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 ABSTRACT

A demand exists in the mining industry for an instrument capable of testing rock anchors
quickly, reHably and non-destructively. This report describes Iaboratory tests in which the

acoustic pulse interrogarive tschnique iz investigated for rock anchorstp to 1,9m inlength,
using concrete cylinders to simulate rock. The reralts of the tests show that, under laboratory
 conditions, the length and grout coverage of p rock anchor up to this length can be deduced

from its acoustic response. The tests weze made using a magnetostrictive transducer to
~ provide the acoustic stimulus and a piezoeleciric transducerto detect the response of the
rock anchers to the stimulus. A special case of the cepstram method, the band limited
envelope cepstrum,'ibr processing acoustic signals from the rock anchors is introduced and
~ the efficacy of the method in dealing with the vety distorted rock anchor responses is
demonstrated.
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1 INTRODUCTION
1.1 Background

The mining industry relies on rock anchors for the containment of rockbursts and support
of surface layers of rock in mine tunnels. In performing this function, the integrity of rock
anchor instaliations plays a vital role in mine safety. The failure of rock anchors in their
stressful envitonment is not uncommon, and so to maintain the required level of safety
' underground, sock anchors mast be tested in situ from time to time. Fhe present (and only)
method of testing rock anchors is the mechanical “pull test”, in which the installation is

- stressed to the point of failure and, depending on the failure stress, it is decided whetheror

 pot the installation was acceptable, Because the iest is destructive, it can be applied to rock
anchors only on a sample basis, In additien to the fact thiat it i destructive, the pull test is
' unsatisfactory because it is slow and expensive: the hydrautic test equipment is cumbersoime
and takes time {0 set up, These disadvausages of the pull tost have given rise w the need for
a portable instrument which is capable of testing rock anchors quickly, reliably and
non-destructively,

About 6 miltion rock anchors are installed in South African mines every year and the
development of such an instroment would lead to jmproved safety underground and
considerable savings to the mining industry, The research effort describied in this report was
commissioned by COMRO (the Chainber of Mines Research Organization) with the aim of
ultimately producing a grouted rock anchor tester. Before detailing the nature of this research
and how it relates o the problem of rock anchor testing, the reader is introduced o some
rock anchor terminology and practice in section 1.2 below, '

12 Qverview of Rock Anchor Pfactice
Working mechanism of rock anchors

- Rock anclmrs are steel rods inseried into holes deilled perpendicularly to the rogk face in
tuninel walls, and are fixed it Dosition by filling the holes with a cementitious or resin grout
A small Jength of rock anchors left protrading from the hole for the attachment of nuts,
washezs, cable and wire mesh, Stress in the surface Iayers of rock is transferred throughthe
rod into deeper layers of rock, the bonding of the grout with the rock and the steel rod being
instrumental in effecting this stress transfer. A large washer is sometimes fixed to the end
of the rod to give additional stress distdbution in the surface layer of rock. The function of
the cable lacing and wire mesh is to contain fragments of rock which break away from the
rockface Where they are used, the mesh and lacing cover the entire rock far  nd are fixed



in position by the rock anchors, which are commonly installed one to two metres apart.
* Figures 1.1 and 1.2 illustrate some rock anchor instailatipns in cross-sectional and plsnview
Themckanchorsshominﬁg 1.1 have notbeenoorrectly {fully) grouted.

Rock anchor i‘mlure

 Rust and ageing, poor initial installation, shearing or snapping of rods and the destruction
of the grout-steel bonid are common peasons for the failure of tock anchors, Earth movement

© is the cause of grout bond destructics, shearing and longitudinal snapping, hence the need

for an instrument which is capable of measuring the lengih of the rod. Since the mechanical
' strengthofthc rock anchorinstallationdepends on the area of intact gmutboud atits surface,
the proposed instrument must also be capable of determming this area. A coarse measure

of this area, and a convenient meauss of pxpressing the area for a particular rock anchor type,

is the equivalent length over which tu rouk anchor is assumed to he sully grouted.

X has been found that above ] certain are: (or length) ofmd—glout bond the rod snaps under
excessive longiudinal stress, and beiow this length the grout-steel bond is destroyed. The
lengthof bond at the transition between these fafiure mechanisms s refierred to a5 the “critical
bond length". The critical bond lengih of ihe coramonly used rock anchor and grout fypies
is betweeu a half and one metre,

Poor initial installation nsually amou. lu the installat:on of rods which are shorter than
they should be, or the usz of tooittle gmutinmednllhole. Testing of rock anchorinstallatons

is therefore warranted both at installation time, as a quality control check, and at appropsiate -

periods thereafier, to detect damage caused by earth movement,

~ Rock anchor size and types

Rock anchors are generally between one and three metres in lengih and between 15 and

25mmi in diameter, depending on the requiremr.ms of the mine, Of the large variety of rock
anchors used in mining operations, most can be placed into the categories "smooth bar” or
"rebar® and "slraight bar" or "shiepherds cmok" '

Rehars have 1ibbed surfaces to improve the overall strength of their grout bond, the heigm R
of the surface ribs being typically 1 to 2num, Smooth bars are circular in cross section anst

~ have no surface feaiures apart from threads which are cut at the ends of the rod f‘or the
attachment of nuts and washezs



2 ..

7 7 - Sho s

%z

Grodted rogion Un-grouted reglon | |
Grout diacentiouly

Figure 1.1 Rock anchor terminology: a straight-bar and a shepherds crook (not to
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- As its name implies, the straight bar is a simpie rod. The shepherds crook terminates ina
foop, for convenience in attaching cables and mesh. This loop is closed by burying both
ends of the rod in the drilihole at installation time, '

. Grout quality or coverége. ig the proportion of . mci area which is bonded with the grout, .
Grout coverage Is sometimes expressed as a percentage and somsumes asa Iength, where
the area of the rod for that length is assumad to befu]ly bonded,

Grout discontinuities: axepnmtsonthzmdwhereah‘ansiﬁnnﬁ-omagmutedmanungmuted
area occuts,

- Grout distribution: is the geometry, or patter in which grout bonding occurs on the rod.
defined by the location of grout discontinuities on the rod,

Near and far end: The tiear end of & rock anchor is the portion of rod protruding into the
tunnel afier instaliation, 4nd is accessible for the purpose of testing. The far end of the rod
is buried in the deeper layers of rock and is inaccessible,

13 Kvstrument Specifications and Conditions in Mines

~ 'The objective of the research desctibed in this report is riot to produce a complete rock
anchor testing instrument. Rather, it is concerned only with the signal processing aspects of _
a future instrument, whose specifications sre given below. The discussion below should
therefore be seen as background information which puts the research into pecspective, The
scope of this research will be discussed in section 1.6.

_ The xequirements of the rock anchor test ins:mmem a5 Tald down by the mjmng hldustry,_
can be summed up as follows:
The instrument saould be:-

* Capable of measuring the lengul and grout quality ofmck anchors in situ witha pmcision
of 20cm, ' '

% Capable of testing rock anchors quickly (in about 4 minutes maximum), and should
therefore not rely on special preparation of the rod, for exmnple filing and polishmg nf the -
rod surface, '

* Non-invasive, That is, the rock anchor installation may not be tampered with or changed,
even femporarily,



* Robust, portable and seif-contained (not need an external power sapply).
* Basy 10.use, even by semi-skilled people.

* In compliance with mine safety xegulations

Smoe the efficacy of the rock anchor instailation depends primarily on its grout coverage,
measurement of grout coverage is considered the more important feature of the instrament.
The proposed insu'umut must perform to specification for a variety of rock anchor types :
under mine oouditions, which are less than ideal, Some of these conditions are;

* The near end of the Tock anchor may be covered in rust, debris and moisture and doés not N
necessarily have a flat face: it is sometimes wedge-shaped becanse of the process used to
manufacture it, | '

% Rock anchors are riot installed with much consistency: the protruding length of the near -
end varies and one or more outs may be present on it. Sometimes futs are positioned at the
very end of the protrading rod, Washers, mesh and cable lacing may or may not be attached
to the near ¢nd of the rod, The rods are sometimes bent, and are not always mstalled
perpendicularly to the rock face. :

« A variety of tock types and conditions may oxist in the mine: the rock may be wet or dry,
cracked, and the face of the tunnel wall may be rongh and craggy, and may or may not be
covered in megh and cable lacing, ' '

* The diameter of the drillhole is not necessaﬂly fixed, and different grout iypes are used.’ .
The cementitious grout type is, however, nommally used in gold mines,

* Rock anchors instalted ina mnnel mfm not gasily accessible.

*Rock auchork maybc_under any stress from zero to the point of failure, -
1.4 The Acoustic Method as a Solution

The following discussion does not attempt to justify the use of the acoustic pulse method
fully and should be seen as the back grourd to, and broad argument for, the use of the method.
. The goal of the research was to evaluate the acoustic method under laboratory conditions.
More detail on the nature of this evaluation will be given in section 1,6,



" OF all the conditions found in rock anchor installations Ysted above, the measurement
principle of "the ideal instrument” should produce information which depends on two only:
the length and grout coverage of the rock anchor. If the physical printiple explotted for the
purpose of measurement shows a dependence on other quantities which are known and can, -

be corrected for (such as rod, grout and rock type), the instrument may be more difficult to
calibrate and use, but may nevettheless be practicable, If, on the other hand, the principle
has an unacceptably strong depesxience on unknowns which cannot be determined (such ag
rock moisture content or crack gzometry), it is useless,

* Because the grout coverage is the more important quantity to be measured, the primary
concenin finding a principle on which to biise the instrument should be with grout coverage,
If the length information cannot be found wiing the same principle, a sccondpﬂnclple which .
gives lcnglh information may be employed by the instrament,

A microwave radarmﬁt(for imaging the iside of the rock) ard the "antenna method" have,

for example, been used to find rock anchor lengths, The principle of the Iatter is to treat the

rock anchor as an antenna, and to find the impedance minimum which ocotrs at the resonant

frequency of the antennd - this resonant frequency is diréctly related to the length of the

rod. (A problem with the antenna technique is that the resonant frequency also depends
 strongly on the rock’s permittivity and moisture contexit). Naturally, these principles cannot

give information on the area over which the stegl of the rod i bonded with the grout, In the
~ opinion of the author, the otily principles which offer a solution to the problem of finding
grout coverage are the thenxal and acoustic ones. The princlple of the thermal method is
that the thermal resistance between the rock anchor and the surrounding tock Gneasurable
with 4 thermal stimulus) is directly related to the grout coverage of the rod, Because the
thermal method will be very slow and consume a large amount of energy, it is likely that it
will be more costly and cumbersome than the pull test, By eliniination, it appears that the
acoustic metiod is the only principle én which to base the instrument,

The foundation of the acoustic methoed is that acoustic energy induced into the rod is conined
to the rod if its grout coverage is small, but Jeaves the rod rapidly by "leaking” through the
grout-steel bond If grout coverage is good, By recording fie acoustic responiss of the rod
after the introduction of the energy, this rat: of leakage can be gauged and from it the grout
coverage of the rod can be inferred. I the stimulating acoustic signal is chosen to be a pulse,
a rather simple means of finding both the grout coverage and the length of the rod suggests
itself: if the pulse induced into the rod traverses the length of the rod, is refiected at the far



| end and retams to the source of excitation as an echo, then he amplitude of the (attenuated)
echo should relaie to grout coverage and the time taken for the echo to arrive should relat
to rod length,

Naturally, there is a variety of other stimulus types which can be used, for example white
noise or continuous sine excitation, but with the correct signal processing manipulations
they can be considered equivalents. The choice of excitation type must therefore depend
chiefly on the practicability and limiitions of the iransducers used.

The method selected for the laboratory investigation, then, was the acoustic pulse echo
method. Further reasons for the choice of pulse excitation will be seen later, Naturally, the
promise tha pulse attenuation depends only o grout coverage and time of arrival depends
only on rod length cannot be stricfly true, Deviations from these ideals will be dictated by
the "redl” acounstical laws of the system, applied to every element of its complex geometry
and material. he philogophy behind the use of the simple puise attenuation and time of

arrval model, then, is highly empirical: starting with the model, corrections are made for
every material and geometrical variation which:

* Affects the measured pulse attenuation and time of arrival significantly (tnat is, by an
amount in excess of that atlowed by the tolerances in the specification).

* Qceurs in real rock anchot ingtallations,
* Can be determined (that is, is a known quantity) for rock anchors under test in sitw,

This is easily done in the case of parameters such as rock anchor, grout and rock type by
collecting calibration data for every combination of the three. Quantities which caonot be
determined by inspecdon of the rock anchor installation and the possible effects of which
are more subtle pose a pioblem, however. Examples of these are the effects of grout
distribution and end effects (where the far end of the rod is buried in grout) on the measured
pulse attenuation and time of arrival. The treatment of this problem is discussed later in the
Teport.,

LS Previous Work on Rock Anchor Testers

To the best of the author’s knowledge, no treatment of this problem, or one close to it, is
available in the literature. The United States Bureau of Mines (USBM) has produced private
documents [1], (2] describing the develop-icat of 4 . instrument based on the acoustic



_ methoﬁ. Their docyments do not digeuss the characteﬂsﬁcs of e aconstic medium or the
signal processing used to deal with it, in any detail. The develepment of this instrument
{which the USBM calls "the tock bolt bond tester” or RBBT) has been sbandoned because,
according 1o a recent repors from the USBM, the repeatability of their résalts was not good
and sufficient acoustic energy ooulrtnotbe indaced into rock aochors. '

ASwedishorgaxﬁzation, "GeodynamikAB“,has produced anmstrmnent (i.he "Boltometer")
which uses the acoustic pulse technique. Documentation on the instrument’s development
and working principlés has not been made available by them to date, Both the RBBT and
the Boltometer use a piezoelectric transducer and pressure contact with rogk anchors for the
induction of acoustic energy into the rods, and oonscquently require that the neer end of
rids have a flat face,

1.6 Scope and Structure of the Work

In this report, the description of the work done is limited to:

“Asmdyofcep  i-based signal processing foruse on theacoustic responsesot‘simulated
 rogk anchors (clao with concrete cylinders),

* Bxperiments on s;mulated rock anchorinstallations and the application of the band-Timited
. envelope cepstrum tu the acoustic response of these installations,

‘The following paragraphs attewipt to put this work into perspective and show how it relates
to the probiem of producing a rock anchor testing instrament. A description of the report

Yiyout is given at the end of this section. A more specific statement of the work doneonthe

signal processing study and experiments is given in the description of the layout.

