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ABSTRACT

This report documents and presenteé the results of a study to develop an
ultrasonic testing method for non-destructive evaluation of deterioration in
the condition of embedded steel components in concrete. Theoretical and
experimental studies have been carried out on ultrasonic wave propagation in
concrete and reflection from interfaces representing different conditions of
deterioration in embedded steel components. Extensive scatter and attenvation
of ultrasonic waves in concrate, and signal strength on reflectlion from
different conditions of embedded@ component, depend highly on signal
frequency. Advanced signal processing methods have been developed involving
fast Pourier transformation to the frequency domain, block filtering to give
signal content within discrete frequency bands, and inverse transformation to
enable analysis of Bignal content reflected from embedded components.

A prototype scanning system, using rolling transducers, has been developed
which is capable of detecting significant voids, cable breaks or major
corrosion deterioration.
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SUMMARY

The definition study NCHRP Project 10-30(l) which preceded the current
project, had identified the capabllities and limitations of different non
destructive testing methods for providing information on the condition of
steel components embedded in concrete. Whilst radliographic and magnetic
methods could be useful in certain circumstances, the problem of detecting
major corrosion deterioration of pre-stresgsing tendons inside metal ducts
remained extremely difficult and expanzive, except for limited circumstances
where radiography might be practical. Preliminary trials of ultrasonic
testing techniques have shown that breaks, or partial fractures, in steel
wires could be detected over lengths of several metres of wire when the
ultrasonic signal was introduced by direct contact of transducers at the ends
of the wire. The early stages of the present programme showed that when wires
and cables were embedded in concrete, severe attenuation of the signal
occurred, such that defects in the wires could only be detected within a
distance of the order of one metre from the end of the wire., It was therefore
clear from an early stage that any successful system for interrogating the
condition of embedded steel components in concrete would have to operate by
transmitting and receiving signals from the surface of the concrete, which
were returned from embedded components, with information in either the
amplitude, frequency or phasa content of the signal about the condition of the
component. Since concrete is itself an inhomogeneous material, consisting of
a cement matrix with different aggregate particle sizes and perhaps
porosity/microfissures, severe attenuation and =scattering of ultrasonic
signals occurs in concrete.

Literature surveys and theoretical and experimental studies were carried
out to determine the nature of the attenuation and scattering of ultrasonic
waves In concrete and the factors which controlled the reflected signal
strength from embedded components. The critical factor to enable a signal to
be returned from an embedded component is the ratio of the transverse
dimension of the component to the ultrasonic wavelength. For detection of
deterioration in the surface condition of an embedded component, such as by
pitting corrosion, the critical dimension is reduced to perhaps one tenth of
the component transverse dimension, which in turn implies a requirement to use
signals of higher and higher frequencies. Unfortunately, attenuation and
scattering of the signal in concrete are highly frequency depandent, such that
high frequencies are much more severely attenuated than lower frequencies.
Much effort has therefore been expended in the present programme in developing
signal processing methods and experimental techniques which enable the
relati{ve signal strength, at different frequency levels and positions in the
time domain, to be identified.

Efforts to analyse the whole of the signal content using ultrasonic
transducers with nominal frequencies in the range 50 kHz to 350 kHz were
generally unsuccessful for either time domain or frequency domain analysis.
The basic reason for this was that the high frequency content information was
totally swamped by the relatively insensitive low frequency content, which
gave little information about embedded components because of the relatively
large wavelength inherent to low frequencles. Attempts to develop transducers
which gave required frequency characteristics in concrete did not overcome the
problem. However, substantial progress and success was achieved with a
sophisticated signal processing system which enabled the signal content in
different frequency bands to be separated out and examined.
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This signal processing technique {nvolved identification of the signal
content of interest in the time domain {usually the first part of the signal
received) and transformation of this signal to the frequency domain by Fourier
analysis. The transformed signal was then subject to block filtering so that
only the signal content within the required frequency bands remained. Thus,
even though the slgnal content at high frequencies was several orders of
magnitude less than the signal content at low frequencles, the low frequency
signal could be eliminated and the residval high frequency content then
transformed back to the time domain for analysis of characterlstic. By taking
products and ratios of signal content in different frequency bands it has
proved possible to identify the signal content returned from embedded
features,

The practical results of these technigues are that major voids, cable
breaks and severe corrosion damage can be identified with confidence but it is
unlikely that the early stages of deterioration can be so identified.

In the final stages of the project, a prototype system has been developed
using a pair of rolling transducers mounted on a bogie for scanning the
surface of concrete beawms. Further development work ls necessary to take this
prototype system to a practical field survey system. It is considered that
the ultrasonic system developed here, should be used I{n conjunction with other
non—-destructive systems to obtain fullest information about the condition of
steel components buried in concrete, but such systems are now within reach of
commercial development.

