire
test period and indicates cuts 1, 5 & 6. The lower plot focuses on the main test period and
indicates cuts 1, 2, 3, 4 & 5.
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Figure 5.24 Arlesey AE mean signal value WGs i & 7. The upper plot illustrates the entire
test period and indicates cuts 1, 5 & 6. The lower plot focuses on the main test period and
indicates cuts 1, 2, 3, 4 & 5.
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Figure 5.25 Arlesey AE mean signal values WGs 1, 2 & 3. The upper plot illustrates the
entire test period and indicates cuts 1, 5 & 6. The lower plot focuses on the main test period and
indicates cuts 1, 2, 3, 4 & 5.
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Figure 5.26 Arlesey AE mean signal values WGs 1, 2 & 3 and II displacement profile at 1.0 

metre depth for period between cuts 5 & 6
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Figure 5.27 Arlesey AE mean signal values WGs 1, 2 & 3 and inclinometer 1 displacement 

profile depth 1 .0  metre for period following cut 6
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Figure 5.28 Arlesey AE mean signal values WGs 2 & 5. The upper plot illustrates the entire
test period and indicates cuts 1, 5 & 6. The lower plot focuses on the main test period and
indicates cuts 1, 2, 3, 4 & 5.
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Figure 5.29 Arlesey AE standard deviation WGs 2 & 5. The upper plot illustrates the entire
test period and indicates cuts 1, 5 & 6. The lower plot focuses on the main test period and
indicates cuts 1, 2, 3, 4 & 5.
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Figure 5.30 Arlesey AE mean signal value, standard deviation, root mean square WG2. The
upper plot illustrates the entire test period and indicates cuts 1, 5 & 6. The lower plot focuses on
the main test period and indicates cuts 1, 2, 3, 4 & 5.
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Figure 5.31 Arlesey AE standard deviation WGs 1, 2 & 3. The upper plot illustrates the
entire test period and indicates cuts 1, 5 & 6. The lower plot focuses on the main test period and
indicates cuts 1, 2, 3, 4 & 5.
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Figure 5.32 Arlesey AE mean signal values post- threshold WGs 1 & 2. The upper plot
illustrates the entire test period and indicates cuts 1, 5 & 6. The lower plot focuses on the main
test period and indicates cuts 1, 2, 3, 4 & 5.
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Figure 5.33 Arlesey AE standard deviation post-threshold WGs 1 & 2. The upper plot
illustrates the entire test period and indicates cuts 1, 5 & 6. The lower plot focuses on the main
test period and indicates cuts 1, 2, 3, 4 & 5.
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Figure 5.34 Arlesey AE standard deviation post-threshold WGs 4 & 7. The upper plot
illustrates the entire test period and indicates cuts 1, 5 & 6. The lower plot focuses on the main
test period and indicates cuts 1, 2, 3, 4 & 5.
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Figure 5.35 Arlesey mean signal value bulk data & standard deviation post-threshold WG2.
The upper plot illustrates the entire test period and indicates cuts 1, 5 & 6. The lower plot
focuses on the main test period and indicates cuts 1, 2, 3, 4 & 5.
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Figure 5.36 Arlesey AE standard deviation post-threshold WG 1 Cuts 1-2 
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Figure 5.41 Arlesey AE mean signal values electronic noise & WG 7. The upper plot
illustrates the entire test period and indicates cuts 1, 5 & 6. The lower plot focuses on the main
test period and indicates cuts 1, 2, 3, 4 & 5.
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Figure 5.42 Arlesey AE standard deviation post-threshold electronic noise & WG7. The
upper plot illustrates the entire test period and indicates cuts 1, 5 & 6. The lower plot focuses on
the main test period and indicates cuts 1, 2, 3, 4 & 5.
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Chapter 6

Implications of Cowden and Arlesey Results 

for Acoustic Emission Monitoring in the Field

6.1 Introduction

This chapter draws on the field test results obtained from both Cowden (Chapter 4) and Arlesey 

(Chapter 5). It attempts to amalgamate and explain the findings by the presentation of a single 

descriptive model.

Section 6.2 considers the nature of the emission (i.e. the constituent components of a captured 

emission) and section 6.3 discusses the evidence acquired in support of the active wave guide 

model. Section 6.4 examines the application of AE to deformation monitoring while section 6.5 

considers the implications for AE generation mechanisms of the different results obtained by 

using different processing techniques. Finally, section 6 .6  summarises the field test findings, 

describes the physical model and discusses some guidelines as to the design of AE monitoring 

systems tailored to suit particular geotechnical situations.

6.2 The Nature of the Emission

It is postulated that a captured emission consists of the combined effects of one or more of the 

following sources:-

■ Airborne background noise

■ Electronic noise and interference

■ Noise due to the constructional features of the wave guide

■ Emission related to deformation of the slope

Obviously it is only the final source which is of use, however it is important to appreciate the 

possible existence of the other three.
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As has already been demonstrated airborne background noise does not appear to have presented 

a problem in this investigation (section 5.6.6) but it is important to appreciate that it could. Also, 

it may be suggested that the wave guide covers could have been dispensed with. However the 

wave guide covers did afford protection against wind blown debris striking the wave guide 

which, in turn, could have generated erroneous emission. In fact this would have been something 

of a problem at Cowden (where fragments of loose vegetation and particles of top-soil were 

blown about by coastal breezes) had the wave guide covers not been used.

It can only be speculated as to why the control wave guide at Arlesey regularly recorded mean 

signal values of greater magnitude in the pre-test period than was recorded from the inclinometer 

during the test period. The fact that the aluminium inclinometer consistently generated a lower 

magnitude emission than all the steel wave guides suggests that it may be a poorer generator (see 

part ii) and/or poorer propagator of sound. However the control wave guide was installed so far 

back from the face of the slope that it could not be suffering the effects of deformation and 

certainly not in the pre-test period. The question then arises as to how the control wave guide 

could at times generate more noise than other wave guides. This would suggest that some form 

of mechanism, as a result of the design of the wave guide, was responsible for generating this 

constructional noise. This could have been due to sporadic settlement of the control wave 

guide’s sand backfill which was not compacted down (section 5.3.2) or, perhaps, to some 

interaction at the transducer-wave guide interface. It should be noted that, had the control wave 

guide been designed as a grout-backfilled aluminium inclinometer casing, then the apparent 

level of emission recorded by the gauge wave guides would have been inflated and would have 

been erroneously attributed to deformation.

If there was a genuine element of the emission generated due to some constructional feature of 

the wave guide then it is reasonable to expect differences in the magnitudes of the mean signal 

values recorded in the pre-test period for different wave guide designs. Of the eight pre-test 

readings for which there is a complete record the control wave guide produces a smaller 

magnitude mean signal value than wave guides 2 and 5 (both sand backfilled) on seven 

occasions; a smaller magnitude than wave guide 1 (gravel backfilled) on six occasions; a smaller 

magnitude than wave guide 3 (grout backfilled) on five occasions and a smaller magnitude than 

wave guide 4 (driven) on only four occasions. This would appear to lend support to the idea of 

constructional noise being generated as a result of a wave guide - backfill interaction. 

Unfortunately, however, due to the initial slope failure in the pre-test period (as detailed in
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section 5 .4 .3 ), there is always the possibility that the gauge wave guides were subjected to some 

degree of deformation.

6.3 The Active Wave Guide Model

6.3.1 Evidence for the Active Wave Guide Model

In section 3.3 two models {active and passive), which have been used to explain the operational 

behaviour of the field wave guide, were described. This section examines some evidence which 

suggests that the active wave guide model (in this investigation) is the more appropriate.

In section 2.4.2 the results of previous studies into attenuation in soils were examined and, in 

particular, work by Nyborg et ah (1950) concentrated within the frequency range of 10 to 

100kHz for a number of soil conditions. From figure 2.30, an ultra-conservative estimate of the 

attenuation suffered by a natural in-situ soil within this frequency range is ldBcm ' 1 (lOOdBm' 1 or 

30dbft_1). Additionally, examination of figure 4.9 (which depicts the Cowden site and developed 

shear plane) reveals that wave guides 5 and 12 (the control wave guide) lie along a line which is 

almost perpendicular to the shear plane where it cuts the surface. It has already been 

demonstrated (sections 4.5.2) that wave guide 12 at Cowden responded to deformation. (The 

good correlation between increased levels of AE, the increase in movement rates and the rapid 

drop in water level measured in inclinometer 1 - section 4.5.3). Wave guide 5 and wave guide 12 

(which are of identical design) are separated by approximately 3m. If, therefore, the passive 

wave guide model were the more appropriate then an emission generated at the shear plane 

would need to propagate through the soil body to both wave guide 5 and 12. This would result in 

a reduction in the magnitude of a signal travelling between the two wave guides of some 300dB 

which, in turn, equates to a ratio between the magnitude of the signals passing each wave guide 

of 1 0 15!

Similar examples can be derived using wave guide 1 at Cowden and wave guides 2, 5 and 12 at 

Arlesey where the control wave guide is separated from the gauge wave guides by approximately 

15 metres. Although the situation is complicated by (a) the existence of background noise, (b) 

periodic sampling of the signal and (c) the inability to monitor more than one wave guide at a 

time, the fact that the control wave guide has responded to ground deformations means that, had
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the signal travelled through the soil as an acoustic medium, some very large signal magnitudes 

should have been recorded by those wave guides adjacent to a zone of deformation (passive 

model). This should have resulted in much of the data collected from gauge wave guides 

exceeding the 5 volt ceiling and ‘washing-out5 the signal. In fact, this only occurred very rarely 

at Cowden and never at Arlesey (it should also be noted that there is no reason why the active 

model should not generate signals which, similarly, exceed the 5 volt ceiling). It is this similarity 

between the magnitudes of signals recorded at gauge and control wave guides (especially when 

considering the very large attenuation in soil) which strongly suggests that the emission is 

generated locally (by an interaction between the metal of a wave guide and its backfill) and that 

the active wave guide model is the more appropriate.

6.3.2 Pedogenic Acoustic Emission

Despite the discussion of the previous section, it must be acknowledged that pedogenic AE (i.e. 

AE generated by the deforming host soil as a result of inter-particle action) probably exists and 

that the wave guides may also be capable of acting in accordance with the passive wave guide 

model. However, the findings of section 6.3.1 indicate that any such pedogenic AE (in this 

investigation) is either insignificant or goes undetected to the point where all detected AE can be 

explained by reference to the active wave guide model. One reason as to why pedogenic AE 

appears to be such an insignificant factor is the sensitivity of the acoustic sensor used (a 30kHz 

peak resonance piezoelectric acoustic transducer - section 3.2.1). Other investigations, for 

example Rouse et a t (1991a, 1991b) and Styles et al. (1988), used sensors sensitive to 

frequencies up to approximately 6 kHz (section 2.5). The results of these investigations indicated 

that the passive wave guide model was the more appropriate.

As attenuation increases with increasing frequency (section 2.4.2), it is to be expected that 

increasing the frequency range examined would lead to a decrease in the level of pedogenic AE 

detected. This may serve to indicate the effect of examining different frequencies; a parameter 

not investigated in this study. However (when comparing field studies) it is difficult to consider 

this, or any other, individual aspect in isolation. Different soils suffer different levels of 

attenuation, so the nature of the host soil will exert some control over the capacity of a wave 

guide to detect pedogenic AE. Wave guide design also imposes considerable control over the 

ability of the wave guide to act either actively or passively. It has been shown that wave guides

217



designed as steel tubes with a sand or gravel backfill generate AE actively whereas it is likely 

that driven or grout backfilled wave guides (in clay soils) would be more receptive to pedogenic 

AE. (This is due to the good contact with the host soil afforded by driven wave guides and the 

similarity in propagating media for grout backfilled wave guides in clay soils). However, it 

should also be appreciated that wave guides designed to act passively are also capable of 

generating AE in accordance with the active wave guide model.

The apparent capacity of a wave guide to generate AE actively or capture it passively is, 

therefore, primarily dependent upon the design of the wave guide and the frequency bandwidth 

examined. (For example, examination of any of the grout backfilled wave guides in this 

investigation at a frequency of, say, 6 kHz may have detected pedogenic AE). Whether a system 

is primarily concerned with the generation of active AE or the capture of passive AE is largely a 

matter of design. Ideally, active systems would employ noisy wave guide designs situated in (or 

close to) zones of deformation and higher frequency ranges would be examined; passive systems 

would employ quiet wave guide designs situated away from zones of deformation (making 

appropriate allowances for attenuation in the soil) and lower frequency ranges would be 

examined. Ultimately, which system is adopted is, currently, largely a case of personal 

preference. However site factors, such as ambient acoustic noise and the nature of the soil, will 

also influence the decision. (It should, however, be appreciated that nothing, as yet, is known of 

the frequency content of actively generated AE and all discussion of active AE is based on the 

findings of this investigation).