-Forthe aoousﬁcmeghod. thedifferent aspects of the research and design necessary to produce
a final, working instrument can be enutherated as follows:

* Investigation of the behaviour and properties of the acoustic medium, developing models
where necessary. '

* Development of signal processing techniques for treating the acoustic responses of rock
anchors and extracting their grout coverage and rod length information.



* Ynvestigation and optimization of acoustic interfaces: ~~pling signals into and out of the
rod, with the exaphasis on speed and ease of use, and minimizing rock anchor preparation

* Agsessment of etfects of, and design to take into account, varizble mine conditions such
28 rust, nuts, washers, cable lacing and mesh and shepherds crooks,

* Collection and treatment.of cailbraﬁon data for various rock anchor, grout and rock. types.

o Design of the instrument’s hardware and software. Cons:detatlon of mine safety'-
' mgulations, portabitity and ergonomics,

* Production englneenng

Clearly the problem is a multi-faceted one, but the heart of the matter, and that ypon which
all else rests, is establishing the meusarement principle of thie instrument, That iy, the
excitation and signal processing needed which, after tailoring to suit the observed properiies
of the medium, produce the quantities required to be measured to specification. 'I'hepurpose
of the laboratory study using the acoustic pulse method, thcrefore. was to:

o Investigate the properiies of the acoustic medium, using concrete cylinders to simulate

* Develop the signal processing techmquf-s needed to deal with the acoustic responses of
- rock amhors -

*Treat the laboratory study as a feasibility study and A poimer to “ulther researchnecessary
to produce 4 real instrument. -

The object of this report is to cenvey to the reader the outcome of these investigations, and
- the discussion of issues which are peripheral to the above points wilt thus be kept to a
minimum. The Layout of the remainder of the report is &s Tollows:

Chapter2 describes the pmpose and details of construction of the concrete cylinders used
to simulate rock, The simulation was performed on two sample rock anchors, The physical
equipment used in the study is introduced, and its interconnection is descrited, Part of this
equipment are the magnetostrictive and piezoslectric transducers and their associated
circuitry. The magnetostrictive transducer was nsed to create acoustic pulses in the rock



mhorsandthepiwoelec&t»*emwtmusndmdetectmeacousﬂcmsponseafthemck
anshors, These are discussed briefly, and problems associated with the particular
. combination of transducers used are reporied. An attempt is made at describing the

transducers and problems only insofar as they affect the integrity of the signals of inmmst. _

and insofar as anmlderstandingofthe experimental setup is necessary,

Chapter3 discusses the signal processing needed inthe analysisof the rock anchor responses,
Because the signal processing can be viewed as the key to understanding and dealing with
the properties of the acoustic medium, it is explored in some detail. The cepstrum is
introduced and synthesized data is used to illustrate the use of the method. Variations of the
cepstrum are described and lead to the Introduction of the band-limited envelo .+ yepstrum,
which was used in the final analysis of the rock anchor responses. Anexatﬁp!&_ ‘tk-anchor
response is used 1o illustrate the use of the band-limited envelope cepstrum, and the method
of using the cepstrum to remove unwanied signal components is demonstrated. The signal

processing methods described in this chapter were implemented in the Turbo Pascal '

progratnming language on an IBM AT-compatible PC (personal computer}

_ _Chapter4 describes metwosamplemckmhmsusedmmelabomm tests and the method
of application of the conerets cylinders to the rock anchors, The instrument settings and data
recording are discussad byiefly. The acoustic responscs {the "raw data”, or "time records™)
of the rock anchors, obtained using the hardware described in Chapter 2, are presented and
discussed, The log magnitde spectra and band-limited envelope cepstra of these time
reconds are preseated and discussed. An acoustical interpretation of the rock anchor
responses is given, and pulse attenuation and arrivat time curves for the rock anchors are
derived from the time mcordings, using the band limited envelope cepstrum,

Chapter 5 summarises the principle of the instrument and the signal processing method
used. The shortcomings of the laboratory study are identified and recommendations for
fusther resecarch necessary to complete the feasibility study are given,

Appendix D gives the results of further tests, donie on real rock ancher installations, This

* appendix isself-contained, and reviews the ontoomie of the laboratory study and recormends
future work which shouid be done on the project,

10



2 EXPERTMENTAL SETUP AND APPARATUS
2.1 Use of Concrete Cylinders to Stmuliite Rock

" The point of using concrete cylinders to simulate rock is for convenience in laboratory tests;
with correct placement of concrete cylinders, various grout distributions and coverages cas
e simuluted. The idea originated with the USBM, who verified the relationship between

pulse attenuation and the strength {coverage) of the steel-grout bond by applying the puil
. testto cuncrete clad rock anchors to the point of destruction, Theuse of the mefhiod assumes
that: _ :

8 The acoustic behaviour of conctéte isnot too diﬁ'eren_t from that of rock.

* Acoustic enengy entering the concrete s dissipated and does not return o the stocl of the
mock anchor. . '

. The validity of these assumptions i commented on later in the report, I developing thelr

instrument, the USBM [1] Sound that concrete cylinders of diameter 25¢m could be usedto

 simulate rock adequately,
Detatis of the concrete cylinders wliich were used in this study are;

* Dimensions of 40cm length and 110mm diameter for the cylinders were decided upon.
The length of 40cm allows six tests to be performed on a two metve rock anchor (from zero
to full grout coverage) ~ this was considered sufficient for a laboratory study of this nature,
The diameter of 110mm, which gives the concrete a cioss-sectional arex 25 times that of

the rock anchors tested, was considered adequate for the dissipation of acoustic energy
entering the cylinder: '

*The cylinders were cast as half-dylindm's. to be grouted together on application to the rock

anchor, A half-cylindrical recess of diameter 5mm was cast into the inside of each
half-cylinder, for accommodation of rock anchors up to this diameter.

1



* Ordinary building cement and river screed were mixed in the ratio 2:3 by volume, in
rroducing the hatf-cylinders. In.the building industry it is generally agreed that this ig the
ratio for which concrete has its nxaximum strength, Ezch half-cylinder was allowerfl to set
undet water for 7 days and was dried slowly for three days after that. ’

Conb_extra medium-set grout capsules (manufactured by Fosroo) wereused to groutfbomret_e

half-ylinders together, and onto test rock anchors. Thiv full strength curing time of this

* grout, and hence the minimum time allowed between acoustic tests and application of
~concrete cylinders, was three days. It was assumed that each concrete cyhnder was fully .

. bonded with the mckmchorundertest. andnopu]ltestswmappliedtothemckanchors'

to venfy this as.sumption.

".2 Conplmg the Aconstic Stirnulus into the Rock Anchor

7o avoid the difficulties associated with using a piezoelectric transducer for smnulanngthe

- rock anchor (that is, filing and polishing to produce a good acoustic interface), a
magnetostrictive transdueerand associated circuitry were produced: magnetostriction is the
phenomenon in which @ magnetic material subjected to a magnetic field experiences a
mechanical contraction brexpansion [3]. A coil placed around the near end of a rock anchor
and excited with a high current of shott duration thus amounts o 2 magnetostrictive
transducer,thesteelnfthcmckanchontselfbeingmemagueﬁcmatarlalwmchzsacou"tically
excited, Clear advantages of using a magmtostnctm: transducer are:

% Themethod isnon—contacnng, andthusmqmresno aooustminiaerface preparation; acoustic
pulses areinﬂuceddlrecﬂyinto the rod,

- * A fixed, known amount of acoustic energy can be imparied to the rod for agwenmdtype
and coil geometry. :

* The transducer produuces a Jongitudinal acoustic wave in the rod, |
Disadvantages of using the magnetosmctwe transducer are:

* A Jack of control over the waveform of the acoustic signal mduced ium the rod, because
this waveform depends in a complex way on:

- the magnetostrictive characteristics of the rod material

~rod and coil geometry and placement

- the: enrrent flowing in the coil,

12



*Themagnetostrictive transducer is non-linear, mainly because the mechanical deformation
of the material is independent of the polarity of the current flowing in the coil, This is not
~ aproblem in pulse excitation when, the exact shape of the pulse is not important. Where the
- transducet is to be used for continnous sine excitation, however, the current drive to the coil
~ has to be designed for Operation in the Bnear region of the material’s magmetosincnon
characteristic, -

* Application ot the magnetostrictive transducer assumes that some free end of the rock
anchor is available for coil placement. Use of the transducer in a real instrament would
require the design of a range of coils for testing rock anchors: for example, a hexagonal cofl
'would be called for where a mut has been placed at the tip of a rock anchor’s near end,

The cofl used to excite the rock anchors investigated in the laboratory stody was evenl,”

wound with 100 tums of 24SWG enamelled copper wire, onto a former 20mm in diameter

and 25mm long. The circuit diagram of the circuit used to excite the magnetostrictive
 transducer is shown in Fig, 2.1.
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This imugnetostrictive drive cirouit is capable of pducing a current pulse of up to 10A of
duration approximately 20pis in the transducer, The acoustic "clicks" thus produced in the
rod are clearly audible up to 2 metre away from the rod, Because the magnetic material of
rock anchors (solid mild steel) was not designed withits magmetostrictive properties inmind,

the transducer is inefficient. This hiefﬁciency can be compensated for by increasing the
current drive to the coii but does result in a problem (a stimulus artefact) which willbe
discussed in section 2,

23 Cnupling the Accustic Signal out of the Rock Anchor -

A PZT (lead zirconate titanate) piezoelectric disc of diameter 16mm and thickness 3mm
was used to detect the acoustic response of rods in the laboratory investigation. The PZT
disc (part no. 4322 020 02300, manufactured by Philips) was chosen for its convenient
physical dimensions and the fact that it has a smooth frequency response (thatis, nio resonant
peaks) over the signal bandwidth of interest. The importance of using transducers with a
smoomﬁ'equencyrespnmewﬂlbeseenmmla;rer“ '

The acoustic interface for the piezoeiecmc transduoer (piezo) was formed by ﬁ]jng but not
polishing, a flat face onto the rods an: pressing the piezo onto this face with the well-known
commercxally available product "Prestik" (otherwise known as “Blue-tac”). Although lossy.
Prestik was found to have good acoustic properties, comparable to that of beeswax, and
performs satisfactorily when used in thin layers. - This interface is not practical in a real
instrament, but it was used becavse ofits good properties, and to maintain a diviston between
the issues of acoustic interface design and the investigation of the acoustic mediut,

The circult diagram of the circuit used to amplify and filter the signal from the plezo is

" shownin Fig. 2.2, The amplifiers have a gain of about 54dB, to bring the signalup to a level

which suits the analog to digital converter (A/B) used o sample and record the rock anchor
responses. The function of the high-pass filter which cuts in at 4kF is to refove strong
low frequency noise (for example, S0Hz mains and mechanical vibrations) which might
otherwiseunnecessarily limit the dynamic range over which signal components are quantised
- by the A/D. The high freuency cutoff of the amplifiers (100kHz) is set naturally by the
characteristics of the operational amplifiers used in the ¢ircuit. The bandwidth 4kHz to
100kHz was considered sufficient to convey all the pulse information needed in the analysis
- of rock anchor responses.
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Figure 2.2 Amplifier for plezoelectric transducer
2.4 The Combination of Transducers and the Stimuius Artefact

Of the many combinations of acoustic transmifter and receiver considered for the
investigation, the maguetosirictive transmitter and piezo recelver deseribed above were
selected, both for their convenience in the Iaboratory tests and as 2 prospective combination
for use int a resl instrument, Use of the mz  tostrictive transmitter means that the
piezoglecttic receiver measures both the direct and reflected pulse, in correct proportion,
This proportion is an important part of ths signal processing and is needed to gauge the
attermation of the pulse which has travelled the length of the rod. The use of a single plezo
for transmitting and receiving acoustic energy would make a comparison of the direct and
- reflected pulses more dlfﬁcult

This particular conbination ot‘transmittcrandmceiverdoes, liowever, give rise to a problem
which might be called 2 "stimulus artefact". Because of the unavoidable proxinity of the
piezo and magnetostrictive transducers at the end of the rod, and the high voltage and current
“associated with the magnetostrictive transducer, a pulse is electromagnetically introduced
at the electrical connections to the piezo. This artefact obscures the direct pulse measured
~ bytheplezo at the time the magnetostrictive transducer is stimulated and, although its shape

15



 issimilarto that of thie direct pulse, it must be considered destructive becouse itisn’ta “real”
part of the acoustic response of the rod. An azmpt to remove the stimulug artefact in the
laboratory by subtracting two recordings in which the piezo had been acoustically connected
aud then disconnected from the rod, was unsuccessful, If was therefore concluded that the
artefact does riot sunply add to the measured sxgnal. and that some otherway of dealing with
it raust be found,

_Two immediately obvious ways of controlling the stimulus artefact are the careful design -
* and screening of transducer leads, and maximizing the s:gnal level delivered by the piezo.
The latter can be achlevedbyusingtheenﬁmmaofmepim g disc inthe acoustic interface
. with the rod, and by minimizing the thickness of interface materinl (Prestik) between the
piezo aud the rod In this way, the stimulus artefact in the laboratory waskept 1o 4 relatively
Towlevel. The stimulus artefact must nevertheless have affected the results obtained to some
not insignificant degres, and perhaps the mos¢ important means of dealing with the problem
in both an investipnfion and in a real instrument is to keep the magnitude of . 1 artefact at
a constant level, ' -

The requitement of filing to produce a large, flat contact surface is in conflict with the
spectfications for a meal instrument, and other ways of conniecting the piezo 1o the tod were
briefly investigated in the Iaboratory. One of these was a brass conical adapsor whicke has
its base mounted on the piezo face, and a sharp apex which is simply pressed iuto the surface
of the rock anchior, This arrangement performed satistactorily, except for the unaced ptably
large stimulis artefact v ged by the relatively small amount of acoustic encrgy adnritted
to the piezo through the point v.itact, If a more effective means of dealing with the stimulns
artefact can be found, the point contact recelvr should be useful, and will satisfy the
requirement that 1o rock anchor preparation be necessary in a real instrument, Ideally,
though, the method of detecting *he acoustic response of rock anchors should be
non-contacting, use of an opticel or rapacitive transducer, for example, A real fostrament
with 2 non-contacting transmitier and receiver would be elegant, completely non-intrusive
and insensitive to the surface condition of the roek anchor being tested. '

"The transducers used in the laboratory study will cetainly have to be adapted if thoy are to
be used in 2 mining environment, and should therefore be viewed metely as pointers on the
wity 10 developing the transducers for a real instmment,
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25 Overal! Setup ol’ Instruments

The intercotnection of expeﬂmcntal apparatus for tit Yests was as shown in Fig. 2.3. The
circuit diagrams of Fig. 2.1 and 2.2 are shown as blocksiuﬂiemterconnecﬂon diagzam. The
: fonetlon of the other devices in the diagram are:

* AID converter (Thurlby DSA524): sampling aml quantising the rock anchot responses
delivered by the amplifier set. The A/D quantises samples with a precision of % bits and
records and memorises up 10 1024 samples. It is able to perform. averaging on up to 255
consecutive records, and has an adjustable sensitivity and sampling vate, .