{viii)



CHAPTER 1l: INTRODUCTION AND RESEARCH APPROACH

1.1 PROBLEM STATEMENT AND RESEARCH OBJECTIVE

In many highway bridge structures, the integrity of the entlre structure
depends critically upon high strength steel rods and/or cables. 1In suspension
bridges and cable stayed bridges, the supporting cables may be from the order
of 25 mm (1") diameter to the order of 1 m (3%“) diameter, made up of multiple
individual wires. In concrete structures, reinforcement is usually in the
form of steel bars of diameter perhaps 10 mm (3/8%) to 50 mm (2"). The
strength of steel being typically in the range 250 N/mm2 (36000 psi) to 460
N/mm?2 (65000 psi). With prestressed concrete, the systems adopted may be
either pre-tensioned or post-tensioned but in both cases, it is common to use
much higher strength steel for pre-stressing tendons. Bars of 100 mm (3/8")
to 50 mm (2%) in strengths of 1000 N/mm?2 (144000 psi) to 1500 N/mm?2 (216000
psi) are commonly used. Pre—-stressing tendons often consigt of multiple wires
or strands made up from wires of individual diameter S to 7 mm (3/16* to
5/16") with strengths in excess of 1500 N/mm2 (216000 psi).

Bridge structures are designed for very long lives (of the order af 100 to
120 years) and may be subject to a number of deterioration mechanigsms. The
most serious of these, as far as steel rods and cables are concerned, are
likely to be corrosion or fatigue. Corrosion will occur in any steel
component exposed to a waet environment in air, unless satisfactory protection
mechanisms are effective. In the case of the exposed cables, such as
suspension and cable stayed bridges, protection is usually applied by zinc
coatings and/or paint. In the case of components embedded in concrete,
protection is normally afforded by the alkaline environment provided by
cement, giving a pE value in the range 12 to l4. However, both the zinc or
other protective coatings on free cables and the alkaline protection for
components embedded in concrete can deteriorate due to various degradation
mechanisms in service. Corrosion of the critical steel components may then
take place by general loss of cross sgectional area, by pitting corrosion, or,
particularly in high strength steels, by a hydrogen induced strese corrosion
cracking. Corrosion problems for steel rods and cables in bridges are
aggravated by the use of de-icing saltg, which tend to reduce the
effectiveness of corrosion protection measures, Undetected ongoing corrosion
of critical steel components can eventually lead to complete collapse of the
structure, as has occurred in a small number of cases.

The objective of the present research project is to develop a non-
destructive testing method, suitable for field inspection of bridges to detect
serious deterioration of high strength rods and cables, particularly for the
case of such components embedded in concrete. The case of post-tensioned,
prestressed concrete structures, with cables inside metal ducts, was regarded
as a critical case for which the only existing practical method was
radiography with serious limitations, restrictions and cost implications.

1.2 SCOPE OF STUDY

An earlier phase of this project (NCHRP Project 10-3(1), 1987) had
reviewed different non—-destructive testing methods, and thelr capabilities and
limitations for detecting the condition of embedded or encased steel rods and
cables (Phase I Final Report). It was concluded from that study that whilst
magnetic and radiographic based methods could give some information about the
presence and condition of embedded steel components, there were severe



limitations inherent with thaese techniques, particularly for the case of post-
tensioned cables in metal ducts. It was therefore proposed that the present
study should seek to develop a non-destructive testing method based on
vltrasonics/acoustic pulsing to give information about the condition of
embedded steel components. The study was intended to investigate the
theoratical basis for a satisfactory ultrasonic testing technique, including
modelling analysis where necessary and to develop the necessary signal
processing and experimental! technigques to enable a prototype system to be
developed from the theoretical and experimental findings.

1t was originally intended that the final stage of the programme should
involve practical field trials of the prototype system, when successfully
developed, on examples of pre—stressed concrete bridges,.

1.3 RESEARCH APFPROACH

1t was recognised from the start that the basic alternatives were either
to transmit ultrasonic signals down the length of steel components from one
end to the other, or to interrogate the steel components from the aexternal
surfaces of the concrete structure. In both cases, it was recognised that
serious difficulties would arise from confusion of different signals for
different ultrasonic wave types and reflections from different boundaries,
together with inherent scatter and attenuation problems for ultrasonic waves
in concrete.

It was necessary therefore, to carry out a thorough study of the
literature to establish the problems encounterad by others attempting to
develop ultrasonic testing systems for steel components in concrete. It was
then necessary to carry out theoretical studies and model analysis to
understand the basic behaviour of ultrasonic waves of different types, either
transmitted in steel embedded in concrete, or transmitted from the concrete
surface to reflect from interfaces with embedded components back to the
surface. In this objective, assistance was provided by a PhD research student
from within the Department of Civil Engineering, UMIST, working on the
theoretical and practical aspects of ultrasonic interrogation of steel
components embedded in concrete. It was considered particularly important in
the theoretical analysis to establish the effect of wave type, frequency and
wave length on scatter, attenuation and reflection behaviour. To assist in
understanding these phenomena, various seriges of experiments were planned
which would look at the behaviour of steel components immersed In water, or
embedded in mortar, or embedded in concrete. The purpose of these experiments
was to try to identify that part of the signal which contained information
about the condition of the steel component without the presence of the
scattering/attenuation effects of concrete, and then try to develop signal
processing meansa of separating out that same signal content when the
complexities of scatter/attenuation in concrete were added.

To try and optimise the identification of breaks or serious local
corrosion of embedded cables, it was planned to develop a system in which a
signal transmitted from a single central transducer would be received at a
surrounding array of transducers, in such a way that the signal at each
receiving transducer would be reflected from different parts of the embedded
steel component. By camparison of the signals received, it was hoped that
when one of the transducers received a signal from a deteriorated/broken piece
of cable it would immediately be clear, from comparison with other transducers
receiving signals from sound cable, that a significant defect was present.