It is, therefore, possible that wave guides designed to generate active AE may detect spurious 

passive AE. However, based on the findings of this investigation, there is 110 evidence to suggest 

that this has occurred. There is also a possibility that passive AE may cause a disturbance to the 

backfill of a wave guide which could generate detectable active AE although, owing to the small 

wave amplitude of the passive AE, this is considered unlikely. Equally, passive wave guides may 

generate active AE but multi-channel approaches (where a number of wave guides are monitored 

concurrently) would enable removal of these spurious events.

The fact that wave guides probably have the capacity to both generate active AE and detect 

passive AE gives rise to the notion of a hybrid wave guide. Although no attempt at 

characterisation of the field captured AE (other than fairly rudimentary examinations of event 

magnitude and amplitude distributions) has been attempted by this investigation, other
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investigations such as Rouse et a l (1991a, 1991b) and Styles et a l  (1988) (section 2.5) have 

identified a number of different pedogenic AE events. If, therefore, active and passive AE can be 

both detected and distinguished then a hybrid wave guide may have some interesting 

applications. At this stage, however, any suggested use of such a hybrid wave guide would be 

highly speculative and it is likely that wave guide design would be tailored to restrict AE to 

either actively generated or passively acquired.

In section 2.5 a number of field investigations were summarised and it is interesting to reassess 

the findings in lieu of the above discussion. Unfortunately, there are few instances where wave 

guide design is detailed (particularly in terms of active/passive design) and there appears to have 

been little attempt to understand it’s operation in the field. From the available information, most 

investigations appear to have examined low frequency ranges (up to approximately 10kHz) and 

in soil which (generally) had a significant non-clay element. Without knowledge of the exact 

wave guide design it is difficult to comment on the origin of the AE but, despite the low 

frequencies examined, it is considered likely that the AE was generated actively (reflecting the 

significant non-clay element) and that this was the over-riding factor. Notable exceptions are the 

works by Rouse et al. (1991a, 1991b) and Styles et a l (1988), where a multi-channel approach 

facilitated the elimination of all but pedogenic AE. Additionally, the resin and glass fibre 

composite wave guide described by Nakajima et al. (1995) also generated AE actively.

Finally, it is interesting to note that no previous investigation appears to have utilised a control 

wave guide, except Fisher & Yorke (1964) who employed a ‘reference’ borehole (section 2.5).

The design of the active wave guide is discussed further in section 6 .6 .

6.4 Application of Acoustic Emission to Deformation Monitoring

It has been established that the AE is produced by an interaction between the metal of the wave 

guide and its backfill in response to the deformation of the slope within which it is installed. The 

wave guide assemblage therefore acts as a large strain-gauge with the deformation of the slope 

acting as the driving mechanism. From the results presented in the preceding sections it is 

evident that all wave guide designs are capable of producing a deformation induced emission. 

However it is equally evident, by considering signal magnitude and the response to the Arlesey
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test cuts, that the sand and gravel backfilled wave guides produce the best responses. It can be 

envisaged that, following some disturbance to the equilibrium, the sand or gravel settles around 

the metal of the wave guide so generating an emission. It is also reasonable to suggest that, for a 

uniformly compacted backfill, the emission should initially be of a greater magnitude which 

gradually reduces with time to zero (as the backfill adjusts to the new equilibrium) unless there 

is another input from the deforming slope. (Although, in practice this may not be the case as a 

disturbance may cause the unravelling of voids etc., created when the backfill was first placed 

around the wave guide). Clearly sand and gravel particles, being hard and rigid, will generate 

emission of a greater magnitude through frictional contact with the metal wave guide than will 

the softer, more deformable, clay particles present in grout backfilled and driven wave guides.

There are two distinct applications for the use of AE to monitor the onset of slope instability:-

■ As a means of routinely monitoring and measuring the gradual reduction in stability of 

the slope

■ As a means of generating an immediate alarm in response to a severe disturbance to the 

stability of the slope

The Cowden study demonstrated the potential use of AE in routine monitoring where mean 

signal value (figure 4.19), standard deviation (figure 4.23 top) and cumulative area under the 

curve (figure 4.23 bottom) all depicted a generally rising trend, similar to that recorded by the 

inclinometers. Also, during the period between cuts 5 and 6  at Arlesey where a period of steady 

deterioration in the stability of the slope has already been identified, it has been demonstrated 

that the AE also reflects this rising trend; and, in both cases, it is the sand backfilled wave guides 

which appear to have responded the most appropriately in reflecting this gradual onset of 

instability. It has to be remembered that, because the interaction between wave guide and 

backfill (and hence the level of emission) will tend to diminish with time unless there is further 

input from the destabilising slope, that the level of recorded emission is highly dependent upon 

when the wave guide is monitored. At Cowden, for example, wave guides were generally read 

once a week. However the results in this respect are still promising but it is still (presently) a
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purely qualitative indicator and quantification of the signal is beyond the scope of this 

investigation.

The Arlesey study demonstrates the way in which AE is capable of delivering an immediate 

response to sudden and severe changes in the stability of the slope. Section 5.6.4 has already 

looked at the relationship between the times of the AE response and the cuts where it was shown 

that, particularly for the first two cuts, there tended to be an immediate high response which 

gradually returned to background noise levels. This behaviour is consistent with the active wave 

guide model already described. In fact, for wave guide 2 (sand backfill), much higher levels of 

AE were recorded some 14 minutes prior to the first cut being made. This apparent anomaly can 

be explained by the presence of the excavator moving around at the base of the slope and 

provides a clue to one mechanism responsible for the generation of AE. In fact, it is suggested 

that low frequency vibrations generated by the excavator have propagated through the soil and 

disturbed the backfill causing some settlement (and therefore emission) to occur. This would 

also explain how the Arlesey control wave guide, some 16 metres away from the slope face, had 

also apparently suffered deformation. The diminished AE responses to cuts 2 and 3 can also be 

explained by this in conjunction with the active wave guide model. If vibration has caused 

settlement to occur around a wave guide then the capacity for further settlement has obviously 

been reduced. As a result, therefore, it is only AE captured as the early test cuts were being made 

(or immediately afterwards) that is likely to have been influenced by this vibration-induced 

settlement.

6.5 Data Processing Technique

Various data processing techniques are available but (as demonstrated) some appear to be better 

at distinguishing between periods of perceived activity and inactivity than others. Alternative 

processing techniques do, however, allow the same data to be viewed from a different 

perspective which, in turn, permits deductions to be made concerning the mechanism of AE 

generation.

Figures 6.1 - 6.4 depict the mean and standard deviation of both the bulk and post-threshold data 

for wave guides 1 and 2. It is evident that the mean signal value of the bulk data (figure 6.1) 

produces the poorest response but, nevertheless, there are still three very large peaks following
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cuts 4 and 5. These values are calculated as the arithmetic mean of all 900,000 data points within 

a data set and, as a small number of genuine emission would fail to have much effect on the 

mean value, their relatively high magnitude clearly indicate a period of longer, more sustained 

activity. There is also a general contrast between the responses derived by the bulk and post­

threshold analysis techniques. The bulk analyses (figures 6.1 & 6.2) produce a response profile 

which tends to increase across the test period cut 1 to cut 5, whereas the post-threshold analyses 

(figures 6.3 & 6.4) produce a response profile which tends to decrease across the same period. 

The post-threshold analyses also tend to produce distinctive responses to cut 6 . (The post­

threshold analyses are performed on data greater than or equal to 0 .1 1  volts but this takes no 

account of the number of data points which fall into this category).

Calculation of the mean signal value of the post-threshold data (figure 6.3) produces a number of 

distinct peaks in response to the early test cuts which are indeterminable or non-existent from 

calculation of the bulk mean value (figure 6.1). This clearly indicates that the early test data 

contains a relatively small number of high value data points as opposed to the later test data 

which consists of a relatively large number of smaller magnitude data points.

6.6 Summary of Field Acoustic Emission Results

The relationship between the time of the response to the time of an Arlesey test cut has already 

been discussed in section 5.6.4 where it was demonstrated that this aspect also exhibited a 

change in nature across the test period. It should be appreciated, although only one mechanism 

(i.e. wave guide - backfill interaction) has been identified as being responsible for the generation 

of AE, that more than one mechanism may be responsible for creating such an interaction in the 

first place. If the findings of Chapters 4, 5 and 6  are combined then this produces a final 

descriptive model in which the AE response can be broadly grouped into two categories. These, 

together with a summary of the evidence for each, are as follows:-

(a) Initial responses to early cuts which are possibly caused by vibrations from the excavator 

propagating through the soil but which could equally well have been caused by any sudden and 

major disturbance to the equilibrium of the slope. The emission tends to consist of intermittent 

bursts of relatively high value data immediately following a cut but only lasts for a limited 

period of time. It is likely that the emission is generated by the backfill settling around the metal
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of the wave guide and so capacity for generation of this type of emission is limited. Evidence: 

low mean value (bulk data), high mean value (post-threshold data), small number o f post­

threshold data points, close association o f  emission with an Arlesey test cut, tendency o f  

emission to return to background noise levels relatively quickly.

(b) Responses to later cuts and to slow natural degradation processes. The emission tends to 

consist of more sustained, relatively low value data and does not immediately follow a particular 

cut (Arlesey). Evidence: high mean value (bulk data), low mean value (post-threshold data), 

high number o f  post-threshold data points, emission not immediately associated with a 

particular Arlesey test cut.

The evidence from Cowden suggests that sand backfilled wave guides are more suited to 

conditions where there is a slow and gradual degradation in the stability of the slope. Although it 

is not clear from the Arlesey study there is some evidence to support this (see figure 6.4 where 

the dominant response across cuts 4 and 5 is given by wave guide 2). However it is evident that 

the best response to the early test cuts is generally provided by wave guide 1 (gravel backfill).

Figure 6.5 is an alternative look at the Arlesey data. This plots the average number of post­

threshold data points per event against the total number of post-threshold data points and the 

numbers written beside some of the plotted data refer to the test cuts preceding their acquisition. 

(An event is defined as any number, including one, of consecutive data points greater than, or 

equal to, the threshold of 0.11 volts). The plot appears to separate out into two limbs. As is seen 

the upper limb (which is an extension of the majority of the data) consists mainly of data related 

to the earlier cuts whereas the lower limb consists of data mainly associated with later cuts. This 

is a very interesting result as it implies that, by collecting a specific number of post-threshold 

data points, it is possible to distinguish between the two proposed different causes of disturbance 

to the wave guide backfill by calculating the number of events within which the data points are 

contained. Essentially this is a simple measure of event magnitude, expressed in terms of the 

number of constituent data points in the event.

Figure 6 .6  plots the same data as in figure 6.5 but in the form of number of events as a function 

of the number of post-threshold data points (plotted as logio). Although not as defined as figure 

6.5, it is evident that the data plot onto two distinct gradients. The lower line, formed of 

responses to earlier test cuts, implies events consisting of (relatively) large numbers of data
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points while the upper line, formed of responses to later test cuts, implies events consisting of 

(relatively) small numbers of data points.

Figure 6.7 shows the results of performing a similar calculation (as in figure 6.5) on fifty-one 

standard data sets (180,000 data points) captured at Cowden and it is evident that the points all 

follow a similar trend. Considering that the emission at Cowden is likely to have been generated 

in response to natural degradation of the slope (a single mechanism) this result is consistent with 

Arlesey. However it should be noted that the Arlesey sample is much bigger (900,000 data 

points) and the 0.11 volt threshold used for Arlesey compares with a 0.05 volt threshold used for 

the Cowden data. (Compare the scales of figures 6.5 and 6.7)

In fact an attempt at a direct comparison of the Arlesey and Cowden data can be made by 

multiplying the number of post-threshold data points acquired at Cowden by a factor of five. 

This has the effect of increasing the Cowden sample size of 180,000 data points to 900,000. 

However, the average number o f  data points per event will remain unchanged if, as is assumed, 

the original sample of 180,000 data points is a representative sample. This, therefore, merely has 

the effect of moving the Cowden data along the x-axis away from the origin. A plot, illustrating 

both the Arlesey and adjusted Cowden data, is shown in figure 6 .8  from which it is seen that 

there is a reasonably good correlation between the Cowden data and the lower limb of that 

acquired from Arlesey.

The discrepancy in the value of the thresholds (mentioned above) reflects a general difference in 

the magnitudes of the emission captured from both sites. This is illustrated in figure 6.9 which 

plots the mean signal values of the control wave guides from both Cowden (wave guide 12) and 

Arlesey (wave guide 7). There is no apparent reason why this variance in the signal levels should 

exist. Airborne background noise has already been discounted and constructional noise should be 

consistent. In fact, pre-test noise levels at Arlesey should, if anything, be less than those at 

Cowden but, although this is true for two data points, the majority of the Arlesey magnitudes are 

much greater. It could be explained by a change in the sensitivity of the electrical system. 