* The AT-compatible PC has an RS-232 communications conuection with the A/D and
downloads records from the A/D which it_tbeen stores as disk files, Except for signal
averaging, all processing of the rock ancher signals was performed on the PC.

* The oscilloscope displays the rock anchor respouses as a check that the apparatus is
functiviing correctly, and t allow the covrect sensitivity setting to be selected on the A/D,

~ The magnetostrictive drive cirpuit is free-running, and produces about 5 pulses per second
in the rock anchor under test, The "trigger signal” shown in the interconnection diagram
synchronises *single-sweep® record captures in the A/D with the ditect pulse in the rod,
‘When given a data capture command by the PC, the A/D makes a 1024 sample recording
on the next trigger signal which appears at its trigger input.

More detail on the placernent of the concrete cylinders and the use of 8 bit quantisation will
be given in section 4.1, "Bxperimuntal Procedure”.
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3 SIGNAL PROCESSING METHODS

The object of the signal processing used to deal with the rock anchor responses is to quantify
the echo attenuation and arrival time, the parameters wnich are used in applying the principle
of the ingtrument. As in any signal processing applicaticn, the tactics employed depend on
thie natdre of the signal being dealt with, Therefore, to initiate this discussion on signal
processing and justify the use of the cepsttum ju the problem, one of the rock anchor responses
obtained in the laboratory tests is shown in Fig. 3.1, This example response, from a 1,.9m
smooth bar rock anchor clad with one concrete cylinder, willbeused*,nroughout this chapter
ta guide the disenssion on the sepsirum method and the Spm:ial g u -'.lda ot by the
rock anchor responses. A full discussion of results is gveri ~ .. = -+ - " the exgrple
response given here should be sccnonlyasan ald incstabligk . dm, - BsiLg needs
of the pmbimu. -
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Figura 3.1 Acousiie response of 1,9m smooth bar clad with one concrete cylinder
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‘Thie time waveforin of Fig, 3.1 shows the stimulating pulse (applied by the maguetostrictive
transducer) ai the time origin of ihe graph and a reflection from the far end of the rod at

% The shape of the direct and echo pulses in the graph are not simple,
*'The echo is not a replica of the direct pulse, but is distorted,

* There are signal components other than the direct and ecbo pulses in the graph, Thesa
components will be called "the background signal” vntil later, when an explanation far the
phenomenon is offered, The background signal is not a reflection from the far end of the
rod and therefore docs not assist in implementing the principle of the instrument.

* Noise from quantisation of the signal and other sources must be present in the signal.

Where the echo pulse is simple and undistorted, and no signal components appear between
the direct and echo pulses, simplc peak detection can be used to quantify the echo pulse
amplitude and time of arrival satlsfactorily. In the rock anchor responses, however, the echo
pulse shape changes due to distortion and where rods are wel} grouted (as will be seenlater),
theechois hiddeninthe signal component which appears throughout the time record, Clearly,
amore sophisticated scheme for detecting the echo pulse, which is sensitlve to the shape of

the pulse is required,
Choice of the cepstrum method for detecting echoes

In choosing a means of quantifying pulse amplitude and arrival time, the needs of an
instrument which will wtimately be based on the method have to be considered. The
ingtrument will have to be able to "examine” the acquired data, using a software algorithm,

* and put a figure on the echo prlse amplitude and time of arrival. The figures thus obtained -
would be used to give a readout of rock. anchor length and grout coverage, To the human

eye, the ccho in Fig, 3.1 is easily identified because of the natural ability of the brain to

recognize pattems, The task is not 50 easily accomplished by a machine, especially in

well-grouted rods, where the echo iy smaller thian the background sigoal companent.

A short discussion of possible methods for detecting the echn follows, and leads to the
cepstrurn method. An intraduction to the topies below can be found in [4].
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Peak detection

The petk deiection method is effected by finding an absolute maximum in the part of the-
 signal following the direct pulse. The position of this maximun ig assumed to be the pulse
arrival time, and its value is assumed 1o be the echo pulse amplitude, Becsuse the echo pulse
is a tone burst, it comprises a number of peaks. The use of peak detection on the signal of
Fig. 3.1 would therefore Iead to a significant error in quantitying the pulse time of arrival,
Furthet, because the echo pulse i distorted, the relative amplitude of toe peaks changes
considerably with only smalt changes in groutcoverage of the rod. Thisleads 1o a substantial
 etrot in the pulse amplitude delivered by \be peak detection mettiod. Where the pulse echo
is smaller than the background signal, any of the peaks inFig 3.1 may bemismtexpreted as
the echo puls..

Autocorrelation

The use of the autocorrelation function gives a small improvement over peak detection: the
autocorrelation is sensitive to the shape of the pulse and reaches a peak value at the correct
pulse time of arrival, where the best "match” between the direct aud echo pulses is found.
" Dug to the nature of the autocorrelation function, however, the pulse ardival point is
surrounded with other peaks: the antocorrelation produces an "zcho pulse” which is 2 more
complex version of the original pulse. This, together with the fact that the autocorrelation
i3 not able to reject the background signal, means that it is not the best method for dealing
with the rock anchor signals. Use of the autocorrelation could quite easily cause one of the
surrounding peaks 10 be misinterpreted as the echo ardval, due to the presence and effects
ofthe background signal, This was found to occuraften inthe rock anshor responsss obtained
in the laboratory. The autocorrelation of the signal shown in Fig, 3.1 looks very similarto
ihat signal, except that the peaks in the background signal are very nearly lhe same size as
the echo pulse.

Cepstrum

* The cepstrum, like the autocorrelation, is sensitive to the shape of the echo pulse and reaches
~ apeak at the pulse time of arrival. The cepsttum, however, offers a significant advantage
averthe autocorrelation function: the cepstrum ideritifies a delayed replica of the direct pulse
as & delta funciion in the data record produced by the processing, irrespective of the pulse
shape, This property of the cepstrum puts it inio the class of patiem recognition techniques
< A simple peak detection operation performed on the cepstrum of the signal will correctly
yicld the pulse arrival time and amplitude. Also (as will be seen), the use of the cepstrum
allows for rejection of the unwanted (background) signal component, Where noise and
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- distortion are present fn the signal, the delta fonction marking the echo pulse artival becotes

 spread out, but Is nevertheless a well-defined, single peak. The copstrum satisfies all the

requirements discussed above, and was thus selected for deauag with the rock anchor

rasponses, A discugsion of the cepsmlm applied ) real (that is, not ideal or synthesized)

signals is given in section 3.2. A comparison of the autocorrelation and cepstrum methods
gpplied to signals with noise and distonion can be found in [S). E

The remainder of this chapter is devoted to the development of the cepstrum. method and
enhancements which improve its performance in its application to rock anchor responses,
Because itis a specialised topie, a development of the cepstrum method from first principles
i given in section 3.1, with 2 bias towards echo detection Gt does have other uses), The
concepts iptroduced in this section are illustrated with a synthesized waveform contalning
" a direct puise and echoes. In section 3.2 practical issues in the use of the cepstram are
introduced and illustrated with the example rock anchor response. The example is used in
the development of the “band-linited envelope cepstrum”, the method applied in the final
analysis of the results to quantify pulse atenuation and atrival time. Section 3.3 describes
a technique for finding the magnitude and group delay response of the acoustic medium,
This procedure was not used in the final treatment of the results for reasons given in that-
section, but is pregented here as it may prove valuable int fture fescarch on real rock anchor
installations, |

- The two examples used in this chapter will be mferred to a8 “the synthesized waveform™
and “the example rock anchor response”.

3.1 Cepsirum Theory
3.1,1 The complex cepstrum

Consider a sigaal y(t), composed of a stimulus x(t) applied to an aconstic system, and the
~ system’s response to the stimulus, The response in the problem at hand will take the form
of some kind of echo, with amplitude ay, after a delay . Where the system (which will also
be called "the medium” and "the channel”) is distortionless and the echo is & delayed and
diminished replica of the stimulus, the signal y(t) can be described as follows:

y(r)-x(:)+ axlt~t) | ' g .1

Let x{t) be called the "ditect” or "souroe” signal and let y(t) be called the "observed signal”,
- 'Wherethe chammelintroduces some modest distortioninto the transmitted pulse, the observed
signal can be expressed as:



JO=ERORE- - ¥

Here * denotes convolution and g(t) models the frequency-dependent attenuation and

dispersion of the chanmiel, butnotthe £ross delay ume ofthe echo which is taken into actount
hythcterm 1. | -

In general, these equat:ons can be written as;
YR =x@) xR : o - - B3

~ where the impulse response of the system h(t) aceounts for both the ﬂ'equency—dependent
* properdes of the medium and the gross time delay to.

_In what follows, reference will be made to all of thes.e' models, and the symbols used will
be consistent with their definitions shove, Fourier transforming (3. 3) above gives:

Y(o)=X{jo){l +H(im)] I - . (34

Let[1+H(j ), whichisindependentofthe source signal, be called "the echo effect”, Taking
the natural logarithm of this equation makes thie source and echo effects additive in the
frequency domain: ' '

logl¥ (jo]) =1ogiXyw) +logl1 + H(j) B - (35)

If{H| <1, whichis uSuaJ]y the case for passive reflestors, the log expansion

: £ & g : : : (3.6)
1?g(1+$)-3—-§+"3**-4*+... .

can be used in (3.5 to giver

.?Um)r.}?(.}m)—t-H(im) —%HUm)’+~;-HUm)’-... 6.0

"The carets in the above equation denote the logarithmic operation, For the distortionless
model of the inedium (3.1), A(z) = a53(¢ - o), s0 that (3.7) above becomes

P =R ag ™S S  es

Upon inverse Fourier transforming the above equatlon. a time signal results in which the '
additive pmperty introduced by taking logs, is maintained:
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o % 3 (3.'9)
IO =2+ B~ )~ S 2e)+ P -3 o |

Altfibugh the units of the independent variable « in the above equation are time, Y(t) has a
special meaning ant! should not be interpreted as an ordinary time signal: To emphasise this
special meaning (which will be discussed in the following paragraphs), the symbol Tis used,
and the name glven 1o the units of Tis "quefrency™ [6). ¥(1) is called the "complex cepstram”
ofy(t) and (<) is the complex cepstrum of x{t), The process for ﬁnding the com;:lexcepstnnn
of y(t) is munmed upin the following equauon*

$(6)= 7 og FLy() - 610

where 7{-} denotes the operation of Fourier transformation. Some noteworthy features of
the cepstrum example given above are: -

~ *The convolutional relationship betweenthc source and impuls:a response in (3.3} has been
transfonncd to an additive one in (3.9).

* The source and ccho effects arc separated and clearly distinguishable in the cepstrum, the
source effect appearing as £(1) and the echo effect appearing as the series of delta functions
in (3.9). This will be demonstrated graphically in the synihesized waveform which is given
- below. Separation of these components in the cepstrum is ofien possible, even if the direct
and scho signals overlap in time, but there are of course limits to this separability, Some
prerecquisites for separability are mentioned after the example below,

* Delta functions vecur at multiples of the echio delay time 1, and the size of the first delta
 function, at the time of arrival of the acho, is directly proportional to the size of the echo
Agx(t-to).

* The distortion of the spectrm inlmduc'ed by the log function in (3.5) gives rise to the
infinite series of delta functions in(3.9), eventhough only one echo is present in the observed
signal. : . _

* A second echo in the observed signal, at twice the delay time t,, gives rse to ancther
infinite series of delia functions in quefrency, beginniug at 2% in (3.9), This second series
of delta functions intecferes with the second and higher order defta fangtions (also called



“sahmonics") of the first efiection, making it difficult to idetify the second reflection and
ascestain its size. The first (fundamental) rabmonic due to the first reflection remains
invio,ate. b~ wer, and is therefore a direct indicator of theamphmde ofthe fitst reﬂeu%ion

% In spité of its name, the complex oeps'trum is real-valued because inverse 'Fom'ier
transformation. of the conjugate-even function ${j«) produces a real-valued function, Jis
name i derived from the fact that complex algebra is used in every step of the calculation
of ¥(x) and all the information in y(t) is present in j('c), y(t} is fully recovered in fo]lowing

o mereverseofalltheoperanonsusedtoﬁndy(m)

Thcprocessofrecovenngy(t) fromits cepstmlformis summaﬁsedin thcfollowmgeqdaﬁon

)= Lo FIOM | - e

Because of the two transform operations in (3.10), the way in which the cepstral domain
relates to the ﬁ'equency domain has much in common with the way in which the frequency
domain re]ates to the time domain,

In ke_eping with this analogy between the two mlaﬁonslﬁps, the ferms in the table below
have been proposed {6} (and are now generally accepted) in the cepstrum Hierature:

Original Tenn _ Derived Tenn
Spectrum o Cepstrum
Frequency - Quefrency

Phase | : .Saphe
Period -Repiod -
Harmonic Rahmonic
Magnitude : Gamnitode
Filter - - Lifter

- Iable3.] Somw accepted terms from the cepstrum literature

Where the terms in the right-hand column arise in the text, Table 3.1 above should be
consulied ~ memeanMgofadenvedtcmlinthecepsmnncanbainfemdﬁnmmemeaﬁng

oftheoﬂglnaltexmmﬂlespectmm



Example using a synthesized waveform

*" Thesyntheaized waveform and its cepstrum are giverhere to fllustrate some of the concepts

discussed above, Fig, 3.2 is the graph of & signal containing a stimulus (a decaying sine

- wave) and two distortionless echoes, not well separated in time [7:18]. Figures 3.3 and 3.4
show the log magnitude log ¥,,(t) and phase ¢,(c) which need to be found in the evaluation
of (3.5}, and Fig, 3.5 shows the cepstrum #s dexived in equation (3.9). The source effect £(t)
is clearly limited to regions near the time origit £ =0 and the echo effect appears aT=t
~ (0,30ms in the figure), dlong with its rahmonics.

Finding the complm log of the spectmm

The usual method for calculauon of the co:nplex logof Y(jop) isto convert Y(jm)to its polar
mprescsntation

I’Um)nr..vco)_e”*” | | | o (3.12)

The complex log of Y(ja) is then

loglFUa) = loglY, (e =log X (@) +joy@ = 849
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Figure 3.2 Synthesized waveform comprising a stinwl_ﬁs and two distoztonless
echoes
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Phase calenlafion

¥t ¢, ()1s caleulated using the arctangent routine, its value modulo 2r will be found, Because

of the need for ¢,(w) 1o be analytic on the unit circle [4], it has to be unwrapped (converted .