Initial studies suggested that the theoretical analysis would be likely to
show the importance of signals at different frequencies and it was originally
hoped to be able to devglop transducers or pulse systems which would enable a
range of frequencies toc be applied or analysed. 1In this task, collaboration
was arranged between CAPCIS and a PhD student working in the Department of
Instrumentation and Analytical Sciences (DIAS), UMIST, on the topic of pseudo-
random code generation and its application to ultrasonic excitation/reception
systems. Considerable effort was therefore planned for signal processing
techniques toc enable signals received by up to four transducers to be analysed
in the time domain, and transformed to the frequency domain, with the ability
to manipulate and compare various aspects of the received signals.

It was always recognised that the critical requirement was to be able to
develop a system which could interrogate the condition of post-tensioned
cables in grouted ducts. An extensive experimental programme was therefore
planned, in which laboratory szamples of beams with embedded wires, strands,
ungrouted ducts, grouted ducts and cables in grouted ducts were prepared. A
emall number of larger scale samples of sglabs and beams with embedded
components and deliberate voids was also planned. To move to the larger
scale, a pre-tensioned standard bridge beam, rejected from a pre-cast
manufacturer's works because of local damage to the concrete, was also
obtained. All these specimens underwent extensive testing during the course
of the project.

When the theoretical wodelling and experimental work and the =ignal
processing systems had been developed into a satisfactory technique, it was
planned to develop a prototype scanning system which, although not suitable
for commercial field use, would be sufficient to demonstrate the basis of a
system suitable for development to form a commercial field tool.



CHAPTER 2: FINDINGS

2.1 STATE-QOFP—-THB-ART SUMMARY
2.1.1 Introduction

The initial State-of-the-Art review in the Final Report on Phase 1 pf
NCHRP Project 10-30(1) detailed the various data bases - later to include the
relatively new ICONDA system - and keywords which were used to obtain
information. It also listed a number of organisations known to be concerned
with the application of non-destructive examination techniques and which have
been contacted to ascertain what development and progress was being made but
not yet reported.

Appendix A is a bibliography of the more appropriate references selected
from some hundreds of titles listed in the literature searches carried out
during Phase II of this project. Extended abstracts of many of these
documents have been published in Progress Reports.

The basic problem of detecting deterioration in reinforcement steel is
posed in a number of references. It is commonly agreed that there is a need
for a non-destructive system capable of interrogating the condition of
reinforcing steel embedded in concrete. An assessment of available literature
however shows that there is no consensus opinion on a preferred system for
fulfilling this requirement.

Several techniques are available for development and various authors
(investigators) have published papers on the status of their particular
system,

Following a review of thls literature and after discussion with various
users and interested parties, a considered conclusion was that an ultrasound
system offered the best prospect that a successful system could ultimately be
developed and built,

Thus, the ultrasound systems which formed the basis of subseguent
literature searches were:

. The Impact Echo Method

- Acoustic Emission

- Acoustic Pulsing

. Radar/Microwave System

- Stress waves generated by Moderate Speed Gun or Schmidt Hammer
. Electromagnetic Impact Driving Method

Subsequent literature surveys therefore concentrated on reported
developments and progress in the application of ultrasound to the examination
of reinforced concrete structures.

2.1.2 Review of Publication Since 1986

A complete bibliography of all references reviewed since the Final Report
of 10-30(1) 1887 is given in Appendix A.

As a general observation, these surveys showed that little success in the
detection of rebar deterioration has been achieved with any of the systems
described. Rebar deterioration is presumed to occur beneath cracks or defects
in the concrete cover. Much of the reported investigative effort has



therefore concentrated on developing techniques aimed at establishing concrete
quality and condition. It is also acknowledged that reinforcement corrosion
can be induced by the properties and guality of the concrete cover. Several
references [18,36,106) degcribed ultrasound techniques for determining the
condition of ¢the concrete by measuring permeability and crack control
capability. Other references [30,109]) were concerned with the detection of
voids in cable duct grouting as these can provide corrosion sites for pre-
stressing steel.

Theoretical modelling of conditions within a concrete specimen for
comparison with experimental results has been undertaken by several
organisations, although most papers describing this work were provided by the
National Testing Institute (forwally the National Bureau of BStandards) in
Washington. A number of references from this source [78,79,80,81,82)
described the generation of a stress pulse by mechanical impact of a steel
ball dropped on to the test surface and an analysis of echoes reflected frow
features within the test specimen,

Test specimen geometries included flat plate, plain concrete beams, beams
containing disc shaped flaws, beams with surface breaking cracks and a
concrete beam containing a duct, half the length of which was filled with
grout. A wave form analyser captures and analyses the transient frequencies
and wave forms and performs signal analysis in the frequency domain. A two
dimensional finite element method was developed to predict the expected echo
response from a known impact and to study the interaction of transient stress
waves with planar discontinuities in elastic solids. It is claimed that the
theoretical model and the analysiis of diffracted waves produced good
agreement, but basic measurements require the provision of a high fidelity
transducer capable of measuring small surface displacements. Waveforms and
frequency spectra are also influenced by specimen composition, impact contact
time and distance between impact and responsae points. Success 18 claimed for
the detection of relatively large defects such as holes and delaminations and
the abllity to differentiate between filled and empty ducts,

Following an earthquake in India an impact echo system, using a free
falling hammer to generate low freguencies (200 - 500 kHz) was used to examine
a dam wall. It was claimed [(8l1)] that reflections 100 m away from the source
were detected and also that a crack 15 m long was identified.