However there is no evidence to suggest that any such change occurred part way through either 

the Cowden or Arlesey tests despite both lasting approximately six months; so there is no reason 

to suspect that it should change between tests. Note that the disparity in the number of bar graphs 

in figure 6.9 (between Arlesey and Cowden) reflects the difference in the number of data sets 

acquired from each control wave guide.
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The results from Arlesey suggest that a gravel backfilled wave guide would best fulfil the role of 

delivering an immediate response to a sudden disturbance in the stability of the slope. This is 

because it appears to generate a (relatively) high magnitude emission of short duration (when 

compared to a sand backfilled wave guide). At Cowden, where deformation (due to natural 

processes) occurred at relatively slow but progressive rates, the sand backfill proved the most 

productive. However, this is probably because the sand backfill remained ‘disturbed’ and 

therefore emissive for a longer period of time. The gravel backfill may have produced high 

magnitude emission which went undetected because, as monitoring consisted of a three minute 

acquisition once a week, the operator simply was not there to capture it. This contrasts with the 

findings of the Arlesey test, where the monitoring routine was planned in conjunction with the 

cuts to the slope, which resulted in a better apparent response from the gravel backfilled wave 

guide.

Figure 6.10 depicts amplitude distributions of the event mean magnitude for wave guides 1 and 2 

obtained from AE files acquired both immediately following cut 1 (day X I) and the day after cut 

5 (day X7). It is evident that larger magnitude data were recorded from both wave guides in 

response to cut 1 than were recorded during the day following cut 5. However, it is also evident 

that much greater numbers of data were recorded during day X7 than were recorded following 

cut 1. This processing technique merely serves to emphasise much of what has already been 

determined and does not appear to reveal anything new. (i.e. there is no difference between the 

amplitude distributions of events captured in response to early test cuts and those captured in 

response to later test cuts).

It is envisaged that a practical AE system would need to monitor continuously and it must be 

recognised that this represents a significant departure from the monitoring philosophy employed 

in this investigation. However, it is possible to identify certain characteristics of an active wave 

guide system. It should generate emission in response to deformation either by a wave guide - 

backfill interaction (this investigation) or by some other mechanism (e.g. Nakajima et al. 1995). 

It has been demonstrated that the mineralogy and the particle size of the backfill affects the 

nature of the active AE and it is likely that the density to which it is compacted will affect it also. 

Finally, relatively high frequency bandwidths should be examined in order to reduce and 

minimise the effects of pedogenic AE and background noise. Active wave guide design is, 

therefore, based on a consideration of wave guide material, particle mineralogy and particle size 

(distribution) of backfill, density of backfill and monitoring frequency. (Note that the
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performance of an active wave guide is also dependent upon the positioning of the wave guide 

relative to any zone of deformation). Using these parameters it is anticipated that wave guides 

can be designed to either (a) continuously monitor the onset of progressive failure or (b) to 

remain noil-emissive until a disturbance of a sufficient (and predetermined) magnitude occurs.

The findings also suggest that it is possible to dispense with the need for a control wave guide. 

This has important implications because it means that a section of slope (such as a coastal cliff 

section or railway embankment etc.) can be instrumented with a line of active wave guides, each 

of which is monitored continuously by dedicated circuitry, and each of which is capable of 

generating an alarm to a remote monitoring station. Any one of the processing techniques 

considered could be utilised as an alarm . As an example, a potentially useful trigger is provided 

by a comparison of ‘bulk’ and post-threshold data standard deviations (figure 6.11) where it is 

seen that in the pre-test period the signals are coincident but diverge in the test period. (In fact, 

the standard deviation tends to offer the larger voltage ranges while root mean square offers the 

higher voltages).
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Figure 6.1 Arlesey AE mean signal values bulk data WGs 1 & 2. The upper plot illustrates
the entire test period and indicates cuts 1, 5 & 6. The lower plot focuses on the main test period
and indicates cuts 1, 2, 3, 4 & 5.
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Figure 6.2 Arlesey AE standard deviation bulk data WGs 1 & 2. The upper plot illustrates
the entire test period and indicates cuts 1, 5 & 6. The lower plot focuses on the main test period
and indicates cuts 1, 2, 3, 4 & 5.
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Figure 6.3 Arlesey AE mean signal values post-threshold WGs 1 & 2. The upper plot
illustrates the entire test period and indicates cuts 1, 5 & 6. The lower plot focuses on the main
test period and indicates cuts 1, 2, 3, 4 & 5.
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Chapter 7

The Laboratory Test Programme

7.1 Introduction

This chapter presents the results of a series of laboratory based experiments which attempt to 

explore the relationship between the deformation characteristics of a body of soil and the 

generated acoustic emission. The bulk of the programme involved the testing to failure of a 

number of soil types in triaxial compression at various cell pressures and under different 

drainage conditions. Section 7.2 describes the triaxial test apparatus, how it operated and how it 

interfaced with the AE capture system. Section 7.3 details the software components which drove 

and monitored the system. Section 7.4 deals with the test soils used and section 7.5 outlines the 

triaxial test procedure.

Consolidation tests (using the triaxial test apparatus) were also conducted in an attempt to 

demonstrate the Kaiser effect and the test procedure is dealt with in section 7.6. Additionally a 

number of ‘box’ tests have been carried out, in which it is attempted to replicate the perceived 

role of the wave guide (section 6.3) in the laboratory and these are described in section 7.7.

The results are presented and discussed in sections 7.8, 7.9, 7.10 and 7.11 before the main 

findings are summarised in section 7.12.

It should be appreciated at the outset that this investigation has been primarily concerned with 

P field generated acoustic emission and, as such, the monitoring system employed has reflected

this.
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7.2 Triaxial Test Apparatus

7.2.1 The Acoustic Emission Triaxial Testing System

The AE capture system was identical to that described in section 3.2 with the exception that the 

DacPac was powered directly from a mains supply rather than using its own internal battery. A 

schematic of the monitoring system described in section 3.2 is shown as the lower half of figure

7.1 and the additional equipment required to conduct the compression tests is shown as the upper 

half of figure 7.1. This additional equipment comprised a Bishop and Wesley triaxial cell (figure 

7.2), two GDS digital controllers (figure 7.3 depicts a digital controller) and another computer 

hereinafter referred to as the ‘PC’ in order to distinguish it from the notebook.

As the upper half of figure 7.1 indicates, a special base pedestal unit (constructed at The 

Nottingham Trent University) contained an AET 30kHz transducer (section 3.2.1) and the 

position of the transducer is also shown within the monitoring system in the lower half of figure

7.1 (in order to demonstrate how the two elements of the triaxial testing equipment combined).

A full description of the construction and use of the triaxial cell is given by Bishop and Wesley 

(1975). Menzies (1988) describes a system similar to that employed in this investigation 

whereby a Bishop and Wesley triaxial cell is driven by computer controlled digital controllers. 

As these two papers detail the design and operation of each system component, only a brief 

summary will be presented here.

Figure 7.2 depicts a schematic layout of the triaxial cell, in which a sample of soil was placed 

upon a piston which was capable of moving both upwards and downwards within the cell. 

Motion of the piston was effected by the hydraulic actuator connected to the pressure chamber 

and the cell pressure was generated and maintained by the hydraulic actuator connected to the 

cell (figures 7.1 and 7.3). As the piston was moved upwards the sample of soil was ‘squeezed’, 

generating both axial deformation and fluid pressure in the lower (pressure) chamber. The lower 

chamber pressure was recorded by the hydraulic actuator which, in turn, was read by the PC. 

This value was used to calculate the deviator stress, as shown in section 7.2.2. (An hydraulic 

actuator is a precision instrument which determines changes in the volume and pressure of a 

reservoir of fluid). The specific testing procedure used in this investigation is detailed in section

7.5.2.
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7.2.2 Relationship between the Principal Stresses and the Lower Chamber Pressure

The relationship between the lower chamber pressure and the principal stresses acting on the soil 

sample is obtained by considering the static equilibrium of the cell and is expressed in the 

following equation, the derivation of which is given by Bishop and Wesley (1975):-

pa  = G a.A + 07■(« -A ) + Mg

where p Lower Chamber Pressure
a a Axial Stress
CJr Radial Stress or Cell Pressure
a Bellofram Seal Area = 2,940mm2
A Current Sample Cross-Sectional Area
M Mass of Piston and Sample
g Acceleration due to gravity (9.81 ms'2)

Thus at any point in a test, and assuming that the sample deforms as a right regular cylinder, an 

equilibrium exists between the pressure in the lower chamber cell, the axial stress in the sample 

and the cell pressure acting over the balance of the bellojram seal area. The combined weight of 

the piston and sample is also included but, as its magnitude and the increase in magnitude it 

causes in the lower chamber pressure are both constant, its value can be regarded as zero 

providing that its effect on the lower chamber pressure is deducted. Once the lower chamber 

pressure has been determined (at a given strain), therefore, the axial and deviator stresses may be 

calculated.

7.2.3 Axial Strain Generation

As mentioned in section 7.2.1, the soil sample was ‘squeezed’ within the cell when fluid was 

pumped into the lower chamber by an hydraulic actuator. In fact, because the lower chamber 

effectively consisted of a cylinder of cross-sectional area 2,940mm2, the magnitude of vertical 

strain (in mm) is simply calculated as the result of dividing the expelled volume (in mm3) by 

2,940. This aspect was controlled by the ‘PC’ using specialist software written in ‘HT BASIC’. 

Only two input parameters, the target volume and the step, were required. The target volume, 

input in mm3, controlled the maximum extent of the strain and the step, input in ms mm'1,
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controlled the rate of strain. Specific values of the input parameters are discussed in section

7.3.2.

7.2.4 Axial Ram Friction

As the piston (or ram) was driven upwards generating axial strain within the soil sample, 

friction, which opposed the motion of the ram, was also developed. As any frictional resistance 

would cause the pressure in the lower chamber to increase, it was necessary to determine it’s 

magnitude. This was achieved by driving the piston, without a soil sample and without filling the 

cell, both upwards and then downwards and recording the pressure reading in the lower chamber 

at the end of travel. With no cell pressure and no axial stress, but allowing for frictional 

resistance to upward motion of the piston (F), the equation given in section 7.2.2 can be re­

written as follows:-

p \ a ~  Mg  + F

However, for downward motion, this equation can be written:-

p 2a = Mg - F

As the weight of the ram must be the same in both cases it is possible to rearrange and rewrite 

these equations as follows:-

P\a  - F  -  p 2a + F  

2F=p\  a - p 2a

or, more simply

F=(p\  -pi)/2

The bellofram seal area, a, is omitted from the final form of the equation in order to simplify it. 

This has the effect of expressing friction in the units of kPa.
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A series of tests was conducted, forcing the ram to travel a variety of distances in both 

directions, to establish the magnitude of the friction. These results are presented in table 7.1.

As only compression tests were conducted it is the values for friction in the upward direction 

which are of primary importance but even these are considered acceptable enough to render 

consideration of friction unnecessary. It should also be noted that the magnitudes of ram travel 

quoted in table 7.1 are after the ram had already been raised through 3.4mm. This is because it 

was discovered that developed friction recorded much higher values when the ram was operated 

from the base of the lower chamber.

7.3 Computer Interface with Triaxial Tests

7.3.1 Standard Laboratory Acoustic Emission Monitoring Routine

As the A-to-D board (section 3.2.5) was incapable of triggering on the event it was essential to 

acquire as large a sample as possible and, for the laboratory tests, this constituted the major 

constraint (section 3.4). Some 72MB of hard disc space was available for data and this limited 

the volume acquired during a single test to a maximum of 18,000,000 samples. It was also 

necessary to fully process the data set and remove it from the hard disc before another test could 

be conducted.

The boards inability to trigger on the event and the restricted available hard disc space also made 

it desirable to condense the time period over which the test was conducted. This is because, for a 

fixed volume of disc space available for data storage, a reduction in the length of the test 

effectively increases the percentage size of the sample. For example, the standard test lasted 

fifteen minutes and, with total space available for 18,000,000 samples, this equates to a sample 

rate of 20,000 samples per second. Acquiring data at the board’s maximum rate of 100kHz 

means that, by the end of the test, a sample representing 20% of the total data available had been 

captured. Had the tests lasted for, say, one hour then the equivalent figures would have been 

5,000 samples per second and a 5% sample of the total available data. Clearly it is preferable to 

obtain as large a sample as possible. However, it is also desirable to lengthen the test in order to 

reduce the rate of strain to better reflect genuine field strain rates. This resulted in the
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compromise standard test length of fifteen minutes which equated to a strain rate of 1.33mm per 

minute.