1o 2 continuous function) before the inverse Fourler transform of ¥(je) can be taken, to find
. ¥(%). The simplest way of unwrapping ¢,(wm) is to search for discontinuitics of more than v
- and to subtract or add 2z to the cummlative phase at these points, whichever is appropriate,
‘This method is suitable for functions which change slowly with @, but for functions which
are not 5o "well-behaved", a more sophisticated method iy called for [4], (8], [9].

A s*ong linear phase component in ¢,(w) aggravates the problem of phase unwrapping -
4 gtanilard procedure for reducing the niymber of discontinuities it has is to remove the bulk:
of fts linear component by re-positioning the time origin of y(t) before finding the forward
Fouriertransform of y(t) [7:34], [10:1434]. Any remaining component can ther be removed,
if so desired, in the frequency domain. ¢,{m) has to be calculated in radians so thet the units
of (3.13) are compatible,
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Log magmitude celculation -

~ Calculation of 10gY,,(@) presenis a problem when nulls in ¥,,(w) oceur. This can happern
where synthesized data is used, but log¥,,(e) is usually limited to finite values by the noise
‘content of ¥, (o) when “real” data is nsed. It is standard procedure to remove the average
valge of log¥,(m) before invetse transforming (jw) [7:34): this average value amounts to
% scaling factor ir y(t), and can be re-inserted when performing the reverse operations to
weeover ~ (1), Similarly, the linear phase component removed from ¢,(m) can be re-inserted '
* if y(t) needs to be fully recovered (positioned correctly in its time record).

Waveform editing

Source signal recovery and echio removal -

Because the complex cepstrum i3 reversible, the source signal x(t) can be recovered from
the observed signal if the source and echo effects are sufficiently well separated in quefeency,
This is done by removing (or "liftering"} the echo effect, including ali its rahmonics, from.
the cepstrum to obtain only the sourca aformation £(z). When the inverse cepstrum (3.11)
of (1) is calculated, the source signal x(t) is recovered, Fig. 3.6 shows the source signal of
the synthesized waveform, recovered by notchlifiering the cepstrum shownin Fig, 3.5, This
method of sourae signal recovery ("homomosphic deconvolution”) has beenused extensively
by seismologists to recover the source signat or "wavelet”, as they call it, from seismic
events [81, (103, [11}, {12).

Impulse and frequency response m:tmmiou
| The oc.pstrum of thc model of systems with ﬁodwt distortion (3, 2) cém be shown to be:
¥(r) ='f(‘=)+3('ﬁ“ fa)
B2ty BRCRT)

| +-:1,;3('f:- 3P (v~ 3ny*g (X —Sig) = ...
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by using H(fo)=G(ja)e ™ in (3.7), In the above equation, it i seen that the impulse
response g(t) of the system appears in place of the delta functions of equation (3.9), The
fundamental rahmonic of (3.14) is the in., .se respomse of the system, and the higher
rahmonics are eonvolutions of the impulse response with ftself, This useful feapure of the -
cepstrum makes it possible to find the frequency response of the system directly: isolating
the impulse response in (3.14) and forward Fourier transforming it gives G(jw). This
application of the cepstrum has been demonstrated inthe measurement of n'ansfer functions
- and acoustical reflection coeﬂiciems [13]. '
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Figure 3.6 Sourc signal recovered from synthesized waveform

Analtemative means of finding the impulse response is to lifter the source component #(t)
from the cepsiown and perform an invetse cepstrum operation on the remaining echo effect

and its rahmonics, This could possibly be more effective where reflections are large and the
 cepstral separation of source and echo effects is not very good,

The success with which the source signal orimpulse response can be found using the above
- methods depends on how well the source signal and impulse response are separated in

quefrency, This separability is, in tum, highly dependent on the signals being analyzed [10],
[12], If the source signal X(j) has a broadband characteristic which varies slowly with
frequency (that is, contains only low quefrency components) and if the echo effect
[log(1 +H(j o)) varies rapidly with frequency and has no slowly-varying compunents (that
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is, contains only high quefrency components), then the soutce and echo effects will be well
separated in quefrency: £(t) will tie confined to the reglon near T=0 and the echo effect
20z (T~ 1) will be confined to the tegion around 4= £, More will be said about the question
of separabi]ity inthe discusmon of the powet cepstmm. :

3.1.2 The power uepstrum

The purpose of analyzing the power cepstrumn in this section. apart from bdz)g a treatment

- of the powet cepsinim inits own right, is to provide a basis forthe discussion of the envelope -
~ gepstrum in section 3.1.3, The detail in which the power cepstrum is treated here should
therefore be noted as being a step in dealing with the envelope cepstmm.

The origmal deﬁninon of the cepstrum [6] was what is now calied the power cepstmm

9,(0=1 & logl FLyeRIH® | G 15

The pcwer cepstram of 2 function can be described as the power spectrum of the logarithm
of the power spectrum of that fanction, Altemative definitions exist, and the one used here
is after [10]. Three effects of using the power cepstrum instead of thc complex cepstrum
which ate immediately ev1dent from (3.15) above, are:

(i) The use of inverse or forward Fourier transforms in (3.15) is immaterial because each
power spectrum produced is real and even. As a consequence of this, the power cepstrum
is real and even, The inverse Fourder transform is indicated in (3.15) for consistency with
the eatdier definition (3.1C} of the complex cepstrum, ' '

(i) A consequence of discarding phase information by using the squared miagnitude of the
transforms in (3,15) is that y(t) cannot be recovered from y, (1) (because information is Jost).
Wavefona editing (for echo removal, for example) is therefore not possible with the power
cepstoum, o

(lil) ‘The use of power spectra obviates the noed for phase unwrapping, because phase
information is discarded in (3,15). '

Although wavefonn editing cannot be performed using the power cepstrum, it is generatly
agreed [14:745], [10:1434] thatit1s the superior method where amplitude and time of arrival
of an echo need to be determined. According to {10], the reason for this superiority is that
the phase term ¢,(w)in (3.13) masks the echo in the cepstram when real datais used. Because
of points (i) and (if) above, practical use of the power cepstrum is easier than that of the
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complex cepstrum, Use of the power cepstrum is therefore recommended whet only arrival
time and amplitude of echoes have to be found; the complex cepstrum is used only when
waveform editing orpreservationofphase information in the frequency domainis necessary.

How the power cepstrum relates to the complex cepstrum
The power spei:n'um of the signal described in model (3.2) is:
IYGoR*=1xGa 1 +Goee ™ o (3.16)
“meloganthm of the above equation can be exptessed as: | |
log| r(m)|*==1ug[xum)xcim)‘] +kglly +G (o )(1+G(fm)“e"‘_’°)] G
where the supersoript * denotes complex conjugation. Expanding thie log texm 8,
logl ¥ )i * =log X (jw) + log X )’

-Feume”’““"%‘?-Gw)‘e”’”°+-‘-aumfe""°‘°+-.- @1

GGy IGUm) e’“°+~GUm) -

Thc squared magnitnde of the inverse Fﬁurier ﬁmsform of the aboire equaﬁdn is: |
9,00= R0 426 o |
] ('c-t_q-—-;fa(f—%*s (x~24) +%-s(1-3€o)‘s(r-_-9-‘d*s(=-m-m | (.19
+ H~re)-%gf-¢~ﬁfo's(—'=—%\+5,l-s(—'=;-3tn)*a(—1*3@*s(—t—m---J’

‘Equation (3.19) shows how the power cepstrum relates to the comiplex cepstrura (3,14), und
is clearly an even function of 1, The écho information and its rahmonics appear at the same
quefrencics as for the complex cepstrum, as well as in the negative quefrencies, Also, the
cepstrum {s squared; taking the square root of this cepstrum leads to what could be called -
an "amplitede cepstram™ :

3.0 5" log FYE R’ - - owm
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- The amplitude cepstrum gives echo information which is more consistent wid that of the
complex cepstrum, because in taking the square root of the power cepstram the
. proportionality between the echo amplitude and echo effectinyn,  spstrum is restored. This _
definition of the amplimde cepstrum concurs with that of [7].

Note that taking the inverse Fourler transtorm of (3.16) above gwes the autocorrelation
function-of y{t) - itis the action of finding the logarltlm: of the spectzum which gives the
cepstrum its distinctive featunes

* Hg. 3.7 shows the amphtude cepstrum of the synthesized s:gnal. Note its similarity to the .
complex cepstram of Fig, 3.5, '
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Figure 3.7 Amplitude cepstrum of synthesized waveform

_Peribdicity in the log spectrum a.s the bearer of reflection information

The coniribution to the leg spectrum of the echo effect in (3.16) above is: |

2Go=loglt+cyme™f - 82
Using the polar representation of G, ' '
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Gljo) =G, (we™™ o - (622
the echo effect can be written as:

20m)=logl1+G @™ WO | e

Expanciing this expression using de Moivre’s relation gives:
Z(jay=log| 1+ G, (w)Cosleoty—, (@] - J Gm(m) Stafety~ ¢, (ON]I* o @24
Evaluating the squared-magnitude term and using the log expinsion series (3.6) leads to:

Z(j ) = 2G,() Coslarty~ b, ()] — G0} Cos2[aty—§,(0) + ... (325

When G(ja) has a small magnitude and shows little dependence on frequency- (as in the
distortionless model of the system), the cosine terms in {3.25) above form an even raimonic
series in the log spectsum, It is this cosinusoidal tipple i the log spectrum which gives rise
to the delta fanctions in the cepstrum when (3.25) above is inverse Fourier transformed, The.

magnitude (2G,,(w) ) and repiod (,3) of the first rahmonic in (3.25) contain all the reflection

information reqquired, the amplitude of the ripple relating to the magnitude of the echo and
the repiod giving the time of arrival of the echo. :

Fig. 3.3 clearly shows the cosinusoidal ripple in the log magnitude spectrum which contains
the reflection information; the Fourier transform of the source signal alone has the same
* broad shape as Fig. 3,3, but lacks the fine cosinusoidsl ripple seen in the figure, When the
- edium isnot distortionless, the exact raimonic structire of (3.25) is disturbed and the delta
Tunctions in the cepstrum become spread out over a range of quefrencies. If the distortion
caused by the medium is not too severe, the cosinusoidal ripple in (3.25) is clearly discernible
‘but is "amplitade modulated" by G,,(w) and "phase modulated" by ¢,(w) In (3.25) sbove -
hence the term “spectral modulation” {10:1430] which is used to descidbe these effects. As
- wili be seen later, ideatifying and making use of this periodic component in the og spectrum
is of fundamental jmportance when dealing with band the Uimiied reflections which oceur
in rock anchor responses,

Another accepted definition of the power cepstrum [7] is:

5@ =5 log YN | B (3.26)
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This definition is different to the previous one only in that the inverse transforim is not
followed by a magnitude-squared operation. The mathematical analysis and properties of
the previous definition (3.15) of the power cepstrum apply equally to this definition, save -
- for some minor differences introduced by the squaring operation (see equations(3.15) and -
(3.19)). As will be seen shorily, the above definition is useful in relating the enveloze
cepstmm to ths power cepstrin, '

31,3 The _envelope nepstrum
 ‘This version of the cepstrira is defined as:

10=1F Mg AYOHH o B < )

where | 1 {+})? denotes the single-sided (that is, negative frequency components set to zero)
pawer specttum of the operand. '

Becauge the gingie-sided power spectrum is used in its definition (3 27,4 mathematical
analysis of the envelope cepstrum is substantally more involved than that of the power
cepstrum, The expression of the envelope tepstrum in terms of the impulse response g{t) is
more complex than the equivalent expression (3.19) for the power cepstram, and is not _
particularly illuminatirg, The envelope cepstrum can be better understood by relating it to
35 close counterpast, the power cepstrum. Therefore, instead of ireating the envelope

* cepstram in the same mathematical detail as was done for the power cepstrum, the approach
teken here will be to exprass the envelope cepstrum in terms of the power cepstrunz, This

- allows conclusions ahout the properties of the envelope cepstrum 1o be drawn from the

analysis of the power cepstrum in section 3,1.2,

The power spectrum of the original time wave is evens, and soin 2eroing the negative portion
 of the spectrum in creating the envelope cepstrum, no information is lost; the difference
between the power and envelope cepstrum is a "mathematical" one, The features () 1o {ii) -
of the power cepstrum in section 3,1.2 apply also to the envelope cepstrum, and the spectral
tpple remalas the bearer of reficction information, as discussed in that section. The
relationship between the envelope and power cepstram, and its implications, are discussed
in the following paragraphs,
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How the envelope and power cepstrum are related

In relating the envelope cepstrum to the power cepstrum, the definition (3.26) of the power
cepstrun will be used, The product of inverse transforming a real, single-sided sequence is.
a complex sequence in which the imaginary part (which is odd) is the inverse Hilbent
transform of the real part (which is even). Further, the real part of this inverse transform is
. half of the "true" power cepstrum - the cepstrum obtained by inverse transforming the

* double-sided Jog power spectrum, The sbove relations arise as a result of the fact that any
real sequence can be decomposed into an odd and an even part which are related by the sign
" function {7:7]. The envelope cepstrum is then formed by finding the magnitnde of the
sequence produced by the inverse transform, as indicated in (3.27). The way in which the
envelope and power cepstrum are ralated cau thus be worded as follows: The envelope
cepstrum is half the square oot of the sum of the square of the power cepstrum and the
square of the Hilbert transform of the power cepstrum;

(3.28)

3.0 =3 \T T+ AT 0T

where #{+} denotes the opératic)n of Hilbert transformation,
Advantage of nsing the envelope cepstrurm

The envelope and powe- epstrum are equally effective in giving amplitude sad time of
arrival information about echoes, except where 4 power specirum has been band-limited
and has its frequency origin incorrectly positioned (ihis situation could arise, for example,
when using a spectrum analyzer which performs a frequency sweep over a limited band).
- Inthis cose (or any case where the saphe of the cosinusoidal ripples of equaiion (3.25) has
been shifted), the power cepstrum does not give the amplitude of the echo correctly. Strictly
speaking, the fauli here lies not with the power cepstrum tself, but with attempting to form

a double-sided spectrush from incorrectly positioned information. The envelope cepstrum,

on the other hand, will always give the cotrect echo amplitude because of its insens:tiwty

to the saphe of the spegtral ripple. Fig, 3.8 shows the envelope cepstrum of the synthesized

waveforn, '

Although the power and envelope cepstra have different appearances the echo aniplimde
values they give at the time of arrival of the 2cho are the same, save for the factor of two in.
(3.28). This is because the Hilbert teansform of §,(t) zetoes at the artival time of the echo

[7:10), Thus, the envelope copstrum is deemed 1o be the easiest and most reliable cepstrum
touse, where the amplitude., . ~trival time of echozs need to be found. Note that the Hilbert
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transform s niot actually used o caloutate fhe envelope Cepstrum: 48 appearance is merely
a consequence of using the single-sided power specmun. and is needed to describe the
relationship between the envelope and the power cepstruni mathemanca]l}'
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The leakage seen in the cepstrum of Fig, 3.8 is due to the truncation of the log spectrum to.
Cmkedt singlc-sided. A tapered window in the frequency domain can be used o reduce this
leakage if it is undesirable, Naturaily, the choice of this window would have to be made
judiciously to avoid discarding echo information whichis important, More will be said about
- windnwing frequency domain data in the discussion of the cepstrum and real data, below.