Impact testing on reinforced concrete slabs has also been carried out in
Japan [64,65) to investigate the propagation of stress waves, TheEse tests
were significantly less sensitive than the NTIS proqramme and eventually
included heavier impact loadings used to determine ultimate impact capacity of
reinforced concrete and modes of fracture.

The Iimpact-echo method uses acoustic and low frequency ultrasonic test
equipment and, apart from the method of introducing a stress wave into the
specimen, was initially thought to parallel the research described in this
report. However, this is not the case as the research described herein has
had to concentrate on the detection of small changes of state of reinforcing
bar induced by forced corrosion, strand breakage in a multi-strand cable and
the detection of voids 1in grouting rather than empty ducts. This has
necessitated the exploration of frequency bands giving the most readily
interpreted signals, either in the time or frequency domain. It was found
that higher frequencies were needed than those used for the impact-echo
method.



Acoustic emission has been a subject for several researchers
{35,38,52,66,77,91,97,99] The system requires the installation of permanently
attached sensors and is essentially a monitoring technique rather than a
periodic inspection tool. Some success has been reported in detecting noise
from within reinforced concrete test specimens and structures but recent
current literature [66,106,109) it is not clear whether this noise can be
identified as being generated by concrete cracking due to expansive forces
rasulting from a build up of corrosion products, breaking of wires or wire
strands, or movement at the concrete/wire interfaces. Interpretation of
signals is therefore difficult without subsequent intrusive investigation.

It is generally concluded that although some success has been achieved
with laboratory specimens, acoustic emission techniques for use on full scale
structures is still very much an area of research.

A Japanese reference [66) reported extensive acoustic emission tests on
reinforced concrete samples, subjected to bend and torsion loading, with a
frequency range of 10 kHz to 300 kHz. Field tests confirmed that although
acoustic emigsion events (counts) were highly sensitive to local
instabilities, the eliminacion or prevention of other noise was the most
important problem yet to be solved with in-situ acoustic observations.

Acoustic ewission surveys have been carried out in bridges in Holland
(62,66,109) but it proved impossible to identify the extent or position of
damage.

Work in Germany, which has been comprehensively reported, (30] refers to
the necessary role of inspection of reinforced concrete structures,
Particular emphasis is placed on the adequacy of grouting and the corrosion
condition of pre-stressing steel in the assessment of the condition of pre-
stressed structures.

Various methods have been used to check the corrosion condition of pre-
stressing members and the position and filling of ducting. Methods of
investigation are classified into three groups: destructive, partially
destructive and non destructive. The ultrasonic technique came under the
second category, since acoustic pulsing - the preferred method - could only be
carried ocut if access was available to the bar end which must also be flat to
accommodate che probe which contains both the transmitter and receiver.
Difficulties arose during test work with respect to concrete and material
within concrete due to its greater inhomogeneity compared with metals. There
were consequent problems in matching probes and electronics and in the
unambiguous identification of signals. The sultability of the pulse gcho
method for checking grouting in post-tensioned members was also studied. The
method was found to be limited by short, jointed or sharply angled pre-
stressing bars and also by multibar systems. In common with references from
other countries, risks of defects associated with grouting deficiencies in the

grouting of ©post-tensioned structures is discussed. Demolition and
modification work has revealed many inadequately filled ducts, giving rise to
warnings from safety organisations. Long term durability due to faulty

grouting is threatened by a reduction of failure strength due to corrosion of
pre-stressing steel caused by the ingress of water and oxygen.

Ultrasonic methods used in Holland {109] to detect voids in cable duct
grouting required transmitters and receivers attached to opposite faces of the
concrete and velocities were measured directly. The method proved unrellable,
particularly where the voids were small compared with concrete thickness or
where cables shadowed each other. '
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The role of radar has been the subject of several references
(13,14,26,27,92,101]. Extensive application of ¢this technigue has been
described by several authors who have reported comprehensively on work with
ground penetrating systems used to establish the thickness and connectlaon of
concrete and slab pavings. A recent reference (42) described a mobile radar
system used to examine the condition of bridge decks in Canada. The technique
uses high frequency electromagnetic waves, reflections from which change as
electromagnetic discontinuities are encountered. The system is operated from
a specially adapted prototype vehicle and is claimed to be a viable rapid scan
contact method of conducting bridge inspection surveys. The system detects
cracking and spalling of concrete, some of which may be the result of the
expansion of corrosion products around embedded reinforcement and alsoc bond
fracture between the concrete and asphalt surfacing.