It is obviously necessary to relate the generated AE to the state of strain of the soil sample and 

this made it necessary to acquire the data in real time. This was not obligatory at either Cowden 

or Arlesey and, owing to the relatively small sample sizes, would not have been a problem 

anyway. However, in the laboratory tests, it necessitated the activation, in Viewdac, of the Check 

Schedule Tolerance toggle button and the input of a latency of 100 milli-seconds. This was a 

‘fail-safe’ device which ensured that the data was acquired on-time (as specified in the capture 

routine), subject to a tolerance of 1/10 of a second. If the routine had failed to cope then an error 

was generated and the acquisition stopped.

7.3.2 Triaxial Cell Control and Monitoring

As mentioned in section 7.3.1, the duration of a standard triaxial test was adopted as fifteen 

minutes. It was also decided to shear all samples by 20% of their original length and, as samples 

were originally 100mm in length (section 7.5.1), this determined a ram movement of 20mm. The 

two ‘PC’ input parameters were, therefore, calculated as follows:-

Target Volume = 2,940 x 20 = 58,800mm3 which is input as a negative value to instruct the 

hydraulic actuator that it is to expel that volume of water (into the lower chamber).

Step = 15 x 60 x 1000 / 58800 = 15 milli-seconds per mm3 (to the nearest integer).
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The Laboratory standard AE monitoring routine can be summarised as follows:-

■ The AE data consisted of 10,000 envelope waveform data points collected at a 100kHz 

data sampling rate, every one-half second for fifteen minutes - i.e. a 20% sample 

resulting in a file consisting of 18,000,000 data points (72MB) or 180 seconds of data

■ Total signal amplification of 92dB (x 39,811)

■ Unipolar acquisition of signal envelope

■ A standard triaxial test which involved straining a sample by 20% over a fifteen minute 

period (equivalent strain rate 1.33mm per minute)

■ Threshold applied post-capture during data processing of 2.5V (triaxial shear tests 

conducted on sands), 0.32V (triaxial shear tests conducted on clays) and 0.5V (box tests)

7.4 Test Soils

The main test soils used in this part of the investigation were three sands, whose particle size 

distribution (PSD) curves are shown in figure 7.4. The sands are identified as ‘Red’(because of 

it’s colour), ‘Arlesey’ (because it was used as the wave guide backfill at Arlesey) and Leighton 

Buzzard (a standard laboratory testing soil). Table 7.2 presents values (based on the PSD curves) 

for D]0, D 6o, and Cu. Di0 is defined as the largest particle size of the smallest 10% of the sample, 

D 6o as the largest particle size of the smallest 60% and C„ (called the uniformity coefficient) as 

D10/D60.

According to BS 5930, all three of the test sands are described as uniformly graded and each 

given the Group Symbol SPu. Despite this, however, it should be noted that there is a general 

trend of increasing particle size and decreasing uniformity coefficient from ‘Red’ to ‘Arlesey’ to 

Leighton Buzzard sand.

Two clays were also used in triaxial tests but, as will be seen in section 7.9.5, the results 

obtained were generally very poor. As such, the main purpose served by the these tests is as a 

comparison with those conducted on samples of sand. It is not, therefore, considered necessary 

(or appropriate) to provide full descriptions (to BS 5930) of the clay samples. However, for the 

purpose of identification, one sample was a remoulded Mercia Mudstone and the other was 

remoulded Gault Clay (collected from the Arlesey site).
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Box tests (sections 7.7 and 7.11) were also conducted using ‘Arlesey’ sand and a gravel (used as 

wave guide backfill at the Cowden site) in which over 82% of the particles were greater than 

6.3mm.

7.5 Triaxial Test Procedures

7.5.1 Soil Sample Formation

All soil samples used in the triaxial tests were reconstituted or formed (as opposed to being taken 

from in situ samples) and consisted of cylinders of soil 100mm long by 50mm in diameter. There 

were three different methods of sample formation, reflecting the different soil properties, and 

these are detailed in the following paragraphs. It should be noted that this section should be read 

in conjunction with the next which deals with the triaxial test procedure.

Two of the sands, ‘Arlesey’ and Leighton Buzzard, permitted rapid drainage and it was 

necessary to form these samples under water. This (obviously) was done in situ and necessitated 

the use of a drainage base pedestal (constructed from brass at The Nottingham Trent University) 

which was placed on top of the base pedestal containing the transducer. Having done this, a 

sheath was stretched over the drainage pedestal (upon which had already been placed a porous 

stone) and an ‘O-ring’ clip used to secure the sheath to the base pedestal. A sample former was 

then placed over the sheath which was, in turn, stretched within the sample former and folded 

back along it’s outside edge; the effect being to make the sheath as a tight fitting inner skin to the 

sample former. The drainage tap was then opened, allowing water to flow into the sheath from a 

burette. The sand was then ‘spooned’ into the sheath and periodically ‘tamped’ down with a 

piece of wooden doweling. (Note that this light ‘tamping’ technique was used for all samples in 

order to maintain a constant degree of compaction). Once the sample had reached 100mm in 

length, the sample cap was placed on it and the sheath pulled off the sample former and over the 

cap. The sheath was then secured to the cap with an ‘O-ring’ clip. Finally the burette was 

lowered from its original position to apply a negative pore water pressure and the drainage tap 

closed in order to preserve it. The sample former was then removed.

As described in section 7.2.1, the triaxial base pedestal had to be modified in order to 

accommodate the transducer within it. However, this, in turn, necessitated the ducting of co-axial
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cable from the transducer and through the side of the base pedestal. Unfortunately, the ducting ■[

interfered with the correct positioning of the sample former. The consequences of this were that %

it became impossible to ensure the accuracy of the sample height and diameter during formation. 4

Furthermore, it was also difficult to ‘tamp down’ the upper surfaces of the sample as the action 

largely resulted in the displacement of sand particles. As such, it is likely that ‘docking’ of the i

sample prior to testing also caused some compression. It is very difficult to assign precise 

numbers to these effects but it is the author’s opinion that both height and diameter of the sample ?

could only be formed to an accuracy of within approximately 2 - 3mm. j

Initially it was attempted to form samples of the ‘Red’ sand in exactly the same way as described 

for the other two sands. However, owing to its inability to facilitate drainage quickly enough 

(which probably reflects its smaller particle size and greater value of Cu), this proved impossible. 1

Samples of this sand, therefore, were simply formed by compacting it directly into a sample 

former in air (using the same technique as used for the other two sands - but in air). The finished 

sample (which was reasonably robust without any support) was then placed on the porous stone 5

over the drainage pedestal and the sample cap placed on top. Finally a sheath was secured 

around the sample using ‘O-ring’ clips. (Note that the drainage tap was kept closed to prevent the ■)

influx of water into the sample).

The bulk of the clay samples were formed by compacting the clay, in three stages, using a 2.5kg *

rammer in a Proctor mould (producing a sample 105mm in diameter). The first and second f

stages were each followed by 40 standard blows of the rammer and the third stage was followed 

by 65 standard blows. The resulting compacted clay was then cut down to the standard size *

(using a soil trimmer) and the sample set up on the base pedestal as described for ‘Red’ sand.

(Note that this compaction method was arbitrarily decided upon for this investigation and was 

used to form all clay samples tested. Also note that samples were not compacted at specific 

moisture contents; this aspect was only determined from samples subsequent to testing).

7.5.2 The Triaxial Test Procedure

1 The soil sample was formed and installed as described in section 7.5.1. Note that after \

this stage, the tap controlling drainage to and from the sample was kept closed until 

stage 5 (below) was reached.
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2 The lower chamber was connected to an hydraulic actuator, ensuring that no air entered 

the system (which contained de-aerated water only). The piston was then moved 

upwards a distance of 3.4mm by expelling 10,000mm3 from the actuator into the lower 

chamber. After verifying that the pressure in the lower chamber (as recorded by the 

actuator) was negligible, it was re-set to zero.

3 The cell was closed and filled with water. When full, the cell hydraulic actuator was

positioned alongside the cell drainage tap and the cell pressure (relative to the actuator) 

set to zero. The actuator was then connected to the cell and the tap opened. At this point, 

the pressure readings of both cell and lower chamber actuators were generally in the 

region of 4 - 6kPa.

4 The sample was ‘docked’ and the remaining system components, as depicted in figure

7.1, activated. (Note that the actuators had already been switched on and allowed to 

‘warm-up’ for two hours prior to being used).

5 The appropriate cell pressure was then generated by manually activating the cell

hydraulic actuator. Thereafter, for undrained tests, the sample drainage tap remained 

closed until the test had been completed. For consolidated undrained tests, once the 

required cell pressure had been reached, the sample drainage tap was opened and excess 

pore water allowed to flow out of the sample. Once it had re-attained equilibrium, the 

tap was closed and kept that way for the duration of the test. For drained tests, the 

sample drainage tap was opened after the cell pressure had been applied and left open 

for the duration of the test. Note that the pore water was allowed to re-attain equilibrium 

before the test was started. (Equilibrium had been regarded as having been re-attained 

when the level of water in the burette had become stabilised).

6 The Viewdac acquisition routine was initiated and the appropriate parameters input into

the PC (section 7.3.2). Both software elements were then activated simultaneously by the 

operator.
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7.6 Consolidation Test Procedure

When a normally consolidated body of soil is subjected to some degree of stress, it responds by 

straining. As soil is inelastic, if the stress is subsequently removed, not all of the strain is 

recovered. Therefore if the stress is reapplied, up to the point o f  previous maximum sfress, the 

soil body will be stiffer than it was initially (i.e. it will be over-consolidated). Beyond this point, 

however, it will behave as a normally consolidated body of soil. This difference in the stress- 

strain characteristics is also reflected in the generated acoustic emission in what is known as the 

Kaiser effect and four tests have been conducted to demonstrate this.

A sample of Leighton Buzzard sand was set up within the triaxial cell (as described in section 

7.5.1), on the drainage pedestal, and the sample drainage tap left open. The piston was moved up 

by 3.4mm (without straining the sample) and the cell actuator ramped to a cell pressure of 

25kPa. Four isotropic consolidation tests were then conducted by manually programming the cell 

actuator to ramp to a target cell pressure and back again (to the 25kPa cell pressure starting 

point) in a fifteen minute period. In each of the four tests the target pressure was 125, 225, 425, 

and 825kPa respectively. The same Viewdac routine as used for standard triaxial tests was 

employed and simultaneous activation with the manual ramping of the cell was, again, initiated 

by the operator. The fact that the Viewdac routine acquired the same number of samples over the 

same period of time but consolidation was made over an increasing stress range, has implications 

concerning the interpretation of the results. This is dealt with in more detail in section 7.10.

7.7 Box Tests

A number of tests were conducted in which it was attempted to simulate the behaviour of a metal 

wave guide interacting with a granular backfill. Figure 7.5 shows a schematic of the apparatus 

used in both plan and cross-section. Basically, a section of 50mm diameter steel tubing (as used 

in wave guides both at Cowden and Arlesey) had a piece of wooden doweling inserted through 

two holes drilled in one end. The assemblage was then installed into a rigid plastic box by 

positioning either end of the doweling through a hole drilled in either side of the box. The net 

effect was that the doweling acted as an axle, about which the section of steel tubing could 

rotate. The box was then filled (to the depth as shown in figure 7.5) with either ‘Arlesey’ sand or 

‘Cowden’ gravel, as tests were conducted on both. (Note that the lower end of the steel tubing
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was taped in order to prevent any backfill material rising upwards within it). Load was provided 

by means of a chord which passed through two holes drilled in the steel tubing (perpendicular to 

the direction of the axle) and to which was attached a load hanger. Weights were placed on the 

load hanger and the AE monitoring routine initiated (at the same time) by the operator. The AE 

routine was essentially the same as that used for previous consolidation and triaxial tests except 

that there was an in-built delay of 15 seconds between activation and acquisition of data. This 

was to allow for any extraneous noise generated by the addition of the weights etc., and 

permitted the operator to leave the sound-booth. A dial gauge, which had been positioned against 

one side of the steel tubing, was used to record movement at the end of the fifteen minute 

acquisition period.

7.8 Introduction to Triaxial Apparatus Test Results

Table 7.3 summarises all ninety-two tests (coded TR1 - TR92) conducted using the triaxial test 

arrangement. The table indicates for each test (where appropriate) the test code; the cell 

pressure; the maximum deviator stress at failure; the strain at which the maximum deviator stress 

is recorded; the mean spherical stress at failure; the work done on the sample (section 7.9.2 

discusses this more fully); the statistical measures of the arithmetic mean, standard deviation and 

root means square computed on the bulk AE data; the number of post-threshold data points and 

the number of events; the type of test conducted; and the test soil used. Formulaic definitions 

(where appropriate) are provided at the bottom of table 7.3.