- 3.2 Use of the Cepstrum on Real Data

" ‘When dealing with real data, the Fourier transform operators of section 3.1 must necessarily
be replaced with the discrete Fourier transform (DFT) because of the use of finite length -
sampled data sequences, Thisleads to the usual problems of leakage and aliasing associated
with the truncation and sampling of & continuous signal, By adjusung the record lenigth
(numberof samples) and sampliog rate and with sufficient attertion to the design of analogue
circuitry, these phenomena can be kept at an acceptable level - whatever the “acceptable
Ievel" for the particalar applicatlonhappens tobe. i the record lenigth is made to be a power
of two, the fast Fourier transform (FFT), which is a special and efficient case of the DFT,
can beused 10 operate on the data.
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Yn addition to the considerations above, some difficulties peculiar o the cepstrum arise when
cepstral techniques are employed. Bach ofthese is introduced below, along with a means -
of alieviahng t.he problem .

Ithasbmobsewedthatthhpmblams associated withthe cepstrum are highly datadepmdent _
[10:1428], [12:259], and the application in this case is no exception: the methods described
here were developed with abias towards the rock anchor problem and the emphasis on, and
relevance of, thess methods may shift in another application, B

3.2.1 Problems peculiar o the cepstrum
Out of band noise - band-limited signals

If the FET of the composite signal y(t) does not occupy the entire discrete spectrum, noise
will dominate the spectrur in the “out of band" rogions, Where the energy content of this
noise s usually insignificant in tiormal spectra, it may be comparable to, o even greater
than, the signal leve! in the log spectrum, This out of band noise in the log spectrim. produces

&"noisy” cepstram and tends to mask the echo information and its rahmionics inthe cepstrum, -

If y(t) has a low-pass characteristic (due to a low-pass antl-aliasing filter, for example) then
~ careful choice of the sampling rate ot low-pass eutofF point will give a signal which jast fills
- the discrete spectrum, I the signal y(t) has a band-pass characteristic (this coutd be caused
by a transducer response or the characteristics of the excitation signal, for example), some
other means of dealing with the noise problem is required. Tribolet {8] has suggested a
method which maps the band-pass signal to a full-band signal. The more commonly used
and less computationally intensive technique, however, is simply the application ofa window
10 the frequency domain data [15). ' -

Tn band noise

The effect of ist band noise has been researched by Hassab and Boucher [§] who have found
that in addition to producing a noisy cepstrum, the in band noise has the effect of raducing
the amplitde of the echo indicated by the cepstn ., This amplitude reduction is tronblesome
only at relatively low signal to noise ratios (SNRs) and is thérefore not a point of concemn
in the rock anchor problem, where the in band SMR was typically 40dB. Where possible,
time and cepstral averaging alleviate the problem. Cepstral averaging is computationally
int :nsive, however, and [15:27] has reported subtle difﬁmlues caused by averag:ng the
cepstrum.
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Cepsiriil aliasing

Finding the logarithm of the magnitude spectrum introduces a rahmonic series into the
~ spectram, If the "sampling rate” in the spectrum is too low, these higher rahmonics atias in
the cepstrum, Cépstral aliasing worstens as the echo delay increases and a3 the echo becomes
stronger: for large echo delays, the spacing of rahmonics ini the cepstrum isIarge. For strong
echoes the log expansion series (3.6) converges slowly, giving a large number of echo
rahmonics with significant amplitude, which extend over a broad range of quefrencies.
Commonly used means of combating cepsiral aliasing are:

* Extending the time record with zeroes [15’ '27] This effecnvcly inicreases the “samphng
. rate” in the frequency domain.

* Weighting the time record with an exponentially decaying sequenice [10:1437].
Spectral notching

Spectral nulls appear as desp notches in the log magnitude spectrum. These deep notches

cause slowly decaying oscillations in the cepstrum {15:25] and in so doing, degrade the

cepstral separation of source and echo effects. Spectral notching can be caused by filter,

transducer or excitation signal characteristics and can be avoided by ensuring hat afl of

these have abroad, smooth bebaviour in the frequency domain. In general, any fine structute
(or "spectral roughness”) in the source signal’s spectram manifests itself as high-quefrency

componients in the cepstrum [..:%213 and should be done away with if good cepstral
sepamuon of suurce and echo effects is o be obtamed '

3.2.2 The envelope cepstrum applied to the example rock anclmr response

A full descﬂpuon of the envelope cepstrum technique applied fo the example mck snchor
response of Fig 3.1 1s given here, This technique was the one used in the final analysis of
the rock anchor responses and includes enhancements which take advantage of
characteristics specific to the rock anchor tesponses, To provide a background for the
discussion of these enhancements. a brief intmduction to the characteristics of the log
- magnitude spectram of the example follows.
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. Observations on the example rock anchor response

Fig. 3.9 shows the log magnitade spectrum of the time record of the example. The soutce
signal component of this specirum, X(j), which combines additwely with the echo
information, is showninFig 310,
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Figure 3,10 Logmagnitude spectrum of source signal used o stimulate rock anchor



‘This source comipones: was found by isolating a single pulse in the time respnnse of the free
- rock anchor (that is, the same rock anchor With no concrete cladding) and caleulating its Tog
magnitade spectram. Note: that X{im) hus the smooth, broad and slowly varying properties

* requized of a good source signal. Bearing in mind the characteristics of rie sousce signal, .

 the following observa_ﬁons about the combined log magnitude spectruin can be made:

*The echo Information (spectral ripple) i5 strongly band-Jimited to the band above 23kHz,
even though the source signu’s energy spectral deruity peaks at ahoul 17kHz, -

- Themgi:m SKHz to 25Kz contains peaks which are not echo mfcnnaﬁon, but appearto-_

by connected with some other characteristic of the naedium, Note hat this is au “in band"
region - source signal tomponents exist in this band, but have not returned to the point of
- excitation as a coherent reflection.

~* A small area aroundeHzxs dominated by noise, due t9 alow SNR at those frequencies.
The enveloge cepstrum techmigque with enhancements

Ancxplanauon of some of the sieps mthe prevedure below will be givenin the “dnscussion
which follows point (iv). '

.(i) The FFT of the composxte signal ¥(t) is found giving Y (fw). 'The magnitude of Y(im) is
caleulated and phase information i is discardad

(i) The Jogarithm of ¥, (), the magnitude spectrum, is found and its average component is
“removed, giving ¥,,(c). Notz that the average value, in this context, means the average of
thespectrum and not the average value of the time record, Allnegative frequency components
(that is, the upper half of the spectrum produced by the FIFT) are zeroed, in accordance with
 the definition of the envelope cepstrum (3.27). Performing a maguitude inverse FFT -
 operation on the frequency domain data record at this point would give the "fill band"
envelope cepstrum shown in Fig. 3.11. |

(ilf) The log magnitude spectrum I high-pass iftered wiih an FIR (fintte impulse response)
lifter, to remove source componenis X, (o) from thespectrumm, The FIR lifterisa conventional
FIR filter, applied o frequercy domain data. Afterliftering, the band of frequenciesidentified
as carrying the reflection information is selected with 2 rectangular window (ali other
frequency components being sqc to zero). The choice of Hifteer and window used at this point
vill be discussed in the paragraphs which follow point (v).
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(iv) The magnitade of the inverse FFT of the data remaining in the frequency domain data
“record is found, This gives what could be called "a band-limited envelope cepstrum", and
i shown inFig. 3.12 for the example rock anchor response. The time of arsival of the pulse
indicated by & cepstrum (0,78ms) agrees with the position of the echo seen in the time
- yecord, Fig, 3.1, ' : ' .

- Discussion

The actions taken above, especially in step ‘iii), demand some explanation, The primary
 purpose of step (iti) 1s to take advantage of the fact that the echo infonnationisbahd~limited _
by selecting only that information with a window. The cepstrum 1§ improved by rejecting
both the noise and the "in band" regions which do not contain echo information: the band
SkHz to 25kHz seen in the log magnitude spectrum of Fig, 3.9 contains high quefrency
components which, ratherthan contributing to the echo information, iave a destructive effect
o the cepstrum, The severity of this "destructive effect” increases with smaller echoes, as
~ willbe seen in the presentation of the results, With the relatively strong echo of this example
the advantage of the band-limited cepstrum (Fig. 3.12) overthe conventional cepstrum (Fig.

31D1s not immediately obvious.

The motive for liftering is to remove source components from the spectrum: since liftering
* inthe frequency domain is equivalent to windewing in the quefrency domain, a high-pass
~ lifter will remove sousrce components (low quefrencles) from the cepstrum. Because the
envelope cepstrum is insensiiive to the saphe of the spectral ripple, the saphe shift caused
by the FIR lifter does siot affect the cepstrum obtained. The design details of the lifler will,
of cousse, depend on the application. In this example the liftar was a 45th order high-pass
filter with a cutoff repiod of 4,88kHz, corresponding to 3 cutoff quefrency of 0,21ms. The
cutoffquefrency of the lifter will p* sce a imit ori the earliestecho detectable i the cepstiusns
inthis caseitis0,21ms, The use of 2 reasonably low cutoff qu: freney lifter does not handicap
the method becanse very Jow quefiency components can be considered to be part of the
source signal, which for practical purposes are indistinguishable from the source signal,

Although a rectangular window was used to select the echo information, any window which
suits the application can be used to further reduze leakage in the cepstrum, In the case of
. ek anchor responses it was found enipirically thet using 2 tapered window tends to discard
useful information which exists near the band edges, because th responses ate strongly
band-Hmited, Van Veen {15:26], in his analysis of snow, found it useful to apply a cosine
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taper at the edges of his window, where the quality of the spectral Iipplé dzcays gradually
towardstheedgesofhiswindow 'Iheb&ndSZkHztoB%szasusedtopmducettmccpsmm :
showsn in Fig, 3.12,

An sltemative to liftering to remyave the source component is simply to subtract it from the

' spectram, if it is kiown, The advantage of liftering, however, is that the source signal nee:.
not be kown a prigri and that the mesnory needed for storage of the source signal Is saved
inareal instrument, This is subject; of course, ty, the proviso that the source signal is smooth

(contains only Jow quefrency corponents),

Themethod descﬁbedmzhxssecﬁonforfmdingband-limited envelope cepstraissummarised
inFig. 3.13,

' I Formfdfﬁ‘l'i Find Netural Log
Tlﬂ'l. H:{e;rdlng pomimn P Caieulah mm‘tﬂd‘ . ffioee H:f mn‘tuﬂ.l
Discard Phass T el o
Zoro Hagative
Frsquency Components

¢..

Itct

T imvarsa FT; N ntormatoraning - tea~{ HighPass Lifter

Dsloulide ”i""'““" ‘Bt with Window at ;
Bard Limited

Envelops Cepstrum

Figure 3.13 The envelope cepstrum with enhancements

3.3 Exfraction of System Frequency Response over a Limited Band

In this section, a technique for the extraction of the system frequency resporise H(jm) over
a limited band of frequencies will be described, The =u 9n for treating the signal over a
limited frequency band is, of course, becauss of the natural band-limiting of echo information
seen in the rock anchot msporaes,

The technique was developed becanse it was thought that the "dispersiveness* of the medium
could possibly relate better to grout coverage than does the pulse attenuation, Although it
must be true that the dispersion of the pulse increases with increasing grout coverage, it wes



found that the groitp delay response doc not change uniformly and predictably with
' increasing grout coverage. Thus. putting a single figure on the dispersion in order to relate
ir ‘9 grout coverage is noteasy and it was decided that the pulse attenuation remaing the
better indicator of grout coverage. The description of thiy technique is included here as it
may be of value where the medium is less dispersive, as may prove t be the case for real
rock anchor mstallauons. or for rods buried in a softer maéterial like coal or sandstone,

The memod is demonstrated ﬁrst on the synmcsized waveforn, in section 3.3.1, and then
on the example rock anchor response, in section 3.3.2, :

g

“aad Synthesized data

‘The system frequiency response extracied from the syvhesized waveform will take the form
of magnitude arid group delay response, Note that the "system frequency response” in this
context has the meaning of H{j o) as discussed in section 3.1.1 - itisnotmerely the Foutier
. transform of the time wavefoym (which comprises both direct and echo pulses), but is
independent of the excitation signal characteristics and the direct pulse. Thus, H(ja)
characterises the atoustic medium and can be used to find the acoustic response of the system
10 any stimulug which falls within the frequency band of interest. Because the echo in this
example is distortionless, the extracted magnitude and group delay response are expecied
1o be constants, Any deviation from mis ideal msponse witl thus be helpful in identifying
* artefacts produced by the signal proceseing technique, and point the way to improvetaents
which can be made to the method, The pnmaxy objective of this secﬂon, however, is 1o
expound the technique

(i) The FFT of the signal y(1) is taken and its complex Iogaritbm is found. This gives a data
set with log magnitude as the real part and vnwrapped phase as the imaginary part.

(ii) By examining the magnitde or phase component of the sog FET, the band of frequencies
bearing reflection information is identified. For the synibesized signal it is known that all
parts of the band carry reflestion information, so the band 20kHz to 60Kz was selected for
the purposes of illustration, (Refer to Figs. 3.3 and 3.4). All other frequency companents
are zeroed in both the log magnitude and phase recordg, The Hnear component, including
“any werage (or "DC") offset, is removed from both the log magnitude and jthase record
* over the selected band by subtraction, after finding the straight Hine which best fits the data
 in the mean eror sense, If the selected baod is reasonably wide (that is, its width is
significantly Iatger than the repiod of the echo information ripples), the: linear component



~in the log magnitude record will be due largely to source effects. Since isolation of the
impulse response A(x) in the cepstrum is a step in finding the frequency response HU o),
removal of source components in the frequenicy domain is acceptable,

(ili) The real and imaginary parts of the data record are windowed with 4 Hamming window
over the selected frequency band fo further reduce leakage in the cepstrum. Although the
windowing operation distorts the magnitude response part of H(jw), this distortion can be
_comectvd for, as will be seen, - _

() The frequency domain record is made conjugate symmetrical and inverse Fourier

transformed, 5o that the cepstrum produced is real, This band-linsited cepstram is shown in
Fig, 3.14. Fig. 3.15 shows the same cepstrum for frequency domain data which has not been
‘windowed with a Hamming window. Companson of the figures clearly shows the leakage
. caused by using a mctangularwmdow.