2.1.3 Summary Statement

It {s universally recognised that there is a need to obtain early
identification of pre-stressing cable deterioration in reinforced concrete
structures if realistic assessments of structural integqrity are to be made.
The State of the Art, as indicated by extensive literature reviews, suggests
that progress towards solutions of the problems posed is slow and difficult:
none of the techniques reviewed are capable of providing a simple nmobile
system that can be operated by non—-expert personnel. Work undertaken at
CAPCIS/UMIST and reported in this document 318 unique in the field of
experimentation and detailzs the significant progress made towards a viable
solution.

2.2 DLTRASONIC PROPAGATION IN CONCRETE

Thig research has been based upon the principle that by transmitting an
ultrasonic pulse through concrete reinforced with steel, it is possgible, by
analysing the various characteristics of the detected signal, to gain
information regarding the internal composition of the concrete and the
condition of the reinforcing components. Before proceeding to a discussion of
the findings of that research, Section 2.2 presents a review of some of the
more important aspects of the science of acoustics; it ig emphasised that this
review is in essence a non-technical statement on a subject which is, after
all, a highly complex matter, and inevitably some simplification will
result. For a fuller and more mathematical treatment of the subject, the
reader is referred to Appendix B, which is concerned with the topics of
propagation, signal losses and signal-to-noise enhancement technigues in
significant detail.

2.2.1 Basic Principles

Acoustic waves travel through a medium by propagating a disturbance of
particles about a mean position. Ultrasonic waves are, of course, a class of
acoustic waves, the classification being given because they lie beyond the
limits of human hearing with regard tec frequency (normally, this limit is said
to be 20 kHz, although this is in fact rather high, especially where adults

are concerned). The velocity at which the disturbance travels is known as the
propagation velocity of the medium, usually denoted as { (the symbol used in
this document), although v is also used. Since the displacement has a

directional component and an oscillatory component, the displacement is said
to be a function of borh time and space. At any given position therefore, the
degree of particle compression or rarefaction i{s a said to be a sinusoidal



function of time; at any given time it is sinusoidal function of space. The
amplitude of the maximum displacement (peak to peak) is denoted by the symbol
A. The wavelength, A is defined as the distance between adjacent reglons of
similar amplitude or slope. The freguency, f, is defined as the number of
wavefronts passing a particular point {n one second, and is expressed in

Bertz, or Hz. Veloclty, wavelength and frequency are related by the
expression:
c = £A (2.1)

Whilst it is often assumed that velocity, ¢, is independent of frequency,
certain wedia are dispersive (including concrete), that 1ia, different
frequencies travel with different veloclities. For the moment, however, the
above assumption will be accepted.

Strictly speaking, this work has been concerned with the propagation,
detection and analysis of low amplitude ultrasonic waves. The term "low
amplitude” is used here to describe that category of waves whoze magnitude is
such that ¢the medium returns to its original physical state after the
disturbance has passed, 1.e., there is a linear relationship between the
applied stress and the resultant strain. lLarge amplitude waves, often referred
to as shock waves, induce permanent changes in the medium through which they
travel and are not dealt with in this work. This makes the subject a little
easigr to handle, since the equations appearing in Appendices B to E
approximate more closely the situation in practical circumstances.

Ultrasonic testing has been used for many years, and used highly
successfully, to inspect the internal condition of metal components and
castings. Metals, as far as ultrasonic waves below 10 Mz are concerned, are
homogeneous in structure and isotropic (implying that the sound travels with
equal velocity regardless of orientation). Concrete, on the other hand, is
highly inhomogeneous. Although, in principle, the effects of the madium on the
waves are no different from those produced under homogeneous conditions, the
sheer number of {nterfaces gives rise to such a variety of scattering and
absorption mechanisms that it is Impossible, without detailed and careful
signal processing, to identify or interpret the information {n a meaningful
way. This, in essence, has been the nature of the project.

2.2.2 Wave Modes

A bulk or infinite solid medium will sustain two, and only two, wave
modes; these are the compression (also known as the longitudinal wave), and
the shear wave (also known as the transverse wave). In the compressional
wave, the direction of particle dlisplacement takes place in parallel to the
direction of propagation. By contrast, in shear waves, the particle
displacement is perpendicular with respect to the direction of propagation.
It is worth mentioning at this point that in almost all pictorial
representations of waveforms, for ease of interpretation, the wave is shown as
a shear wave, as in Figure 1 which depicts a typical ultrasonic signal
generated in this kind of work. Since shear forces can, in general, only be
generated between particles in solid media, 1liguids cannot sustain shear
waves, except for very short periods and for ©particularly viscous
substances. A unique feature of shear waves is that they have no regions of
wave compression or rarefaction. Because of this, there are no localised
fluctuations in density Such as occur in all other types of waves.



In solids possessing a boundary, or a surface in contact with the air,
other more complex modes of propagation may exist. The most important of
these *"second order" waves is8 the Burface wave (Rayleigh wave) which,
incidentally, has given rise to considerable problems of interference during
the earlier stages of the research. Surface wave particle displacement is
elliptical in nature, and as the name suggests, this kind of wave attenuates
rapidly with depth, following an exponential relationship. At a depth of one
wavelength for example, the amplitude of displacement is 108 of that at the
surface. The presence of surface waves can be easily 'verified by, for
instance, placing a finger on the surface in the space between two
tranemit-receive transducers. This tends to damp out propagation in this mode.
Another significant feature of surface waves is that, given an undamped and
even surface, their attenuation occurs more gradually than waves travelling in
bulk media since they only travel, essentially, in two dimensions.