That part of the programme confined to the testing of soil samples in strain-controlled triaxial 

shear constitutes some sixty-eight tests performed on five different soil types and under three 

different drainage conditions. All tests, categorised by type and material, are summarised in table 

7.4.

It is also pointed out that the work performed in deforming a sample is defined as the area under 

the force-deformation curve for 0 - 15% strain. Force is calculated as the product of the deviator 

stress and sample cross-sectional area, assuming that the sample deforms as a right regular 

cylinder and deformation is defined as the axial strain. Ideally, it would have been preferable to 

have used the effective stress by which to compare the acoustic emission of various soils as this 

would have been more consistent with the simple model of AE generation described in section
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1.2. Unfortunately, it was not possible to monitor pore water pressures and, as most tests were 

conducted in the ‘undrained’ state, only 'total’ stresses are usually available. The advantage 

which a consideration of work has over that of total stresses is (as will be seen in section 7.9.2) 

that work is dependent upon the deviator stress which is, in turn, dependent upon the effective 

stresses. Further discussion of the work equation is contained in section 7.9.2.

7.9 Results of Triaxial Shear Tests

7.9.1 Drained Triaxial Tests conducted on Leighton Buzzard Sand

Figure 7.6 plots the deviator stress (q) against strain for all eleven drained triaxial shear tests

conducted on samples of Leighton Buzzard sand. It is evident that all, to a lesser or greater

degree, have undergone dilation, generating peak strengths which reduce as the level of strain 

progresses until a continuous, or critical, strength is attained. There is also a clear relationship 

between the applied cell pressure and the developed shear strength which is better illustrated in 

the plots of the Mohr stress circles. Figure 7.7 plots the Mohr stress circles for all eleven tests 

and a general tangent fitted to the circles yields a value for (|)’inax of approximately 41°, although 

values vary from about 40° at high cell pressures to 47° at low cell pressures. (In fact, this 

behaviour is entirely as expected as the magnitude of dilation increases with decreasing effective 

stress).

It should be noted that, because these are drained tests, all stresses are effective and the circles 

relate to peak strengths. Also note that the fluctuation in the calculated magnitudes of qmax is 

probably due to the presence of air bubbles in the water used to generate the cell pressure (which 

was not de-aerated). However, both figures 7.6 and 7.7 indicate that the test results are consistent 

and this would imply that the tests have been conducted in an acceptable manor.

Figure 7.8 plots qmax against p’ at failure and figure 7.9 plots qinax against work. The similarity 

between the figures suggests that the substitution of p’ by work is acceptable. The figures also 

indicate that each relationship can be considered to be approximately linear and ‘best-fit’ lines 

are drawn through each set of data.
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Figure 7.10 plots the arithmetic mean, standard deviation and root means square (section 3.6) of 

the AE data acquired during the course of each drained test as a function of p’ and figure 7.11 

plots the same AE data as a function of work done. The graphs of arithmetic mean clearly 

indicate that there is a good linear correlation between the magnitude of the emission generated 

and the effective stresses acting on the soil skeleton. (Note that, in this instance, the magnitude 

of the emission is defined as the arithmetic mean of all the data points acquired during the course 

of an individual test - section 3.6). It should, however, be remembered that these ‘bulk’ statistics 

(i.e. based on all the acquired data with no consideration given to a threshold value) are derived 

from emission which is generated by a variety of deformation processes and may include (for a 

drained test) initial contraction, dilation followed by contraction around the shear zone and 

shearing at constant volume.

An alternative way of representing AE data is to plot an event map which describes some aspect 

of every event captured during the course of a test and relates it to the point in the test at which it 

was captured. Figure 7.12 depicts such a plot for TR50, 51, 54, 59 and 60. It represents each 

event with the mean magnitude (in volts) of the event’s constituent data points and plots the 

mean against the axial strain recorded at the time of capture. The major finding from such a plot 

appears to be the indication that greater levels of stress (going down the graphs of figure 7.12 the 

test cell pressure increases) results in the generation of a greater number of similarly sized events 

rather than events of increased magnitude. This aspect is more clearly illustrated in figure 7.13 

which shows frequency distribution curves of the mean event magnitude for all events 

(consisting of three or more data points) for the same tests. All plots depict a similar profile (but 

with increasing numbers of events with increasing test cell pressure) supporting the contention 

that increased effective stress produces a larger number of similarly sized events rather than 

events of increased magnitude.

7.9.2 Change in Sample Volume due to Drainage

As illustrated in figure 7.14, a determinable volume of water is capable of draining both into and 

out of a soil sample while it is being tested. This has implications for the calculation of the 

deviator stress and work done in deforming the sample. The deviator stress is obtained by 

periodically isolating the ‘ram load’ in the sample and dividing it by it’s current cross-sectional 

area, assuming that it deforms as a right regular cylinder. If drainage is monitored then the
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sample volume at any point in a test can easily be determined as the sample volume at the test 

outset is known. The sample cross-sectional area is then simply calculated by dividing the 

adjusted sample volume by the new sample height (axial strain is continuously monitored). 

However, for the purposes of this investigation, volume change has been ignored.

A correctly formed soil sample, at the outset of a test, had a volume of 196,350mm3 and the 

largest recorded volume change was 12ml (12,000mm3). This corresponds to a change in both 

the sample diameter and height in the order of l-2mm, which is considered to be beyond the 

tolerance of sample formation (section 7.5.1). Ignoring a volume change of this magnitude also 

has the effect of increasing the deviator stress by approximately 6% which, in the case of TR50 

(cell pressure lOOkPa), increases qmax by some 30kPa. Tests conducted at higher cell pressures 

generated smaller volume changes and, therefore, smaller percentage errors in the value of q. It 

should, however, be born in mind that, because the volume is continually changing during the 

course of a test, the change in the value of q will also continually change. Failing to take the 

volume change into account, therefore, means that the stress-strain plots have necessarily 

suffered some distortion.

The calculation for work done in deforming the sample, first described in section 7.8, is also in 

need of some adjustment to account for the change in volume. The work done in axially 

deforming the sample is, in fact, correct as it is derived from the ‘ram load’ in the sample which 

is independent of the cross-sectional area. Allowing for a change in volume, the work equation is 

correctly written as follows:-

W= q. Sq +/?’.SV

where

Sq = 2 (S ,-S 3)/3 

Sv = Si + 283

p  = (G’j + 2 a ’3)/3 

q = & i - a ' 3
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and 8 1 , S3 and Sv are the major principal, minor principal and volumetric strain components

respectively; q, p ,  G'i and G ’3 are the deviator stress, mean effective stress, major principal 

effective stress and minor principal effective stress respectively.

If, however, volume change is, or is assumed to be, zero then

Sv = 0

Si = -2S3

and the work equation reduces to

W=q.  Si

All drained tests resulted, due to dilation, in an increase in the sample volume (although the 

consolidation process would have initially resulted in a decrease in sample volume). As 

compression has been taken as positive this means that the adjustment due to volume change is 

negative, so the work figures quoted for drained tests are somewhat overstated. An indication of

the magnitude of the error can be found by calculating the area under the Sv - p  curve. For test

TR60 this has the effect of reducing the work done in deforming the sample by just under ION111 

to approximately 34Nm. Similarly, for test TR50, the work done in deforming the sample is 

reduced by just under 4Nm to approximately 6 Nm.

Despite this, for all drained tests the volumetric strain has been assumed to be zero primarily 

because, as the acquired AE is only a 20% sample of all the AE data generated during the course 

of a test, it is not considered to be of a sufficient resolution to justify more accurate calculations 

of q and work done. However it is important to appreciate that this adjustment has been omitted 

and to have some idea of its effect.

The same reasoning is applied to all consolidated undrained tests, in which the volume change 

on consolidation (not part of the work equation) is considerably smaller than that experienced in 

the drained tests.
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7.9.3 Drained, Undrained & Consolidated Undrained Triaxial Shear Tests conducted on 

Leighton Buzzard Sand

Figure 7.15 plots q against axial strain for eight unconsolidated nominally undrained triaxial 

shear tests conducted on saturated samples of Leighton Buzzard sand (TR 44, 45, 48, 49, 53, 55, 

61 & 62) and figure 7.16 plots their equivalent Mohr stress circles based on peak strengths. It is 

obvious that the sands have, in fact, been sheared in the drained state and the applied cell 

pressure has generated a corresponding increase in the effective stress. Typical results of 

undrained tests conducted on saturated soil should generate a horizontal failure envelope in 

which (|)max is zero, as any increase in the total cell pressure should generate an equivalent 

increase in the pore water pressure, leaving the effective stresses unchanged. (Making the usual 

assumptions that the pore water and soil mineral material are incompressible). Briefly referring 

back to figure 7.15, it is evident that the sample in test TR62 was considerably stiffer than the 

others. Unfortunately, there is no obvious or apparent reason as to why this should be.

A general tangent fitted to the circles produces a value for (t>max of approximately 46°, although 

values extend from approximately 59° at low stresses to approximately 40° at high stresses. This 

compares with an average value for (J)’max of approximately 41°, as determined in section 7.9.1. 

The fact that <j)max is greater than (j)’max implies that negative pore water pressures were in force in 

the samples at the time of failure, despite the fact that the samples have evidently sheared in the 

drained state and dilated in the shear zone.

Bishop & Eldin (1950) conducted a number of undrained triaxial shear tests on apparently 

saturated sands and determined that it was possible to obtain appreciable non-zero values of (jw  

when considering a soil with a very low compressibility and a strongly dilatant structure. The 

authors attributed this to the samples not actually being fully saturated when sheared and 

suggested two possible explanations. Firstly the authors demonstrated £that the slightest 

departure from fu ll saturation leads to the measurement o f very considerable angles o f  

undrained shearing resistance, even in the case o f  clays'1', and, secondly, they pointed out that 

sufficiently large negative pore water pressures generated as a result of shear can cause 

cavitation, which is the formation of air and gas filled voids freed from solution.

Figure 7.17 plots qmax as a function of p’ for drained tests and as a function of p for consolidated 

nominally undrained and unconsolidated nominally undrained tests. The cbest-fit’ line shown is
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drawn only through the drained data (first plotted in figure 7.8) and indicates that there is a fairly 

good (but not true) linear relationship between the maximum recorded deviator stress and the 

mean effective stress. Those data points from nominally undrained tests which clearly do not 

plot on this line do not because values of qmax are plotted against p rather than p\ An 

approximation of the mean effective stress acting on the soil skeleton at the point of failure (and 

also, therefore, the pore water pressures at that time) can be made by sliding each point 

horizontally until it intercepts the ‘best-fit’ line and reading the appropriate value for p’ from the 

x-axis. The fact that the majority of these points plot above the line means that the effective 

stresses are greater than the total stresses and that negative pore water pressures were in force at 

the time of failure. This is in agreement with expectation and estimates of pore water pressures 

at the point of failure have been calculated as described and are listed in table 7.5. It is evident 

that the values vary considerably. Additionally, they should be considered in conjunction with 

the fact that performing the same operation on the drained data, through which the ‘best-fit’ line 

was drawn, produces estimated pore water pressures of up to 25kPa.

Figure 7.18 plots qmax as a function of work and indicates a clear relationships between qmax, and 

the work done in deforming the samples (and also, therefore, p’).

The first graph depicting the AE response of the thirty-nine tests conducted on Leighton Buzzard 

sand (TR28 has been omitted as it’s AE response is clearly anomalous) is depicted in figure 

7.19, which plots the mean signal value against work. Although there is a good general 

correlation between the magnitude of the emission and the mean effective stress it is evident that 

there is a spread of the AE response. This may reflect differences in density and/or sample 

structure which, in turn, may have effected the way in which the sample had deformed. For 

example, one test (TR9), which failed by barrelling rather than by the development of a single 

good shear plane (as most did), produced a lower than average AE response.

Figure 7.20 plots the number of post-threshold data points against the number of events and 

supports the findings of the previous section that increasing mean effective stress generates more 

events of similar size, rather than larger events. Figure 7.21, which plots the mean signal value of 

the bulk data against the number of events, also demonstrates an approximate linear relationship. 

Finally, figure 7.22, plots frequency distribution curves for TR56 (consolidated nominally 

undrained), TR60 (drained) and TR62 (unconsolidated nominally undrained) and demonstrates 

that all tests (regardless of drainage conditions) exhibit similar distributions of event magnitude.
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To summarise, therefore, the results of sections 7.9.1 and 7.9.3 indicate that the level of AE 

generated by Leighton Buzzard sand is related to the mean effective stress acting on the soil 

skeleton and is unaffected by drainage conditions. Increases in the level of AE are due to the 

generation of greater numbers of similarly sized events rather than events of larger size.