(v)'I‘he band-limited impulse response (7} (at appmximately 0,3ms inFig, 3.14) is selectea
- with a rectangular window, discarding its higher rahmonics and any remrining source

information which appears at 7:=0. At this point, it would be possible to shift (s) to the
cepsinum origin, and in doing so, remove the delay 1, from the record’s information [13:228]
© This wanld yield g(7) (sce section 3.1,1). Leaving k(7) in its original position is preferred,
however, us this gives a basls for comparing the group delay response part of G(jo) with
the gross delay time t;, thus providing a means ofjudgingthe severity of the pulse dispersion
for the distance the pulse has travelled.

(vi) The cepstram containing otV the band-Jimited fuapulse sesponse h(x) is forward
transformed, to give the frequency response H{jo) in rectangular co-ordinates. An inverse
Hamming window is applied 1o the real and imaginary parts of the data i2cord, to correct
for the distortion muoduc&d by the Hamming window used in siep (i), '

ity A (second) rectangular 0 polnr conversion and phase unwrapping operation are

yerformedon the frequency domaindata record, to give amagnitwde and phase representation

¢’ H{jw). Finaily, differentiating the phase part of #(j ) numencall}' gives its group delay
xesponse (o).

A graphical surornary of the abbv_e steps for finding thc response H,. (o), r',(m), is given in
Figure 3,16, ' '
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Discussion

The operations performed in step (i) will be justified in ihis discussion. As pointed out
earlier, the average value removed from the log magnitude record is simply a scale factor
inthe time record. The linear component removed from the phase record is connected with.
fhe positioning of the origin of the time recard, aiso mentioned earlier, Any additive phase
offset removed affects the proportions in which the time signal is mpresented in the real and
imaginary parts of its time reoord '

The reason fu. removing source components, especially any average offset, at this stage of
the processing is to control leakage in the cepstrum produced by truncating the frequency
record fo the selected band, Liftering the data to temove source components could be
 considered, as was deoe for calculation of the amplitide cepstrum (section 3.2.2). This
would, however, shift the saphe of the frequency domain echo information and (unless this
- shift is corrected for) lead to incorrect response H{jo). If for some reason lifiering bas to
be performed in the frequency dnmain. the zero phase method +f Bolton and Gold [13:224;
could be employed,



Itisinteragting to digress onthe interpretation of the real and imaginary parts of the frequency

domain data record at point (i) in the signal processing: because a rectangular to polar

conversion was performed in finding the complex logarithin of the frequency record, the

real part can be thought of as the log magnitude and the imaginary part as the phase of the
- Fr [ of the signal y(t). From the "point of view" of the frequency response H{jm), however,
* the real and imaginary components of thig data record are still in rectangular from, as
evidenced by equations (3.18) and (3.22). Hence the further rectangular o polar conversion.
and phase unwrapping operation in step (vil), needed to find H(je) in its polar form,

Figures 3.17 und 3.18 sbow the magnitude and group delay response for the distortonless
example. As can be seen from Fig, 3.17, the magnitude response is relatively flat, with a
- value of 0,5 over most of the band of interest. This result concurs with the amplitude of the

~ first reflection seen in the original time waveform, Fig. 3.2, The deviation from this ideal
response at the band edges is an artefact introduced by truncating, removing linear
components from, and windowing the frequency domain record. The grcup delay responise
_ in Fig, 3.18 is flat over the same proportion of the band, with some distostion at the band -
edges. The time of arrival of the first reflected pulse shown by the group delay response
(0,3ms) agrees withthe time of arrival scen in the time record, Fig. 3.2, Note that the vertical
lines in the magnitude and group delay graphs are delimimrs of the band edges, pmduced
by the graphing software,

Figs, 3.19 and 3.20 demonstrate the effects of not using the Hamming window in the
frequency domain, Here, sighificantly more distortion is seen in the magmitude and group
delay responses over the band of interest, The rectangular window used in the cepstrum of
Fig. 3.15 10 obtain this result was cenived at 0,3ms and extended over 44 data points.

3.3.2 Real data

In this section results for the sbove procedure repeated on the example ek anchor response
are given, The band camying the reflection information, and thus the band selected for
 processing, s 26kEz to 40k Fz, svident in the log mugnitude record of Fig. 3.9, The extracted
‘magnitude and group dslay responsss are shown in figures 3,21 and 3,22 respectively.,

The selected frequency band in this example was windowed with a Hamming window, -
Thirty points to the left and right of the reflection peak at 0.78ms in the cepstrum (shown
inFig. 3.23) wereselected as being representative of the pulse echo, and wers used to producs
the magnitude and group delay responses above. Because of the pulse spreading in the
cepstrum (and in the time record), the magnitude and group delay responses shnw the wide
fluctuations needed to account for the dimemim of the pulse.
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using a rectangular window in the frequency domain
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4RESULTS
41 Experimental Procedare |

4.1.1 Choice of sample rock anchors

 Two sample rock anchors thought 10 be representative of the kind of rock anchors used by

the mining industry were chosen for investigationir: this study. They were a straight, smooth
bar of length 1,90m and diameter 20mm (hereafter referred to as “the smooth bar®), and a
straight 1,80m rebar of diameser 16mm (witich will be referred to s the rebar™). Lhe smooth
bar used in the study was unthreadeq, and the rebar was threaded over the last 15cm of its
farend, Both rock anchors were made of mild steel, Although shepherds crooks arehe most
widely used type of rock anchor (50 1o 70% of installations being of thig type), a shepherds
crook was not investigated in the study for the following three reasons:

* The shepherds crook is a mére complex casza (acoustically) of the straizh. bar problem,
and it was thought prudent to restrict a ‘prelimpinary study to the simpler case. o

_ : - i P . _ _
*The method of using concrete cylinders to simulate rock is not suitad_ 10 testing shepherds
crooks « these are best tested in situ, -

* Application of both the piezoglectric and magnetostrictive transducets tb the shepherds

- crook requires fusther investigation and speial design considerations,

4.1.2 Testing strategy

Starting 10cm from the near end of the smooth bar, 40cm concrety cylinders were grouted
onto the rod until its entire length {except for the 10cm exposed ead) was conerete-clad.
Each cylinder was grouted onto the previous one, so that the last (fifth) one covered only
20cm of rod o the far end. After allowing three days cur!ng tiny for each cylinder. the

- acoustic response of the rod was reqorded and another cylinder was grouted onto the rod,

giving a total of six reeordings for the smooth bar The first recording for the smouth bur

_wasmkeninitsfme{ungmted)state
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The rsbar was treated in the same way: six time records for zero to fully grouted were
obtained, and the Jast concrets section covered 10cm of xod at the far end. Choice of the
distance 10cm for the exposed part of the near end was made to allow for investigation of
different magnatostrictive transducers and thelr positioning on the grouted rods, wers the

- need to arise. Also, this distance is not too different from the one found in real rock anchor
 installations. To make the simulation as realistic as possible, no speclal susface preparation

was given the rods, In applying each concrete cylinder and grout, care was taken to ensure
that grout coverage was a3 homogeneous as possible, with no largs aiv bubbles.

The testing prozedure describ=d above is geared p‘ﬂin#ﬁly to exémining the affect of grout

coverage on pulse atiennation, with no attention to grout discontinuities and possible
mﬂecﬁons from grove discontinuities. As will be demonsirated in a discussion of the
responses of the tock anchors, there is no direct evidence of reflections from grout
disecuiinuities and sertainly no reflection with coherence comparable to-that of a reflection

from the far end of the rock anshor. It was therefore decided that an investigation of
- reflections from grout discontinuities best ba left ﬂa a later, more detailed study.

In mines, an under-grouted rock atnchor whlchhas insufficient grout at the nearend is easily
1dentified by inspection of the installation: the empty portion of the drillhole &t the nigarend
should be visible in casés where washers have not bie used in the installation. Also,
according to miners who have experience i rock anchot ;}routing, an incompletely grouted
rock énchor tends to have its grou, soncentrated at the nearend, Hence the decision to grout
the test sampiles from 1the pzar en, backwards,

4.1.3 Transducer setup and data capture

“Transducer setup

'The Philips piezoelectric teceive and Prestik interface, as described in section 2.3, were
used for all recordings. The near end of each rod was filed flat and the fice of the plezo
pressed concentrically ontothe end facr ofthe rock anchor with Prestik. Pressure was applied
to the piezo natil the thickness of Prestik between the plezo and rock anchor was typics

- 0,5mm. The effect of small variatlons in this thickness of Prestik was only to scale e

magnitude of the signat delivered by the plezo. The piezo placement and interface formed

in this way had 8 repeatable, broadband and smooih (non-peaked) frequency response
~ sultuble for investigating the mspmzsa of the medium,

~ The magnetostrictive transducer described in sectxon 2.2 was placed 2Smm ﬁ'om the nesir

end of the rod for all recordings.
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Sampling rate and record length

The sampling rate of the A/D was set to 200kHz and the record length to 1024 samples for
all recordings, Samples were recorded with a precision of 8 bits (which is fixed for the A/D
used), giving a signal to quantising fioise ratio of about 4848, This pretision was considered
adequatefor the responses obtained in thelaboratory stdy, As will beseenin the presentation
of results, the reflections are fairly strong in most recordings. The dispersion of the pulse
and its obfuscation by other sigoal components was assumed to be the dominant limitation
in detecting the echo. Some jusiification for this assumption will bz scenin the presentation
of the log magnitude spectra of the tints.recordings: due o the partial ability of the spectrum
~ toseparate the echo from other signal components (which will be dlscussed shortly), echoes
which are not visible in the time records are visible as a perodic component in the log
spectmm, Only when the size of the echo approaches the limit of tesolution of the A/D (1
partin256, roughly speaking) will the resolution of 8 bits become aserous Hmitation. Below
thislevel, the echo will be Jost inthe quantising process. Because a periodic ripple consistent
* witlia reflection from the far end of the rod wasseeninallthelogspectra i was assumed
fhat his Lmit wasn’t reached,

Signal a\'eraglng

Inthecaseofme smoothbar,ihenmselcvelattbeoutputofth., analog mnpliﬁers was below
. that of the quantising noise of the A/D and no signal everaging was used. In the case of the .
rebar, the amalog noise was typically 15dB above the quantising noise and the signal -
averaging capability of the A/ (set to 64 averages) was employed to reduce the analog
noise 1o a level slighly below that of the quantising noise. The inefficiency of the
magnetostriciive transducer was large’y the cause ofthe mlauvely Iow SNR for the rebar,
which has a diameter of only 16mm.

- 4,3 Time Waveforms for the Two Samples | _ |
" Appendix A shows the six time recordings for each rod. Figs. Al to A6 are the recondings

for the smooth bar, from zero to fully clad, and Figs, A7 to A12 are forthe rebar from zero
to fully ctad. The following observaiions on the time responses of the rods can be made:
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4,2.1 Smooth bar

_ *Fig. Al, the response of the free smooth bar, shows three successive reflections in the rod
produced by the injection of a single pulse from the maguetostrictive transmitter. The
stimulating pulse is situated at the left hand extremity of the graph. The pulses are
well-defined and show litile energy loss or distortion. |

*mm@ome'bfmemddadnﬁthoneconcretecyﬁnder Fig, A2, shows a distorted |
reflection at about 0,78ms, This reflection is distoried to the extent that it does not resemble
. adelayed replica of the stimulating pulse, as was the case in the free rod. A large, relatively

_ low frequency wave follows the stimuiating pulse directly and continues throughout the -

tiime secord, decaying slowly. This characteristic is visible in alt the recoraings where the
. rod was conciete-clad, A second pulse reﬂection is discemible at about 1,6ms, twice the
delay time of the first reflected pulse.

*'The first reffected pulse is ot discemible by eye in the time records where the Tod is clad
- withiwo or more concrete cylinders (Fig. A3 onwards).

42.3 Rebar

‘The comments above on the time responses of the srmooth bar apply equally to thc mbar,
except for the following differences; .

* Latge, decaying osciliations are yvisible in the response of the fres bar, immediately after
each pulse, These oscillations are the result of the use of an amplifier with a bigh-pass
characteristic, having a sharp cut in frequency of 10kHz, This amplifier was used for
~ recording the response of the free rebar only, and for no other reason than that the analogue
electronics for the experimental setup was still under development at the time, I spite of
the effects of the 10kHz filter, it can be seen from the response of the free tebar thiat cach
reflection is more distorted than its predecessor. This dispersion of the travelling pulse is a
result of the more complex gemnetry (su:face featnres) of the rebar.

- % The fitst reflected pulse is not dlscenuble by eye where the fourth and fifth concrate
sections have been ndded,

42,3 Stimulus artefact

The magnitude of the stimulus ariefact for all measurerents on the smooth bar was
approximately 3% of the magnitude of the stimulating pulse. For the rebar, the figure was
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approximately 10%. The size of the stimulus artefactin each case was found by disconnecting

 the piezo acoustically from the rod and observing the resulting waveform on the display
oscilloscope. .

4.3 Log Magnitude Specira of the Recordings

Figures B1 to B6 in Appendix B show the log magnitude spectra of the time responses (Figs,
A1 10 AS) of the smooth bar. Figures B7 to B12 show the same for the rebar. Because the
time records for both bars were oversampled to aid inspection of the time waveforms, 2l

the time records seen in Appendix A were comgressed by a factor of two before forward
transforming them 1o find their spectra, This compression gave anew time record comprising
512 data points, the remaining 512 points being padded with zerocs. The following - -
observations regarding the log magninsde spoctra for the rebar can be made: '

* The periodic ripple structire containing the reflection information c.an be seen throughout
the spectrum for the fres rebar (Fig, B7), except over the first 10kHz where the information
has been removed by the 10kHz filter used for that recording,

* The spectrum for the rebar with one concrete cylinder shows reflection information which
is imited to the band approximately S0kHz to 40kHz, Shmp Speotral peaks occur at about
7.5kHz and 18kHz,

* For two and more cylindem. the band containing reflection inforﬁation. nﬁubwﬁ
progressively until it occupies a small region around and just below 30kHz. The spectral
peaks at 7.5kHz and 18kHz maimain their position for imreasmg concrets coverage,

Obscrvations ontho spectraofme smoothbarare wuch the same, wmathefollowing :
differences:

14

* Reflection information i3 visible across the entire spectrum (Fig. B1) for the free rod,

_*Aspectralpeakat?.skﬂzoccursmmspecuavéhmmemdis concrete-clad.