In media constituring a thin layer on a substratum, long wave propagation
is possible. In this case the direction of displacement of the particles takes
place parallel to the surface but perpendicular to the direction of wave
propagation., This kind of wave has not been encountered in this work, owing to
the large dimensions of the structures under test.

In an unbounded plate whose thickness is comparable to the wavelength,
plate wave (or Lamb wave) propagation can occur. Two types of plate mode can
exist. The first kind, the aymmetrical plate wave, propagates as a
compressional wave along the centre line of the plate causing perpendicular
expansion and rarefaction. The sgecond kind, the asymmetrical plate wave,
consists of particle motion whose displacement along the centre line is
transverse and elliptical at the surface. Again however, Lamb waves were
rarely generated in the specimens used in this project.

It is worth considering that in practical circumstances an ultrasonic
system may -~ desirably or otherwise - generate a number of wave modes which
ultimately make the analysis more complex. In such cases the arrival times of
signals is of «crucial importance, since each wave mode has 1its own
characteristic velocity (see Appendix B). Furthermore, when an ultrasonic
vavefront is partially reflected and refracted at the boundary between two
media, mode conversion will occur.

In addition to the wave modes described above, it is necessary to consider
certain wave transferal mechanisms whose nature are strongly dependent upon
the dimensions of the medium in relation to the wavelength. In particular,
the propagation of acoustic waves in rods is of mpecial significance to the
project, since single, s80lid tendons are frequently employed to reinforce a
BEtructure.

In rods whose diameter is less than the wavelength, compressional,
transverse and torsional waves can be generated. The first kind is often
referred to as the rod wave since its velocity is lower than compressional
waves travelling in bulk media, In a tensioned rcd, transverse waves may
exist, in which the particle displacement takes place in a direction
perpendicular to the direction of propagation and to the axis of the rod
(string vibrations). In torsional waves, displacement occurs in a rotational
manner about the axis, as the wave travels forward. The torsional wave
velocity is equal to the shear wave velocity in the bulk medium.

When the diameter of the rod exceeds that of the wavelength, bulk
longitudinal waves may be propagated. However, there may now also
theoretically exist an infinite number of other transverse and torsional type



wave modes, grouped in families and sub-families of the basic rod., With the
exception of the principle torsional wave, all are dispersive, that is, their
velocity is frequency dependent. Hence a short regqular sine wave transmitted
into such a rod will be received as a signal whose duration is many times
longer than the original pulse.

It ls important to note that If an acoustic signal i{s transmitted along a
rod embedded in a medium, in general, severe attenuation will result as the
rod radiates energy into the surrounding matter. It is possible, under certain
conditions, to induce loss-free propagation (see Appendix B), but the criteria
to realize this phenomenon are never satisfied given the nature of the work
degcribed in this report.

2.2.3 Raflection and Refraction

When an acoustic wave travels from one medium to another, providing there
is no gap at the interface, some of the energy will be reflected and some of
the energy will be transmitted through to the second medium. The amount of
enaergy reflected will depend, initially, upon the difference of the acoustic
impedances between the two materials. For inastance, the acoustic impedances of
water and steel are so different that an ultrasonic wave travelling through
water and incident on a steel plate will experience almost total reflection.
Furthermore, The amount of energy transmitted into the second medium will
depend upon the angle of incidence of the sound wave; maximum transmission
occurs at normal incidence, and, at progressively more acute anglas,
progressively less energy travels into the second material. In addition, at
angles other than normal incidence the tranemitted wave will experience a
change in its angle of penetration - hence it is refracted.

2.2.4 Signal Attenuation

Acoustic waves travelling through a real medium suffer attenuation; the
causes Oof this phenomenon are principally scatter, absorption and divergence.
These are highly complex processes, but must be addressed because, without
question, they have determined the limits of accuracy and reliability of the
present prototype systam.

Signal scattering is primarily a function of:

- The ratio between the insonating wavelength and the mean diameter of the
scatterers.

. The difference in acoustic impedance between the scatterers and the matrix
in which they are embedded.

The manner in which an ultrasonic wave is sgcattered changes fundamentally as
the mean diameter of the scatterers increases. Suffice it to say however, that
the size of the scattering particles in concrete - the aggregate - excludes
the use of ultrasonic interrogation fregquencies above 500 kHz. This is
because signal 1loss 1is proportional to the square of the frequency for
stochastic scattering (where the aggregate diameter is approximately the same
as the wavelength), and proportional to the fourth power of the frequency for
Rayleigh scattering (where the particle diameter, such as for sand, is very
much less than the wavelength).

Ultrasonic signals are also attenuated by thermal-absorptive processes,
whereby the acoustical energy is ultimately converted to heat. This mechanism
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generally becomes limiting at very high operating frequencies (in the MHz
range), and is responsible for the eventual decay of a signal within a body.

Beam divergence is the term used to describe the way in which the sound
waves spread out from their point of origin; it is dealt with more fully in
the following section.