7.9.4 Triaxial Shear Tests conducted on Leighton Buzzard, ‘Arlesey’ and ‘Red’ Sand’s

Figure 7.23 depicts the q - axial strain graphs for five unconsolidated nominally undrained 

triaxial shear tests (TR63, 64, 65, 66 & 67) and one drained triaxial shear test (TR68) conducted 

on nominally saturated samples of ‘Arlesey’ sand. Note that test result TR68 is considerably 

stiffer than the others. This is because, as a drained test conducted under a cell pressure of 

500kPa, the mean effective stress at the start of the test would also have been 500kPa. This 

contrasts with the unconsolidated nominally undrained tests in which, at the test start, the mean 

effective stress would be merely due to the applied negative pore water pressure (probably in the 

region of -0.5 to -l.OkPa).

Figure 7.24 depicts the q - axial strain graphs for five unconsolidated nominally undrained 

triaxial shear tests (TR69, TR73, TR74, TR75 & TR76) conducted on samples of ‘Red’ sand. It 

should be evident that, whereas Leighton Buzzard and ‘Arlesey’ sands both regularly exhibit the 

‘classic’ trait of a peak strength (associated with drained tests conducted on soils denser than 

critical), this is not the case for ‘Red’ sand in which q climbs to a constant maximum value.

The Mohr stress circles for ‘Arlesey’ and ‘Red’ sands are shown in figures 7.25 and 7.26 

respectively. Again, differences in their responses to the imposed stress regimes are apparent in 

the graphs. A general tangent fitted to the nominally undrained ‘Arlesey’ data produces a value 

for <|w of approximately 44°, with magnitudes varying from between 53° at low stress values to 

42.5° at high stress values. This contrasts with ‘Red’ sand in which it is possible to draw a single 

tangent to all the Mohr circles (in the main group) and which passes through the origin. This 

produces a single value for (|)max of approximately 33° and it is likely that this also represents the 

value of (t>'max. Clearly, whereas Leighton Buzzard and ‘Arlesey’ sands are dilating in the shear 

zone, ‘Red’ sand appears to contract and, as a result, its values of (|)max and (J)criticai are identical. 

The apparently anomalous behaviour of test TR69 is probably due to the fact that it was 

conducted several days before the main batch, when the ‘Red’ sand sample was much wetter. It
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is likely that the greater moisture content prevented much of the applied cell pressure from 

generating an increase in the effective stress.

Figure 7.27 plots qmax as a function of work for all thirty-nine tests conducted on Leighton 

Buzzard sand, all six tests conducted on ‘Arlesey’ sand and all five tests conducted on ‘Red’ 

sand. It is apparent that all, regardless of their respective characteristics, share the same 

qmax:work relationship. However, it is evident from figure 7.28 (which plots the mean signal 

value of the bulk data as a function of work for the same tests) that the sands do produce 

differing levels of emission. It is clear that, per unit work done, Leighton Buzzard sand generates 

a higher magnitude emission than ‘Arlesey’ sand which (in turn) generates a higher magnitude 

emission than ‘Red’ sand (which is of very low magnitude and commensurate with background 

noise levels).

Figure 7.29 plots the total number of post-threshold data points against the total number of 

events for all tests and indicates that, despite being much less emissive, both ‘Arlesey’ and ‘Red’ 

sands generate events of a similar magnitude (in terms of data point size) to Leighton Buzzard 

sand. Figure 7.30 plots the mean signal value of the bulk data against the total number of events 

and, although there is a generally good agreement between the different sands, it is interesting to 

note that three results for ‘Arlesey’ sand do plot noticeably above the main body. This may 

suggest that, although ‘Arlesey’ sand is less emissive than Leighton Buzzard sand in terms of 

numbers of data points, that the magnitude of its constituent data points are somewhat higher. 

Figure 7.31, which plots the number of events as a function of work, clearly indicates that both 

‘Arlesey’ and ‘Red’ sands produce much smaller number of events than Leighton Buzzard sand.

Figure’s 7.32 and 7.33 depict frequency distribution curves for six tests conducted on ‘Arlesey’ 

sand and fifteen tests conducted on all three sands (five of each), respectively. All demonstrate 

similar distributions.

7.9.5 Triaxial Shear Tests Conducted on Clays

A small number of tests were conducted on two separate clays but, owing to the relatively low 

magnitude of the emission coupled with the periodic sampling technique used in this 

investigation, the results are generally poor.
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Figure 7.34 illustrates the q - axial strain graphs for twelve unconsolidated undrained triaxial 

shear tests conducted on Gault Clay (TR77, 78, 80, 81, 82, 83, 84, 85, 86, 87, 88 & 89) and for 

four unconsolidated undrained tests conducted on Mercia Mudstone (TR36, 90, 91 & 92). It is 

evident that all exhibit the stress-strain characteristics in which no peak strength exists and q 

slowly climbs to a constant maximum value. This type of behaviour is typical of a soil which is 

sheared in the undrained state.

Mohr stress circles for sixteen tests conducted on clays are depicted in figure 7.35. Whereas the 

diameters of the Mohr circles for tests conducted on all sands increased with increasing normal 

stress, it is evident that there is no such normal stress dependent increase in the diameter of the 

clay Mohr circles. It is possible that the clay samples (of varying moisture content) were partially 

saturated when formed but became fully saturated after the application of the cell pressure. In 

figure 7.35, the larger Mohr circles were generated by the samples with the smaller moisture 

contents as a greater proportion of the applied cell pressure was transferred to the soil skeleton 

(in the form of an increase in the effective stress) before the sample became fully saturated. 

Conversely, the smaller Mohr circles (reflecting larger moisture contents) became saturated more 

quickly and less of the applied cell pressure was transferred to the soil skeleton.

This point is more clearly illustrated in figure 7.36 which plots qmax as a function of moisture 

content for each clay test sample. It is evident that there is a distinct negative linear correlation 

between the maximum deviator stress and moisture content for each of the two clays. (A similar 

relationship exists between work and moisture content as is illustrated in figure 7.37). Figure 

7.38 indicates the existence of a linear relationship between qraax and the work done in deforming 

the sample.

(Note that moisture content is unavailable for TR88 and numbers of events/data points are 

unavailable for TR77, TR78 and TR79).

Figure 7.39 plots the AE mean signal value as a function of work done and reveals that little 

relationship has been established between the two parameters for a clay soil.

Figure 7.40 plots AE mean signal value against the number of events and figure 7.41 plots the 

number of post-threshold data points against the number of events. (Note that the threshold used
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for all triaxial shear tests conducted on clays is 0.32 volts - reflecting the lower magnitude of the 

generated emission relative to the sands).

Figure 7.42 plots qmax against the work done, figure 7.43 plots AE mean signal value against the 

work done and figure 7.44 plots the number of post-threshold data points against the number of 

events for the clay soils and for forty-eight tests conducted on sand.

7.10 The Consolidation Test

As described in section 7.6, a series of isotropic consolidation tests were conducted on a sample 

of Leighton Buzzard Sand. This involved four individual cycles of the application and removal 

of increases in the effective stress of magnitudes 100, 200, 400 and 800kPa respectively. Three 

graphs (figures 7.45 - 7.47) present the results. Note that each graph is divided into four quarters 

(one for each consolidation cycle) and that each quarter is subdivided into four sub-quarters. In 

the first cycle the first two sub-quarters represent virgin compression. However, in the final three 

cycles, the first sub-quarter represents the re-application of stress up to the maximum level of the 

previous cycle and it is only the second sub-quarter which represents virgin compression. For all 

cycles the last two sub-quarters represent the removal of the stress.

Figures 7.45 and 7.46 plot the event distribution with respect to each cycle and represent event 

magnitude in the form of mean event magnitude (in volts) and number of data points in event 

(respectively). It is fairly self evident that the sub-quarters which represent periods of virgin 

compression are also the most acoustically active. However, it is also clear that during those 

periods when load is being reapplied that emission is being generated. The Kaiser effect 

f  describes the particular situation where no emission is generated up to the point of previous

maximum load. The case where emission is generated prior to this point is more correctly known 

as the Felicity effect (Bray & Stanley, 1997). Determination of the Felicity effect is usually used 

to infer the occurrence of structural damage. However, in the particular case of a sand, it is more 

likely due to the re-consolidation of soil elements (consisting of particles) which expanded when 

the stress was originally removed.

Figure 7.47 plots the same data in the form of cumulative post-threshold data points and, again, 

clearly illustrates the increased acoustic activity associated with periods of virgin compression.
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Note that for this section a threshold value of 0.5 volts has been used to eliminate unwanted data. 

It should also be appreciated that, because the AE capture routine used was the same as that used 

in the triaxial shear tests, the data generated was only periodically sampled. Also, later cycles in 

the consolidation tests needed to be ramped at progressively faster rates in order to achieve their 

target pressures within the fifteen minute test period. Although it is likely that the increased rate 

of volumetric strain will, itself, lead to a greater level of emission, the graphs still clearly 

indicate that those periods of virgin compression are the more active.

7.11 Box Tests

As described in section 7.7, the main objective of the series of box tests was to simulate the 

(considered) behaviour of the wave guide in the field (sections 3.3 & 6.3). Eleven tests, denoted 

B1 - B 11 inclusive, were conducted and are summarised in table 7.6.

O f the five noise tests (Bl, B2, B3, B6 & B9) only two (B1 & B9) recorded any post-threshold 

(0.5 volts) data points and these numbered 221 and 51, respectively. This compares with the six 

load tests (B4, B5, B7, B8, BIO and Bl 1) which recorded post-threshold data points of between 

2,865 and 192,537.

Figures 7.48, 7.49 and 7.50 present the combined results of tests B4 and B5 (sand tests) in the 

form of event mean magnitude in volts, the number of data points per event and the cumulative 

number of post-threshold data points against time, respectively. It is evident that, not only did 

test B4 generate larger events than test B5, but that event size decreased within each test as it 

progressed. Figure 7.50 emphasises the decrease in acoustic activity as the backfill readjusted to 

a new equilibrium. However, considering the application of a load in test B4 immediately pulled 

the wave guide section through its maximum travel, it is interesting to note that there was still 

acoustic activity some two hours later.

Tests B7 and B8 (sand tests) were conducted using a smaller load than in test B4 in order to 

generate a slower, more controlled movement. Figures 7.51, 7.52 and 7.53 present the combined 

results of tests B7 and B8 in the form of event mean magnitude in volts, the number of data 

points per event and the cumulative number of post-threshold data points against time, 

respectively. Each plot also depicts the amount of movement recorded by the dial gauge. Note
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that the large gap between the recorded movements at the end of test B7 and the beginning of 

test B8 occurs because movement (and AE) were only monitored after the load had been applied 

and a degree of equilibrium had been attained. Therefore, although the recorded movement 

during test B8 is relatively small, the larger level of AE (compared to test B7), is likely to reflect 

some element of the movement which had occurred between the tests. Again, however, it is 

noted how the magnitude of an event decreased as each test progressed. Figure 7.53 shows that, 

for test B7, there is an excellent correlation between the cumulative number of post-threshold 

data points and the recorded movement. In fact, as illustrated in figure 7.54, a similarly good 

relationship also exists for test B8.

Figures 7.55, 7.56 and 7.57 present the results of test BIO (gravel test) in the form of event mean 

magnitude in volts, the number of data points per event and the cumulative number of post­

threshold data points against time, respectively. Again it is evident that the magnitude of an 

event decreased as the test progressed. However, there are two interesting points arising from 

this test conducted on ‘Cowden’ gravel. Firstly, as clearly illustrated in figures 7.55 and 7.56, 

there are periods (towards the end of the test) where no movement was recorded by the dial 

gauge and which corresponded to times when no AE was recorded either. Although the load 

used in test BIO was less than that used in the tests B4, B7 and B8, there is no indication of this 

type of behaviour having occurred in any of the tests conducted on sand. Secondly, the 

magnitudes of the events (both in terms of volts and number of constituent data points), are 

evidently larger for the gravel backfill than for the sand. Figure 7.58 plots event mean magnitude 

in volts for tests B8 and BIO. Both recorded similar amounts of movement in the fifteen minute 

period (1.16mm for B8 and 1.03mm for BIO) and similar numbers of post-threshold data points 

(38,620 for B8 and 42,762 for BIO) but evidently test BIO generated events of a larger 

magnitude than did test B8. It should, however, be noted that this difference only manifests itself 

f  in a relatively small proportion of larger events; the bulk sharing a similar (although not

identical) range. Further evidence of a difference in the character of generated AE is provided by 

considering the ratio’s of the number of post-threshold data points to the number of events. For 

tests B4, B5, B7 and B8 (all sand backfilled) these are 3.731, 3.829, 3.545 and 3.679 

(respectively) whereas for tests BIO and B ll  (both gravel backfilled) they are 8.842 and 8.705 

(respectively).
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7.12 Laboratory Test Programme - Summary of Results

7.12.1 Triaxial Test Results

It is evident that the level of the acoustic emission is related to the magnitude of the effective 

stress acting on the soil skeleton (section 7.9.1). The relationship is dramatically illustrated in 

figure 7.59 which depicts the event map (mean magnitude of event in volts) of triaxial shear test 

TR11. In this test the drainage was changed part way through shearing and it is evident from the 

figure that a sharp increase in the deviator stress (and, therefore, the effective stress) was 

accompanied by a large increase in acoustic activity. Closer examination of the figure also 

reveals that (immediately prior to the sudden increase in deviator stress) a period of increased 

stiffness (when compared with the early stages of shearing) was also accompanied by increased 

AE activity. It is also evident that alternative soil minerals generate different levels of emission 

(sections 7.9.4 & 7.9.5), although there is no evidence to suggest that there is any fundamental 

difference in the character of the emission, as might be indicated by an amplitude distribution 

analysis.