* A band of reflection infonnaﬁon which i consistent with a reflection from the far endof - -

the rod appcarsw converge around 35kHz in the spectrum,

The obmaﬂons of this scetion lead to a signal processing strategy for quantifying pul.ee
attenuation and time of arrival, which i detailed in the following section,
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- 44 Band-hmlted Envelope Cepstra of the Time Records

To optizaise cepstral infoxmaﬂon about the reflection from the far end of the rod, 2 narrow

. bandinthe spectra for each rod was chosen for calculation of band-limited envelope cepstra,

-as described in section 3,2.2, The band for the smooth bar was 32kHz to 39kHz, and for the
 rebar25kHz 10 35kHz. The band chosen foreach rod has to be fixed and used in the calculation

ofall cepstrafor that rod, so that the amplitude informationin the cepstra canhe meaningfully

compared, The basis for the choice of these bands was thus rather subjective: they sp=ear

1o represent the bands upon which the band-limited reffection information converges & - the

concrete coverageof cachrod increases, The choice of band for a particularrod is compiirated

by the fact that as the concrets coverage of the rod increases the speetral ripples become
" less regulur, and the validity of the assumption that the chosen band contains information
about an echo from the far end of the rod becomes quesuonablc A point iu suppott of this
 assumption will be made in scetion 4.5.

‘Figures C1 to C6 in Appendix C sbow the cepstra for the smoombar and Figs, C7 10 Ci2
show the cepstra for the rebar. Naturally, better cepstra ean be obtained by using a broader
band in cases where less concrete hag been applied to the Tod: see the band 25kHz to 50kHz
in Fig. B2, for example. Use of such a broad band on spectra for the same rod with more
concrete cladding (see Fig, B6, for example) would, however, include information which
is not related to the echo from the far end of the rod, It is therefore necessary to ute the
"worst-case” band - themmcmw bear the echo information when the rod is fully clsd, '

To iilustrate the advantage of the band-limited cepstmm ovur the full-band cepstrum wien
zhe information beating spectral band has been corrqcuy identified and used, the full-band
cepstrum for the smooth bar clad with fve concrete sections is shows in Fg, 4.1, Here, the
peakso clearly visible in Fig. €6 cannot be unambigyousty identificd as the pulse echo, The
spectrum used 10 produce the full-band cepstum was high-pass liftered to-temove the low
quefrercy components which would otherwise dominate the cepstrum-of Fig, 4.4,

4.5 Attenuation and Arrival Time Curves from the Cepstra

From the cepstra shown {2 Appendix C itis possible to plotrurvos of pulse attenuation and
time of arrival against grout coverage. The "pulse attenuation” is simply 1he peak value of
the first rahmonic in the cepstrum and the time of arrival is the quefrency value at which
the first rahmonie oceurs, Figs. 4.2 and 4.3 show these curves for the smooth bar and Figs,
4.4 and 4.5 show the curves for the rebar. '
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Figure 4.1 Full band envelope cepstrum for smooth bar with five concrete sections

These curves are centeal o the operating principle of a real instrument for finding rod length.
and grout coverage: the grout coverage of the rod ander test can be deduced from the
measured pulse attenuation, using a "calibration curve” such as the one shown in Fig. 4.2,
and the rod length is determined from the pulse time of ardval,

The following observations with regard to the curves for the smooth bar can be made:

* Except for the first point on the attenuation curve, the pulse sttenuationshows & monotonic '
decrease with concrete coverage.

* The pulse #me of arrdval shows a gentle dependence on concrete coverage, increasing
monoonically with coverage, except for the Iast point. This dependence, which has a range
of 30% over zero to fully clad, s sufficient to necessitate making a correctiofi to the length
of the rod calculated from the pulse iime of arrival in order 1o find the rod length to within
20cen of the correct value - once the grout coverage has been found from the attenuation
eurve, the rod length can be detezmined correctly from a“calibmﬁoncum" such as the one :
inFig, 4.3,
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* The attenuation curve of Fig. 4.2 is not a true refleciion of the energy loss ~f the pulse
“with grout coverage: in finding the cepstrum of the time record, anarrow band of frequencies
, representing the least atternuated components of the pulse was selected. The trug energy loss
-of the pulse must therefore be substentially greater than that indicated by the curve.

*The behaviour of the attenuation curve does not follow the simple exponential decay model
for plane waves in a lossy medium: the logarithm of the pulse attenuation deviates
significanily from what "should” be a linear dependence on grout coverage. The attenuation
“curve of Fig, 4.2 can therefore not be replaced with a single attenuation figure {in Nepers
per metre) for the purpose of infersing the grout coverage of a rod.

Apart from some minor differences, the comments on the curves for the smooth bar-apply

- equally to those of the rebat. One particular point in the rebar’s attenuation curve appears
to be out « place with respect to its neighbours, however (please see the point for 1,6m
grout coverage in Fig. 4.4), This data point was genetated by the cepstram of ¥ig, C11, As
can be seen from the cepstrum, a peak does not appear at a position consistent with the peaks
from the other cepstza for the rod. To make the data ses for the zstenuation curve as complete
a5 possible, a-value for the curve was selected from a minor peak at 0,90ms in the cepstrum,
where the correct peak "should have been", A possible explanation for the failure of the
cepstrum here is the ocourtence of a large spectral notch at 34kHz (see Fig. B11) inthe

spectral band 25kHz to 35kHz used 1o create the cepstrum, Of the twelve cepstra for the
smooth bar and the rebar, this appears to be the only one which failed.

Aliasing in the cepstrum for the free rod

- The first point {for zero grout coverage) o the attennation curve for both rods is below the
second point, as a result of censtral aliasing: the strong multiple reflections of almost equal
amplitude in the frec rod viriate the requirements for successfully forming the cepstrim of

the signal (sce section 3.2.1), The aliasing can be alleviated by windowing the time record
with an exponentially decaying sequence, but in the context of the rock anchor problem this
alinsed point is of no consequence: real rock anchor installations will always be grouted to
some extent, and even if the reflection is very strong an alternative mossmly time domain)
. techaique can be used to deal with this special case,

~ Cholee of band limits for cepstrum

Insection4.4 the shoice of the -"worsl;«case" spectral band was justified on the beﬁaviout of
. the information-bearing band with increasing grout coverage. Some signal processing
experiments were carried out to determine the effect of deliberately selecting the "wrong”
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band for creation of the cepstra - when the band was widened or shifted it was found that
the attermation and arrivzl time curves became irregular, and no longer seemed to be
"~ representative of reflections from the end of the rod. The consistency of the data points in
the curves of Figs. 4.2 to 4.5 therefors appearstosupportmebasis on which the

information-bearing bands were chosen. '

4,6 Discussion

 Tnthis section an acoustical interpretution of various phenomena obsesved in the rock anchor

responses is offered. Since these phefiomena will ultimately have an influence on the
* performance vf a rock anchior testing instrament, the contribution below to the understanding
of the acoustic medium should be of value in ﬁlture rescarch undertaken, and in ﬂ1e
developmeni of the “real instrument”, '

4.6.1 Speciral peaks and nulls

The log spectra of all the recordings for both rods, except the free rod case, have spectral
peaks which are fairly consistently locatod at 7,5kHz, The fact that the peaks have a fixed
location suggests that they are caused by a resonance in the free 10cm portion of the near
end of the rod. Further evidence to support this expfanation is found in the frequency of the
resonance; if the mode of resonance is assumed fo be the quarter-wavelength transverse
mode, then the frequency of resonance caleulated from the wavelength and the transverse
wav speed in mild steel (3235m/s, from [16]) . 7,6k¥=,

'The crigin of the transverse wave component could be in the geometry and acoastics of the
rod and grout bond whare the acoustic wave encountess the grouted section of the rod, or
in the geometry of the magnetosirictive transducer and the rod: if the placement of the
. transducer coil with respect to the rod is eccentric, a transverse (shear) wave component -

~may be introduced into the rod. Suppont for the latter explanation appears in the fact that
the peaks for the rebar are more pronounced than the peaks for the smooth bar: in all
recordings for the rebar, the magnetostrictive transducer of diameter 20mm was allowed to
He (horizontaily) on the rebar of diameter 16mma,

‘The spectral nulls (also mote pronounced in the spectra for the rebar) may be related to the
resonance in the fres near end of the rod Xf this s the case, then both the peaks and the nulls
will spread out to higher frequencies for real rock anchor installations, where the free near
~ end length of rod is generally less than 10cm. Because of the nuts and washers attached to
the exposed end of real rock anchor instaliations, nmalsonkelytha:mesepeaksmube' |
less pronounced due to the more complex geometry,



An altemative explanation forﬂ;e spectral notching is the phenomenon of multipath! if two
similar pulses follow different paths in the medium (for example, one at the grout bond with

the rod and the other at the outer surface of the concrete cylinder) and arrive at stightly

 different times at the receiver, then the spectrum will show notches whose sparing is related
o the delay time between the pulses. With decreasing delay time between the pulses, the

- spacing of the spectral notcheg increases, This explanation for the spectral notching is less
feasible for the following reasons, however. Firstly, the notching i$ severe in the rebar and
-almost indiscemible in the smooth bar, Secondly, one would expect the delay time between
two signal paths to increase with increasing concrete coverage; the spacing of the notches
should therefore decrease with increasing coricrete coverage. This tend s ot evident in the
.spectra for the rebar, If the spectral notching and multipath is due 1o the finite dimensions

of the concrete cylinders, the problem will ot be encountered in real rock anchor -

insta]laﬁOns

' 4.6.2 Speed of sound in the medium

The speed of sound in the free smooth bar can be found from the echo delay time (0,73ms),

seeninFig. Al, and the total distance the pulse has travelled in that time (3,6m). Th~ value,

5200m/s, agrees with the speed of longitudinal scynd waves in thin, mild steel rods pubsiished

in{16]. In a separate expcrimem. the speed of longitudinal sound waves in a slab of the same

concrete used o cast the concrete gylinders was found to be 3600m/s. The relatively lower

- speed of sound in concrete explains the steadily increasing pulse arrival time with concrete

- coverage seen in Figs. 4.3 and 4,5, Due to some complex acoustic interaction between the -

concrete and the steel rod, th~ speed of the pulse is reduced to a value between that of steel
- and concrete; using the pulse arrival time for the fully clad smooth bar, this "effective speed”
i calculated to be 4200m/s.

463 Reﬂectlons at grout dlswnﬁnuiﬂes

Coherent reflections, as one may expect to find where there is a step change in the acoustic

impedance of a medium, are not visible in the time records or cepstra of the recordings, The
grout discontinuity at 50cm from the near end of the smooth bar with one concrete cylinde.

for exampie, does not show a reflection at the expected position of 230ps in lts time record
- see Fig, A2, (The pulse return time of 230ps is derived from the pulse travel time in the

free 10cm section of rod and the clad 40cm section of the rod, using the pulss speeds of

5200m/s and 4"00:11/3 mspectively) It may be possible to model the grout disconﬁnuiﬁes

Ry



for compressional waves in the rod 4s a change in acouatic impedance, and obtain the
reflection coefficlents for these discontinuities; the observaﬂons above imply that the
reﬂccuon ooefﬁcientsarelikelywbeverysmall

' The transverse resonance in the free portion of the rod’s nearend, on the other hand, canbe
viewed as being sustained by a large impedance discontinuity where the od enters the
conerete, and 8o it is evident that reflections at grout discontinuities should be modelled

' with caution. Modemng impedance discontinuities could aid in interpreting the response of
~ the medmm and provide & more mphzshcated means of deahng with responses :

464 Band-limiting of the echo

As yet, no explanation for the band-limiting of the echo has been found. Should an
explanation be fortheoming, it may provide a better criterion for making the band selection
used to find the cepsmtm. L -

4.6.5 Point of failure of the method

Asthelengthofg*uuwd rod is increased, therewiﬂbe a point at which mecepstralpeak
- marking the relumed pulse is of lower amplitude than the surrounding cepstral
“disturbances”. At this point, the returned pulse can no longer be unambiguously identified
in the cepstrum (without prior knowledge of the rod length and grout coverage) and the
method must be considered to have failed for that rod, grout and sock combination, Bt istrue
that leakage caused by windowing must make some contribution to the “cepstral
distarbanices”, but it is more likely that the Linitation in the length of rod which can be tested
- lies in the dispersion of the sigoal by the medium, As evidenced by the time recordings and
their cepstra, some components of the pulse are spread out to the exient that they cannot be
* considered representative of reflections from the end of the rod, for the purposes of the
measurement. When these components, which cannot be distinguished from the "true
reflection with the band-Himited cepstrum technigue, are of the same amplitude as the true
reflection, the limit of the method has been reached,

If some new way of 1denﬁfymg mﬂecﬂons from the end ofthe rod can be ibund it may be
* possible to extend this limit. Judging from the cepstra of the two rods tested, the author is
of thie opinion that the length imit for both ruds in the experimental setup is around 2m.



5 CONCLUSION.

This laboratory study has demnnstrated the principles of instrumentation required in an
instrument for measuring rock anchor length and grout coverage acousticaily, and has laid
~ some foundations for the instrument’s ignal processing and transducer requirements.

The cepstrurn method is not central tortse principle of the instrument, but should be seen as
an aid in quantifying echo pulse attenvation and arrival time in recorded rock anchor

responses - were the rock anchor responses to contain only a direct pulse of simple shape

and an echo which is a delayed replica of the direct pulse, a peak detection would satisfy
- the instrument’s signul provessing requiretnents, Some important advantages of using the
band-limited envelope cepsuun are its ability to:.

* "recognize” echn pulses

* reject out of band noise in the signal
*idenﬁfyandusemeumimdbandinwhichﬂmshu appears

R mject sharply peaied natural resonances in the transduserandmckanchor

* produce a convm\ent data record, in which a simple peak detecuon operanon idenﬁﬂes
the echo, its amplitude and its time of arrival,

: The Woiking principle of the proposed jnstrament is to deternunie the pulse attenuation and
arrival time for 2 rock anchor and 1o infev its length wd grout coverage from attennation
and arrlvm *ime curveslike the ones shown in Chapte/ 4,



Because these curves were found once only for each rock anchor type investigated, and
- concrete cylinders were used to simulate rock, the following questions arise regarding the
vatue of the results obtained: '

* Dotheconcrete cylinders simulate rock adequately - thatis-,aremeremﬂts'ofthe simulation
 representative of the results which will be seen ifs real rock anchor installations ?