2.2.5 rransducer Considerations

The devices used in the project to generate and detect the ultrasonic
waves are fabricated from piezoelectric synthetic crystals. When an electric
field is applied to the upper and lower faces of a disc of this material, the
crystal undergoes mechanical strain, this strain being proportional to the
intensity of the applied field. The effect is reversible since an applied
mechanical stress induces equal and opposite charges to appear on each face.
If the crystal is excited with a short, high voltage impulse (typically
several hundred volts) lasting lus or less, it will resonate at its natural
frequency, this being proportional to the thickness of the material. The rate
of decay of the oscillations is determined by the degree of damping which is
applied (by the use of backing material). Generally, highly damped crystals
will both generate and respond to a broader range of frequencies lying about
the central resonance, but they are less sensitive than their undamped
counterparts.

Disc-shaped wultrasonic transducers radiate a beam whose angle of
divergence is governed by the relationship between the wavelength and the disc
diameter; the &maller the wavelength in comparison to this diameter, the
smaller the angle of divergence will be. Naturally it is desirable, for the
purposes of energy optimization and image clarity, that the beam be as narrow
as possible, at least in the case of conventional ultrasonic interrogation.
In order to realize this objective the system should generate the highest
frequency that does not result in intolerable losses due to EBcatter and
absorption. As will be seen, it is virtually impossible to propagate any kind
of well-defined beam into concrete with transducers of a senzible diameter;
thise has resulted in the development of an unconventlonal but successful
approach to the application of ultrasonic analysis in this problem, with
emphasis being placed on signal processing, analysis and data
interpretation. In any non-destructive Inspection system employing
ultrasound, the transducers are the most important components. Considerable
time has therefore been expended in attempting to find the most suitable
devices.

2.3 EQUIPMENT, SAMPLES AND SOFTWARE

2.3.1 Bquipment Purchased

The items of equipment that have been purchased or obtained for the
purposes of the project, are listed as follows:

1. One Ferranti 286 AT IBM compatible personal computer, with 640 kbytes of
main memory, 20 Mbyte hard disc and 80287 mathematics co-processor.

2. One Solartron digital storage oscilloscope, with 40 MHz digitization
speed, 100 MHz display capability and 8-bit A/D resolution.

J. One Steinkamp ultrasonic pulser system with low-frequency probes.
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4. Five CNS 125 kHz ultrasonic probes.

5. One pair of Steinkamp 200 kHz probes.

6. One pair of Steinkamp S00 kHz probes.

7. One pair of CNS rolling transducers.

8. One Analogic 6100 waveform analyser, with model &30 A/D converter,
comprising dual channel input, independent time base, 9-bit linear
digitizing resolution with 12-blt resolution in signal compression mode,
36 MBz sampling speed. Fully programmable, with time domain and frequency
domain analysis functions.

Not all of these devices are used in the current prototype system; this has

been a gradual refinement procese involving the considered seleaction, over

many months, of the most sultable components for the task at hand.

2.3.2 Bquipment Manufactured

In addition to the above mentioned items of purchased equipment, several
devices have been designed and built within UMIST/CAPCIS since suitable
commercial equivalents did not exist or were not readily available. These are
listed as follows:

l, One low voltage pulse-echo unit, with fast rise-time and variable pulse
repetition frequency.

2. One single-cycle sine wave generator, used to excite ultrasonic
transducers with one cycle of a sine wave, with a variable period
facility.

3. One four channel, low-noige instrumentation grade amplifier. This
featured differential-type inputs and incorporated a logic-switched gain
system tO improve noise immunity.

4. One four-to-two channel signal multiplexer. The CANDI system is intended,
finally, to analyse signals from an array of four receiving probes. The
waveform analyser has only two input channels however, and a device was
required to switch between pairs of signals. The synchronisation was
derived from the pulser unit.

Full constructional details of the various devices are included in Appendix G
of this report.

2.3.3 Software Developed

The software that has been written during the period of the contract
comprises three distinct categories: modelling, analysis and control.

In order to understand more fully the manner in which ultrasonic waves are
reflected, refracted and attenuated within inhomogeneous media, programs were
written that simulated how these signals travel through concrete, and how the
presence of buried steel components influenced both the strength and the
spectral composition of waves that travelled over various distances and sample
geometries. In particular, this work has been carried out within the
Department of Civil Engineering, UMIST, as part of a Ph.D. research programme.



Emphasis has also been placed on simulating signal-to-noise improvements
derived from the application of specialist signal processing techniques, such
as temporal and spatial signal averaging, auto- and cross-correlation,
frequency domain deconvolution and successive energy trend multiplication.
Both the ultrasonic modelling process and the signal-enhancement simulation
have contributed greatly to the development of a practical {nspection system;
in other wards, they have not been merely academic exercises. Without the
understanding gained from this work, it is likely that the progress have the
experimental programme would not have proceeded as quickly and design
optimisation would have taken considerably longer.

The most important analysis software was written during the early phase of
the project, i.e. before 1989. After that point, wminor improvements were
continually made to the signal processing programs but there were no new major
enterprises in this area. It was decided as a matter of poliey early in the
project that, because of the particular requirements of the system, software
would be written in-house rather than purchased: this ensured total
compatibility with the hardware and meant that the software could be written
around the most relevant signal-processing operationg. In this way, maximum
efficiency was assured.