This appears to be consistent with the simple model, outlined in section 1.2, in which the 

generation of AE was explained as being the result of inter-particle friction. It would appear 

reasonable, therefore, to expect that the magnitude of the generated emission ought to be related 

both to the frictional characteristics of the soil mineral and the effective stress under which it is 

being sheared. Unfortunately, the situation is not quite that straightforward. When subjected to 

shear, soil particles may slide but they can also roll and degrade (i.e. ‘break-up’). Skinner (1969) 

reported an investigation into the effect of inter-particle friction on the shear strength of a 

random assembly of spherical particles. Using glass ballotini, the author demonstrated that the 

coefficient of friction could change by a factor of ‘at least’ five without significantly altering the 

shear strength of the assemblage. This was achieved by conducting shear box tests on dry glass 

ballotini (a low friction regime) and then glass ballotini which had been ‘flooded’ with distilled 

water (a high friction regime). Skinner (1969) concluded that under high friction regimes, 

particle rolling would become more dominant as opposed to low friction regimes which would 

tend to promote particle sliding.
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Horn & Deere (1962) investigated the frictional characteristics of a number of minerals 

commonly found in rock and soil and concluded that the presence of fluid on the ‘sliding 

surfaces’ could have a ‘profound’ effect on the frictional coefficients.

If, therefore, the frictional coefficients of minerals can vary by a factor of ‘at least’ five and the 

presence of water have a ‘profound’ effect on their value, then clearly the interpretation of 

acquired AE data must take both these aspects into account. For example, two soils may exhibit 

similar stress-strain, but widely different AE, characteristics. Conversely, two soils generating 

similar levels of emission may (under identical stress regimes) suffer vastly different magnitudes 

of strain.

However, if increased effective stress and/or an increased coefficient of friction promotes greater 

particle rolling rather than sliding, then it may not be correct to expect simple relationships 

between the two factors and the level of generated emission to exist. However, as each of the 

mechanisms (sliding, rolling and degradation) may generate emission of different magnitude 

and/or different character, the use of AE as an investigative tool in the laboratory may have a lot 

to offer.

7.12.2 Box Test Results

In section 6.4 the Cowden and Arlesey field test results were considered together. It was 

suggested that the field wave guides generated noise as a result of an interaction between the 

metal tubing of the wave guide and its backfill. This, in turn, was caused by movement in the 

host slope (acting as an input) and the wave guide was described as acting like a strain gauge 

which simply responded to deformation within the slope. It was also suggested that, 

consequentially, noise generation would be greatest immediately after an input and would 

gradually reduce in magnitude until such time that equilibrium was re-attained (unless there was 

a further input) when it would cease. This is exactly the type of behaviour exhibited by all box 

tests.

It was also predicted that there should be a difference between the behaviour of sand and gravel 

backfills. It was suggested that gravel particles, being larger, would require greater inputs to 

cause them to slip and that slippage would occur over a much shorter time-scale but emission be
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of a much greater magnitude than for sand particles. Clearly this exerts a fundamental control 

over the type of backfill most suited to a particular situation and this model was used to explain 

the apparently poor response of gravel backfilled wave guides used at Cowden. It has been 

clearly demonstrated by the box tests that gravel backfills do exhibit this type of behaviour. 

Whereas the sand backfill continuously generated emission, the gravel backfill did not; towards 

the end of the acquisition period there were distinct periods of zero movement accompanied by 

zero emission. It was also clearly demonstrated that the gravel backfill generated emission of a 

greater magnitude than did the sand backfill.
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Magnitude of Ram Lower Chamber Pressure at End of Movement Friction
Travel (mm) Upwards (kPa) Downwards (kPa) (kPa)

1.7 3.0 0.0 1.5
3.4 4.0 0.0 2.0
6.8 4.0 -1.0 2.5

10.2 3.0 -1.0 2.0
13.6 4.0 0.0 2.0
17.0 4.0 0.0 2.0

Table 7.1 Determination of axial ram friction

Sand Dio(mm) D6o(mm) c„

Red 0.077 0.187 2.4
Arlesey 0.187 0.375 2.0
Leighton Buzzard 0.305 0.495 1.6

Table 7.2 Test sand parameters from PSD curves (figure 7.4)
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Soil Type or 

Test Type

Triaxial Shear Tests Conducted on Soil Samples by 

Test Type

Other Tests Total

Drained Consolidated

Undrained

(nominally)

Unconsolidated

Undrained

(nominally)

Leighton 

Buzzard Sand

18, 19, 20, 28, 

41,42, 50,51, 

54, 59, 60(11)

1,2, 3, 4, 5, 6, 7,

8, 9, 10, 12, 13,

14, 15, 16, 17,21, 

43,46, 47, 56(21)

44, 45, 48, 49, 53, 

55,61,62 (8) - 40

Arlesey Sand 68 (1) 63, 64, 65, 66, 67 

(5)

6

Red Sand 69, 73, 74, 75, 76 

(5)

5

Gault Clay 

(remoulded)

77, 78, 79, 80,81, 

82, 83, 84, 85, 86, 

87, 88, 89(13)

13

Mercia

Mudstone

(remoulded)

36, 90,91,92 (4) 4

Noise Tests1 31,70,71,72

(4)
4

Variable

Drainage2

11,32,33, 34, 

35(5)

5

Strain Rate3 22, 23, 24, 25, 

26, 29, 30 (7)

7

Consolidation4 37,38,39, 40 

(4)
4

Error5 27, 52, 57, 58 

(4)

4

Total 12 21 35 24 92

Table 7.4 Summary of laboratory tests using triaxial test rig (notes overleaf)
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The numbers in table 7.4 refer to the test identification number (pre-fixed with TR) except those

in brackets which indicate the total number of tests conducted within that particular category.

1 Noise tests in which triaxial shear tests were conducted with no soil sample in place in 

order to determine the level of system (background) noise.

2 Triaxial shear tests in which drainage conditions were changed part-way through the

test.

3 Triaxial shear tests in which a non-standard rate of strain was adopted. (The results from

this series of tests was very disappointing and are not considered in the text).

4 Consolidation tests conducted on Leighton Buzzard sand to illustrate the Kaiser effect.

5 Triaxial shear tests in which the stress-strain relationship obtained indicates that some

degree of error was present.
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Test
Code

Cell
Pressure

(kPa)

Mean 
Spherical 
Stress at 
Failure 
(kPa)

Test Type Approximate Sample 
Pore Water Pressure at 

Failure 
(kPa)

TR1 100 293 CU -37.9
TR2 200 476 CU -10.8
TR3 300 642 CU 31.5
TR4 400 991 CU -87.2
TR5 100 291 CU -36.1
TR6 200 534 CU -61.6
TR7 300 769 CU -79.8
TR8 400 985 CU -81.7
TR9 500 1105 CU 0.5
TRIO 500 1170 CU -56.3
TR12 100 243 CU 5.8
TR13 200 486 CU -19.7
TR14 300 698 CU -18.3
TR15 100 250 CU -0.5
TR16 100 345 CU -83.9
TR17 200 549 CU -75.4
TR21 300 750 CU -63.8
TR43 400 878 CU 12.0
TR46 500 1178 CU -63.2
TR47 500 1175 CU -60.3
TR56 500 1192 CU -75.2
TR44 500 1108 UU -2.1
TR45 100 272 UU -19.8
TR48 400 1004 UU -98.4
TR49 100 346 UU -84.4
TR53 200 564 UU -87.7
TR55 300 711 UU -29.3
TR61 400 977 UU -75.2
TR62 500 1114 UU -7.3

Table 7.5 Estimate of pore water pressures existing in samples at point of 

failure

273



Box

Test

Description of Box Test

Bl A noise test, conducted with no fill in the box.

B2 A noise test, conducted with no fill in the box.

B3 A noise test, conducted with the box filled with ‘Arlesey’ sand and with the load hanger 

attached to the wave guide section (but no load).

B4 A load test, conducted with the box filled with ‘Arlesey’ sand. A 40N force was applied 

to the load hanger, which had the effect of pulling the wave guide section through its 

maximum travel (approximately 50mm).

B5 Test B4 was left standing for approximately two hours and test B5 conducted to 

investigate the noise levels being generated after some equilibrium of the backfill had 

been regained.

B6 A noise test, conducted with the box filled with ‘Arlesey’ sand.

B7 A load test, conducted with the box filled with ‘Arlesey’ sand. A ION force was applied 

to the load hanger and readings noted from the dial gauge every 50 seconds.

B8 A continuation of test B7. Approximately one hour after test B7 had been concluded, an 

additional ION force was applied to the load hanger (total load 20N) and, again, dial 

gauge readings were taken every 50 seconds.

B9 A noise test, conducted with no fill in the box.

BIO A load test, conducted with the box filled with ‘Cowden’ gravel. A 5N force was applied 

to the load hanger and readings noted from the dial gauge every 50 seconds.

B ll A continuation of test BIO. Approximately one hour after test BIO had been concluded, 

an additional 5N force was applied to the load hanger (total load ION). This had the 

effect of pulling the wave guide section through it’s maximum travel (approximately 

50mm).

Table 7.6 Description of Box tests
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Triaxial Cell
Soil Sample

Cell Pressure
Burette

Hydraulic Actuators

Drainage Connection

To PC Ram Pressure
Base Pedestal Containing 

Transducer
To AE Monitoring System

4

Dual 486DX Notebook

Transducer

Filter & 
Preamp

□ DAS 1402

AET Rectifier DacPac

Figure 7.1 AE monitoring system (bottom) and additional triaxial testing equipment (top)
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Figure 7.2 Schematic of Bishop & Wesley triaxial cell
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Figure 7.3 A GDS digital controller

(both figures after Menzies 1988)
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Transducer Dial GaugeTo AE Monitoring System

^  Load 85mm
330mm

200mmSand/Gravel Fill60mm;

Cross-Section Axle Wave Guide

Dial GaugeBo;

Transducer

336mm
Wave Guide

Axle
'

378mm

Plan

Figure 7.5 ‘Box’ test equipment
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Figure 7.6 q vs axial strain for eleven drained triaxial shear tests conducted on 
samples of Leighton Buzzard sand.
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Figure 7.7 Mohr stress circles for eleven drained triaxial shear tests conducted on 
samples of Leighton Buzzard sand. A general tangent fitted to the circles 
produces a value for (j)’max of approximately 41°. Note that, because these 
are drained tests, the normal stresses are effective.
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Figure 7.8 qmax vs p’ at failure for eleven drained triaxial tests conducted on 
Leighton Buzzard sand (with a ‘best-fit’ line drawn through the data)
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Figure 7.9 qmax plotted as a function of work performed on the sample for eleven 
drained triaxial shear tests conducted on Leighton Buzzard sand (with a 
‘best-fit’ line drawn through the data)
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Figure 7.10 Bulk AE data acquired from 11 drained triaxial tests conducted on Leighton 
Buzzard Sand plotted against p’ at failure. (Note that the average noise level is 
also shown)
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Figure 7.11 Bulk AE data acquired from 11 drained triaxial tests conducted on Leighton 
Buzzard Sand plotted against work. (Note the average noise level is also shown)
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Figure 7.12 Event map depicting the mean magnitude of each event (in volts) against strain 
for TR50, 51, 54, 59 & 60. (Note that the total number of post-threshold data 
points for each test is also indicated in the graph)
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Figure 7.13 Frequency distribution of mean magnitude of event for all events with 3 or 
more data points for five drained triaxial shear tests conducted on Leighton 
Buzzard Sand (TR50, 51, 54, 59 & 60)
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Figure 7.14 Change in sample volume, recorded for five drained triaxial shear tests 
conducted on Leighton Buzzard Sand, over the course of each test. TR 
50, 51, 54, 59 & 60 equate to cell pressures (O 3) of 100, 200, 300, 400 & 
500kPa respectively.
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Figure 7.15 q vs axial strain for eight unconsolidated nominally undrained triaxial 
shear tests conducted on samples of Leighton Buzzard Sand.
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Figure 7.16 Mohr stress circles for eight unconsolidated nominally undrained 
triaxial shear tests conducted on samples of Leighton Buzzard Sand. A 
general tangent fitted to the circles produces a value for <j)max of 
approximately 46°. Note that, because these are undrained tests, the 
normal stresses are total.
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Figure 7.17 qmax plotted as function of p’ for drained tests (D) and as a function of p 
for consolidated nominally undrained (CU) and unconsolidated 
nominally undrained tests (UU). Note that the ‘best-fit’ line is only 
drawn through the drained test results.
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Figure 7.18 qraax as a function of work for a total of 39 drained (D), consolidated 
nominally undrained (CU) and unconsolidated nominally undrained 
(UU) triaxial shear tests conducted on Leighton Buzzard Sand.