- % For 4 given rod length and grout coveragg, are the results repeatable for a variety of rock,
grout, rock anchor types and grout distribution ? :

These questions are dealt within the following assessment of the laboratory simulation, and.
recommendations for further research, - :

5.1 Adequacy of Concrete Cylinders in Simulating Rock

The discussion and intetpretation of results in Chapter 4 centred aroand an acousticmedium
compiising rock anchors clad with concrets cylinders. The appHcability to real rock anchor
responses of the observations made and signal pmcessing tactics employed int that chapter
is therefore questionable.

It is likely that the sgvete puise dispersion seen in the Iaboratory resulis is dus to sultipath
conditions in the conerete cylinders, That is, pulse components entering the cylinders are
- not dissipated (due to the finite size of the cylinders), but return to the near end of the rod -
after being reflected at the boundaries of the cylinders. Therefore it seems reasonable to
conclude that echo pulses in real rock anchor installatic s will be significantly smaller, but
- more coherent, The slowly decaying oscillations due to resonance int the exposed nearend
of the rod shuld appear in real instellations, also, Because the band-limiting of echoes does
not appear to be.connected with the inadequacy of the concrete cylinders, it seems likely
that echoes in real installations will be band-limited.

I the above speculations on the acoustic respense of real rock anchor installations prove to
be correct, the signal processing methods used to deal with the responses obtained in the
laboratory simulation will retain thelr usefuiness in dealing with real responscs. Naturaily,
though, the differences which will be seen inreal rock anchor responses will demand changes
inthe finerdetalls of the signal processing vsed, The extent of the deviatlon of real responses
~ from the simulated ones can be ascertained only by examining the responses of real rock
anchor installations,
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5.2 Recommendations for Further Work

Although the prineiple of the proposed instrument has been demonstrated in the laboratory
simuiation, it has yet to be validated for real rock anchor installations: the feasibitity (in the
ﬁmﬂamemalsense)ofpwduMamalinsmnmnhasnotyctbeenestahﬁshed and depends
 ontheoutcome of tests onreal rock zhchor installations. Collectionof calibration information
 for the instrument is of secondary importance, and should only be done after the principle
of the instrument has been validated. 'I‘henammofﬁlrthcrwotkonmeproblemisttm :
two-fold:

*Compleungmefemblhty study bydeterminmgtherepeatablhtyof results with parameters
which cannot be corrected for.

' Collecting calibration data for various rock anchor, grout, rock and drifthole types, and in
so doing, ascertaining the types of rock. anchor installation for which the principle of the

~ Instrument is workable.

Near the end of the laboratory study the authorhad the opporiunity of testing some real rock.
anchor installations at the Boart Experimentsl Mine, Unfortunately, dus to a time constraint
o the project, it was not possible to perform the comprehensive tests described above, but.
the few tests which were made (these are described in detail in Appendix D) brought to light
the following:

* The echoes in real rock anchor responses are, i fact, mauerandmméconerentthmthc
ones seen in the simulation using concrete cylinders,

* An A/D with better precision (16 bits) will therefore be required in further investigations.

* Echoes are band-limited and a resonance in the near end of the rock anchor appears inthe
time record, The band-limited envelope cepstrum therefore retains its useﬁﬂncss in dealing
with the rock anchor msponaﬁs

© With the improved A/D reconmended abova, the laboratory method will therefore be
applicable to foture research done in the field. :



| Repeatability

"The effects on puise attenuation and arrival time of quantities which are unknown at a rock
anchor test site pose a problem to the principle of the instrament, becanse they cannot be
corrected for, Such quantities must thercfore be regarded as affecting the repeatability of
the instroment. Examples of such quantities are grout distribution and pm.siblygmutdemity
and air bubble content, and cracks in the rock near the rod.

I the opinion of the author, the effect of variable grout dxstnbution presents the greatest

- threat in the validation of the instrument's principle: the fact that the attenyation curves in

Chapter 4 do not show an exponential decay with grout coverage lends support to this

~ speculation. (Further investigations may reveal that some other "umknown' affects

measurements more severely, however), Finding the “worst-case” effectof gront distribution

on pilse attenuation and arrival time for a ﬁxed gmut coverage should thetefom asswne
priotity in fusther work done.

This can be done ‘oy analyzing the response of appropriately installed test rock anchors, or
possibly with the correct treatment of an analytic or numerical model, An analytic treatnaent
of a realistic model is not recomuiended, however. This task would be arduous (f at all
possible), and the same objective canbe achieved numerically with finite element modelling
(FEM) or measurements made on a testbed of real rock anchors, N

It it is found that the attennation sind pulse ardv::* time curves show an unacceptably strong
dependénce on grout distribution, it may be possibie to establish a simple rule which relates
pulse attenuation and artival to gront distdbution, A real instrument could then use this rule -
in conjunction with the calibration data {o deduce the correct grout coverage and length of
a rod nnder test. Unfortutately, though, an instroment which makes nse of this rule would
have to be capable of deducing the grout distribution of a rod from its acoustic response, As
seen in the results, longitudinal reflections from grout discontinuites must be very small
(undetectable in the laboratory date) and it does not seem likely that this will be possitile,
IF 2 dependenc: on grout distdbution cannot be corrected for in this way, the instrament’s
performance will be Limited by the uncertainty in grout coverage due to the dependence, It
should, however, be possible to temper this limit with a statistical knowledge of the grout -
. distribution in under-grouted rock anchors, '
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.~ Calibration

The effects of rock anchor type on the attenuation and arrival ime curves can be seen by
comparing ihe laboratory results for the smooth bar and the rebar; undoubtedly, these curves
will show a dependence on rock and geout type, and dillhole ciameter as well. All of these
"known" quantities (and any others which are found to affect the curves significantly) can
 be taken into account by gencrating curves {rom test installations for every combination of
- the above, which occurin:vines, The data thus obtained could be stored as asetof "calibration
curves” in a real instrumnent, ﬂmappmpﬂatemwebemmalledmdusadmwst amck
anchor of unknown length and grout coverage,

The suiccess of an instrument which finds rock anchor length acoustically depends on both.
the practical issue of dealing with mine conditions and the validity of the principle on which
the instrument is based. The more pressing issue in further research is that of validating the
instrument’s principle. If further research shows that rock anchor length and grout coverage
can be inferred from the rod’s acoustic response unambiguously, and with a precision of
~ 20cm, the principle of the instrument is sound, 1 not, the principle of the instrument must

 be considered invalid and the acoustic method should be abandoned. For the types of rock
anchor installation for which the principée proves workable, the limit of petformance of 3
real instrument wilt be set by the worst-case mine conditions which the instrament’s
wangducars and signal processing is capable of dealing with,
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APPENDIX A

Pulse responses for the two sample rock anchors
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~ APPENDIX B

Log magnitude spectra for the two sample rock anchors
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| X Band-lmited envelope cepstra for the two sample rock anchors
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2.2 Recommendations for Signal Processing

D3 CONCLUSIONS AND FURTHER RESEARCH -
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D1 INTRODUCTION

Inordertoinvestigaic the acoustic response of real rock anchor installations, 13 rock anchors
were recently installed at the Boadt Experimental Mine. Paixs of 2m smooth, straight bar
rock anchots of 18mm diameter were installed with 20%, 40%, 60%, 80% and 100% grou:
coverage. Eachrock anchor was installed with approximately 20cm ofits nearend protruding
from the rock face, Three further rods of length 1,07m, 1,30t and 2,00m of the same
descrip.’»n and 100% grout coverage were instalied,

Table D1 gives a summary of the set of rock anchors installed, and the exact lengths of the
* protruding nearends, Grout percentages are expressed over the full length of the rod, except
wi:.re the rod is fally grouted - in this case, the grovted length is the full length minus the
lengihofthe exposed end. All rods were grouted continuously, from the front end backwards,
for the grouted length, All rods had M20 threads cut into the near end, at which the
magnetostrictive transducer was- applied. Ends were filed flat for application of the piezo
* receiver and Prestik was used 4s the aconstic interface materia), The grout used has a full
strength curing time of 10-14 days, The rods were tested a day after they had been grouted,
The rods weie tested without nuts, plates, doughnnts or mesh and lacing, All data are
quantised to 8 bits, and were recordeq o the memory of a Thurlby DSA524,

Fig.No, | Rod,Flle No. | Rod Length (m) Grout% | Bxposed End (cm)
D1 1 2 0 Free Rod
D2 2 20 15
D3 ' 11 2 20 .

3 (datalost) 2 40 19
D4 10 2 40 | 19
D5 4 2 60 23
D6 7 2 60 27
D7 5 2 80 23
D8 6 2 80 20
o 9 2 100 19
™Mo 13 2 100 18
pii 4 2 | 100 24
pr2 | 8 . 130 100 90
D13 12 107 100 . 19

Table ¥l Test rock anchors installed at Boart Mine
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The time responses of these installations are shown in Figures D1 1o D13, except for one of
¢he 2m rods with 40% grout coverage. Unforiunately, this record was somehow lost at the
test site, It can be sald, however, thatthe ¢ amplitude in the lost xecord was about 10%
- -of the amplitude of the direct pulse. Echoes from the far end of the rock anchors are marked
with arrows in the iime response graphs, where they are discemible. The log magnimde
spectra for itme records where an echo pulse is discernible are shown in Figs. 14 10 18 The -
band of frequencies containing the echo information is marked in ¢ach spectrun, Spectra
fortime records which do not show echoes are not very usefinl, and so are ot included here,
Cepstra and attenuation curves for the recordings arc not given here because too few records
displayed an echo, and data were inconsistent - aitenuation curves and cepsira would not be
usefitl, This problem will be commented on in the conclusion.

D2 ASSESSMENT OF RESULTS
D2.1 Evaluation of Concrete Cylinders used fo Simulate Rock

A comparison of the real rock anchor responses with the responses frommesimulauonusmg
concrete cylinders shows thai:

+ A resonance in the protruding end of the rodis visible in each fime record and ts spectrurn,

| *Themﬂectioninthemalmspdnsesismuchsmallerbutmorecohcrent.'rlmis‘thereﬂcction
is 1ass distorted,

From these observations can be drawn thc following conclusions'

* The sironger, more distorted echoes of the simulation are due to mulﬁpath effects in the
concrete cylinders: acoustic energy entering the cylinders is not dissipated, but returns to
the near end of the rod.

*The concrete cylinders used for the simulation are thersfore inadequate, and the simulation
does not give responses which are simifar to (or representative of) the responses ofreal rock
anchor installations.

% The simulation was nevertheless useful in laying the groundwork for both the hardware

. and software for an instrument, ‘The simulation did identify the echo band-timiting effect

which is also visible in the real responses,
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The longer travel time of the pulse with increasing grout coverage is not seen ini the real
rock anchors responses (aSsummg that the given length and grout coverage information is -
© correct), The arrival time in the real installations is fairly consistent, at about 0,88ms. From
 this it can be concluded that the increasing pulse artival time seemmthesimxﬂaﬁonis am
artefact produced by multipath effects in'the concrete cylinders, and is a furthetmdwation '-
of the inadequacy of the concrete cylinders. '

D22 Recommendations for Signal Processing

I the light of the new results, the following commenits on the signal processing should be
made: : -

*The ccpstrum retaing its usefulness: the real fock anchor responses are band-Himited, and
the advantage of selm*.ﬂng the band of frequencies contalning the echo therefore remains,

% The cepstrum. derived from the band-Jimited spectrum unambiguously dentifies the echo
amplitude and time of arrival for the real results, where the echo is large enough: because
the A/D used to record the responses quantised the data to 8 bits, theecho in well gmuﬁed
rods was irrecoverably lost.

% An A/D with a better dynamic yange Is fequired (16 bits) if echoss in rods grouted over
120cm to 160cm are to be detected. |

D3 CONCLUSIONS AND FURTHER RESEARCH

A disturbing observaion regarding the real rock anchor responses is the 1ack of agreement

_ inthe size of the echo in rod pairs which are 20, 40 and 60% grouted. This lack of agreement
is clearty visible in the time signals Fig, D2 and Fig, D3 for the case of 20% grouting. Fig,
D2 shows a reflection which is about ten times the size of the reflection seen in Fig, D3. In
the case of 60% grouting, Fig. D5 shows a reflection which is not at all visible in Fig. D6, -
¥or identical rock anchors, grout, diillhole size, gront distribution and coverage and rock
type (that is, identical installations), one would expect echoes of comparable size. This

difference in echo sizes is not an ariefact of the signel recording but is truly representative
of the acoustic behaviour of the rods, The large difference in echo amplitudes therefore
appears to be attrlbutable to one, or & combination, of the following: :
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(1) The tests were performed onty one day after the rock anchors bad been instalfed, The full
strength curing tirae of the grout used is 10 to 14 days. The discrepancy in pulse amplitides
could be due to the fagt that the grout on onie of the rods had been curing fcrlongcrthanit
had on the other. .

(i) The echo amplitude may, in each case, be truly representative of the grout bond
effectiveness of the rods: the difference in grout coverage could be due to an errorin the
amount of grout applicdto the xods, or due to a bad grout bond on the rod vnth larger echo
{caused by grease on the rod surface, for exampie).

(iii)ankoﬂcpeatabﬁityinnlmcstidcmicalrcckanchorinstaﬂaﬁms due tosome unexpected
acoustic property of the system, In this case, pulse atfenuation canniot be unambiguously
related to grout coverage with the required precision and he principle of the instrument
fails, If this speculation is verified with further tests, the acousﬂc method should be
. abandoned immcdiately.

The discrepancy can be attnbuted to () if, after the foll curing timc of the grout, the echo
amplitudes of rods with the same grout coverage concur,

Xf the discrepancy in echo amplitude still exists after the grout curing time, the validity of
~ (1) can be investigated by performing a pull test on the rods, If the pull test supports the
observed difference in échoe amplitudes, 21l is well, and farther installations can be carefully
- made (ensuring correct grout coverage) for further repeatability tests.on the re 2k anchors,

. M the pull test indicates the same grout coverage in the rock anchors, the discrepaucy in
resuits must be attributed to point {iii). The veracity of (i) can be assessed by installing a
farther two rock anchors which are grouted over 40cm, paying special attention 10 ensure
that grout coverage isconcctandthati‘_-‘lctwo rod surfaces are cleanand inthe same condition,
If, after the full curing time of the grott, the discrepancy in pulse amplitudes still exists, a
pull test can be applied to vesify grout coverage. If the pull tests indicate that the rods have

the same grout coverage, the acoustic method must be sbaridoned, In this case, finding the

reasotk for the discrepancy (n acoustical terms) is unlikely to lead $o an improvement in the
method which will make the instrument viable.
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