291



0.55

0.50-

0.45-

0.40-

^  0.35 
1
'S' 0.30 H 
1
' I  0.25-1
00

I  0,20
0.15

0.10H

0.05

0.00

o D
© CU
■ u u

0

©□

□ ©
©□

□ © failed by barrelling

■> r~
10 20 30 40

work (Nm)

50 60

Figure 7.19 AE mean signal value as a function of work for a total of 39 drained, 
consolidated nominally undrained and unconsolidated nominally 
undrained triaxial shear tests conducted on Leighton Buzzard Sand.
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Figure 7.20 Number of post-threshold data points against number of events for a total 
of 39 drained, consolidated nominally undrained and unconsolidated 
nominally undrained triaxial shear tests conducted on Leighton Buzzard 
Sand.
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Figure 7.21 AE mean signal value against number of events for a total of 39 drained, 
consolidated nominally undrained and unconsolidated nominally 
undrained triaxial shear tests conducted on Leighton Buzzard Sand. 
(Note the average level of noise is also shown)
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Figure 7.22 Frequency distribution of mean magnitude of event for all events with 3 
plus data points for TR56 (consolidated nominally undrained), TR60 
(drained), & TR62 (unconsolidated nominally undrained) derived from 
triaxial shear tests conducted on Leighton Buzzard Sand.
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Figure 7.23 q vs axial strain for five nominally undrained (TR63, TR64, TR65, 
TR66 & TR67) and one drained (TR68) triaxial shear tests conducted 
on samples o f 4Arlesey’ sand.
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Figure 7.24 q vs axial strain for five nominally undrained (TR69, TR73, TR74, 
TR75 & TR76) triaxial shear tests conducted on samples of ‘Red’ sand.
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Figure 7.25 Mohr stress circles for five unconsolidated nominally undrained triaxial 
shear tests conducted on samples of ‘Arlesey’ sand. A general tangent 
fitted to the test circles produces a value for <j)max of approximately 44°. 
Note that the normal stresses are total
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Figure 7.26 Mohr stress circles for five nominally undrained triaxial shear tests 
conducted on samples of ‘Red’ sand. A general tangent fitted to the 
circles (ignoring the first) produces a value for <()inax of approximately 
33°. Note that, because these are undrained tests, the normal stresses 
are total.
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Figure 7.27 qmax vs work done for thirty-nine triaxial shear tests conducted on 
Leighton Buzzard sand, six triaxial shear tests conducted on ‘Arlesey’ 
sand and five triaxial shear tests conducted on ‘Red’ sand
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Figure 7.28 AE mean signal value (bulk data) as a function of work done on sample 
for thirty-nine triaxial shear tests conducted on Leighton Buzzard Sand, 
six triaxial shear tests conducted on ‘Arlesey’ sand and five triaxial shear 
tests conducted on ‘Red’ sand. (Note the average noise level is also 
shown)
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Figure 7.29 Number of post-threshold data points vs number of events for thirty-nine 
triaxial shear tests conducted on Leighton Buzzard sand, six triaxial 
shear tests conducted on ‘Arlesey’ sand and five triaxial shear tests 
conducted on ‘Red’ sand
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Figure 7.30 AE mean signal value vs number of events for thirty-nine triaxial shear 
tests conducted on Leighton Buzzard Sand, six triaxial shear tests 
conducted on ‘Arlesey5 sand and five triaxial shear tests conducted on 
‘Red’ sand. (Note the average noise level is also shown)
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Figure 7.31 Number of events vs work done for thirty-nine triaxial shear tests 
conducted on Leighton Buzzard Sand, six triaxial shear tests conducted 
on ‘Arlesey’ sand and five triaxial shear tests conducted on ‘Red’ sand
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Figure 7.32 Frequency distribution of mean magnitude of event for all events with 3 
plus data points for six triaxial shear tests conducted on samples of 
‘Arlesey’ sand (TR63, 64, 65, 66, 67 and 68)
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Figure 7.33 Frequency distribution curves for nine unconsolidated undrained triaxial shear 
tests (column 1 - Leighton Buzzard, column 2 - ‘Arlesey’, column 3 - ‘Red’)
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Figure 7.34 Graph of q against axial strain for twelve unconsolidated undrained 
triaxial shear tests conducted on samples of Gault Clay and for four 
unconsolidated undrained triaxial shear tests conducted on samples of 
Mercia Mudstone (shown in lighter type)
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Figure 7.35 Mohr stress circles for twelve unconsolidated undrained triaxial shear 
tests conducted on samples of Gault Clay and for four unconsolidated 
undrained triaxial shear tests conducted on samples of Mercia Mudstone 
(shown in lighter type)
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Figure 7.36 Graph of qmax against moisture content for twelve unconsolidated 
undrained triaxial shear tests conducted on samples of Gault Clay and for 
four unconsolidated undrained triaxial shear tests conducted 011 samples 
of Mercia Mudstone
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Figure 7.37 Graph of work done against moisture content for twelve unconsolidated 
undrained triaxial shear tests conducted on samples of Gault Clay and for 
four unconsolidated undrained triaxial shear tests conducted on samples 
of Mercia Mudstone
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Figure 7.38 qmax against work done for twelve unconsolidated undrained triaxial 
shear tests conducted on samples of Gault Clay and for four 
unconsolidated undrained triaxial shear tests conducted on samples of 
Mercia Mudstone
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Figure 7.39 AE mean signal value as a function of work done for thirteen 
unconsolidated undrained triaxial shear tests conducted on samples of 
Gault Clay and for four unconsolidated undrained triaxial shear tests 
conducted on samples of Mercia Mudstone
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Figure 7.40 AE mean signal value as a function of number of events for ten 
unconsolidated undrained triaxial shear tests conducted on samples of 
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Figure 7.45 Event distribution (based on mean magnitude of event in volts) for four 
consolidation cycles.
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Chapter 8

Conclusions

8.1 Field Investigations

This investigation has examined the feasibility of using the phenomenon of acoustic 

emission to detect and monitor first time deformation mechanisms in stiff, heavily over­

consolidated clay soils. Primarily concerned with slope stability, the study has described a 

physical model which has attempted to explain the occurrence of the field generated acoustic 

emission. It has included a consideration of wave guide design and signal processing 

technique and has clearly demonstrated the use of an analogue-to-digital conversion board in 

the acquisition of soil generated acoustic emission.

Two field studies have been conducted. One was a naturally eroding section of coastal cliff 

at the Building Research Establishment’s test site in Cowden and the other was an artificial 

large scale test in which a cut slope in a ‘moth-balled’ brickpit was destabilised by physically 

cutting the toe. The combined results from these two investigations suggest that the 

technique can be used to detect and monitor the development of first time deformation 

mechanisms.

It has been demonstrated that (for this investigation) the active wave guide model is the more 

appropriate when attempting to explain the generation of acoustic emission in the field. It is 

considered that this has implications for the design of wave guide most suited to a particular 

4 geotechnical situation. Sand and gravel backfilled wave guides were the most responsive.

Although other wave guide designs generated acoustic emission, there was little 

correspondence with measured deformation. In particular, gravel backfilled wave guides 

appear to generate (relatively) high magnitude emission over a short time-scale whereas sand 

backfilled wave guides appear to generate (relatively) low magnitude emission over a long 

time scale. The results of a number of laboratory based ‘box’ tests, which were designed to 

replicate the perceived role of the active wave guide in the field, support these findings. 

Furthermore, it has been shown that acoustic emission can be used to detect, and 

differentiate between, a gradual deterioration in slope stability and a larger, more sudden
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interference in the equilibrium of the slope. It is also evident that, while standard methods of 

deformation monitoring (i.e. inclinometers) indicate such small magnitudes of deformation 

have occurred as to be indistinguishable from instrument error, significant acoustic emission 

can be detected.

At each site a control wave guide was employed in order to determine the background noise 

level. The intention was to use the acquired background noise level to equilibrate AE data 

captured on different days in order that they would then be directly comparable. In fact both 

field studies indicated that (using a 30kHz peak resonant transducer) background noise was 

not a problem (although wind blown debris colliding with a wave guide and generating 

erroneous emission may be). This is an important finding as it implies that stability 

monitoring can be accomplished with reference to gauge wave guides only. It should be 

appreciated that it is still necessary to check (prior to acquisition) that the AE system’s 

sensitivity has remained constant and other considerations (such as earthing conditions) are 

unaltered. However, this can be accomplished without the need to install and monitor a 

control wave guide outside the zone of deformation and eliminates the need to equilibrate 

alternate days AE data.

It was a consideration of acoustic emission detected from the control wave guide, in 

conjunction with that detected from the gauge wave guides, which lead to the identification 

of ‘constructional’ noise. This was generated as a result of the wave guide design and has 

nothing to do with slope deformation mechanisms.

It has also been clearly demonstrated that the technique used to process the acquired data 

could have a profound effect on the apparent response of the signal to periods of 

deformation. As with wave guide design, the technique used needs to reflect the geotechnical 

situation under consideration. It has been shown that the mean magnitude of a ‘bulk’ sample 

of acoustic emission data is sensitive to slow and gradual deformation, whereas the standard 

deviation of a ‘post-threshold’ data sample is most responsive to sudden disturbances in the 

equilibrium. Further forms of processing, such as amplitude distribution analysis, appear to 

confirm that a single mechanism (i.e. wave guide - backfill interaction) was responsible for 

the generation of the emission.
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8.2 Laboratory Investigation

The main aim of the series of triaxial shear tests conducted was to characterise AE generated 

from soil material in a state of stress. It has been shown that the level of the acoustic 

emission is related both to the effective stress and the mineralogy and grading of the soil. 

However, it is likely that the relationship between these two factors and emission generation 

is highly complex owing to the behaviour of soil particles when subjected to shear. Using an 

analogue-to digital conversion board which is capable of triggering ‘on the event’, it should 

be possible to capture every emission and to relate it to the state of strain of the soil sample. 

Additionally, however, if alternative modes of particle response (to shear) generate emission 

which are of a different character then it would also be possible to determine the mode and 

relate it to the state of strain of the soil sample. In this respect, it is considered that acoustic 

emission has a great deal of potential as a research tool in the laboratory.

8.3 Future Work

In section 3.4, concerning monitoring philosophy, it was commented that ... It is highly 

likely, therefore, that much deformation-related emission was not captured simply because 

no operator was present when it was generated. This point acknowledged the fact that the 

method of making periodic site visits to acquire AE data probably effected the loss of a large 

volume of genuine deformation-related AE. It is fairly evident, therefore, that a major 

improvement would be the design of a continuous monitoring system, where all deformation- 

related AE would be captured. Such a system could be investigated using the findings of this 

research with the aim of developing the following applications.

■ The provision of an immediate response (acting as an early warning system) to a

sudden disturbance in the stability of a soil slope.

■ A means of monitoring gradual changes in the stability of a soil slope.

The particular data processing technique used would be dependant upon the final capture 

system. However, the findings of this investigation suggest that it is possible to distinguish



between periods of activity and inactivity by processing AE data captured from a single wave 

guide in two alternate ways and comparing the results. This was illustrated in figure 6.11 

which showed the standard deviation of both ‘bulk’ and ‘post-threshold’ data for Arlesey 

WG2. (Additionally, there are further examples where AE data captured from multiple wave 

guides has been shown to be coincident in the pre-test period but divergent within the test 

period. For example see figures 5.29 and 5.31)

Having determined that deformation is occurring, it may then be possible to distinguish the 

particular mechanism responsible by considering, for example, the mean value of the data 

(‘bulk’ or ‘post-threshold’) or the number of post-threshold data points. It should be 

appreciated that, at this stage, it is not possible to determine what constitutes a high or low 

mean value or a large or small number of data points. This, together with quantification of 

the AE data, requires further investigation if a working AE system is to be produced.

However the findings of this study suggest that it is possible to develop a system which, 

without reference to a control wave guide, would be able to indicate when activity was 

occurring and determine the mechanism responsible.
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