The key item of software used in this early phase was ULTRAMATH™, a
program that acquired data through the use of a digital storage oscilloscope
(Solartron 5502), and performed a variety of time domain and frequency domain
operations on the raw signals. Because it was PC basgsed, it could not operate
in real-time nor could it analyse batches of readings representing a full scan
of a large scale test structure. However, it was a vital component of the
early research since it ldentified those signal processing operations that
were most relevent to the task at hand.

Once this objective had been realised, the key signal processing
operations were transfered to a dedicated waveform analyser (the Analogic
6100), which has both the speed and the memory to process large numbers of
sequential time records. At this stage in the project, the emphasis was
therefore placed on wrlting software that would control the analyser,
instructing it to carry out specific operations in a specific sequence, as
well as storing and retrieving the data. This became known as the CANDI-scan
supervisor system, CANDI being an acronym for Cable Analysis by Non-
Destructive Inspection.

2.3.4 Samples Prepared

This project has been notable for the number and variety of concrete test
specimens that have been manufactured within the Department of Civil
Engineering, UMIST. Except when specified otherwise (such as in Bamples made
from mortar alone), the concrete mix design used for the test specimens
consisted of ordinary portland cement to BSl2, water, fine aggregate angd
coarse agqgdregate (up to 20 wm) in the proportions } : 0.6 : 1.3 : 2.3, with a
nominal cube strength at 28 days of 30 N/mm?., Where concrete containing
chloride was required, this was added at 4% chloride as calcium chloride per
weight of cement. Rather than list every single sample that has been
fabricated (the list would probably exceed 100)., the catalogue below is a
description of the types of samples on a generic basis.

a. Cylindrical samples, 50 mm diameter, various lengths to 500 mm.

- Mortar
- Fine aggregate
- Coarse aggregate



b. Cylindrical samples, 150 mm diameter, various lengths to 1 m.
- Plain
- With single ? mm wire, cut, uncut and corroded
- Chloride contaminated ’

c. Square section samples, 150 X 150 mm, up to 1 m.
- Mortar
- Plain concrete
- With 7-wire strand, cut, uncut and corroded
- With cracked or broken surfaces
- With voids and wire gaps
- With solid bars up to 40 mm diameter

e. Ducted samples, 40 mm steel duct, mainly 800 - 1000 mm in length.
- 150 X 150 mm in section
- 150 X 300 mm in sectlon
- Empty
- Filled with mortar
- Filled with wmortar and 7-wire strand, one or sevaral
- With void

f. Concrete slabs, 700 X 700 X 150 mm, with and without voids.
g. One full size, 5 w bridge beam (see below).
h. One large scale, S m test beam (see below).

The full size bridge beam is 8.73 @ in length and a maximum width of 495 mm,
measured at the base. The structure is pretensioned along its length by ten 15
nm diameter 7-wire strand steel tendons, each tensioned to 115 kN. See Figure
2 and Plate 1. It is a reject unit and was obtained from Buchan‘s to whom
this assistance is acknowledged.

The large-scale test beam was fabricated at the Department of Civil
Engineering, UMIST, using an existing steel mould 5.0 m long by 150 mm wide
and 300 mm deep (5ee Plate 1). Special end plates were also machined with
openings to accommodate the six equispaced 7-wire strand prestressing cables.
The tendons used were supplied by British ropes Bridon Wire Division and were
15.7 mm super prestressing strand, relaxation class 2 to BS 5896/3: 1980. The
strand end grips were supplied by CCL Systems of Leeds as was the stressing
jack and pump system. Concrete for the beam was designed using the standard
procedure set out in Design of Formal Concrete Mixes (BRE 1988). The
characteristic strength was 40 N/mm , with a slump of 75 mm, a water cement
ratio of 0.43 and a cement content of 510 kg/m . Figure 3 shows the test beam
and provides details of the stresses in each of the tandons, the positions of
additional reinforcement and locations of defects on the wires and simulated
voids,

2.3.5 Transducers Evaluated

The following list catalogues all the transducers that have been used at
some stage during the project.

1. 40 kHz 20 mm diameter Steinkamp transducers.

2. 50 kHz S0 mm diameter CNS transducers.
3. 125 kHz 25 mm diameter CNS transducers.
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4. 170 kHz 15 mm diameter AET transducers.

5. 200 kHz 20 mm diameter CNS transducers.

6. 200 kHz 25 mm diameter Steinkamp transducers.

7. 250 kHz 40 mm diameter Krautkramer transducers.

8. 360 kHz B0 mm Adiameter CNS rolling transducers.

5 400 kHz 30 mm diameter wide-band DIAS transducers.
m@m

10, 500 kHz 25 diameter Steinkamp transducers.

It was rapidly established in the early stages of the project that transducers
generating fraequencies below 100 kHz were unsuitable for detecting small-scale
changes that had occured inside the concrete. At 50 kHz (types 1 and 2) for
example, the wavelength of sound in concrete is approximately 80mm. The
longer the wavelength, the larger the obstacle in its path must be before
substantial reflection occurs. Although it was found that it was possible to
transmit and receive such frequencies over very substantial distances (9 m for
instance) spectral analysis suggested that they were little affected either by
the internal aggregate profile or indeed by steel cables used to reinforce the
samples.

None of the transducers listed above oscillated monotonically; instead
they generated a range of frequencies about a centre frequency whose value wasa
not only governed by the nominal resonance of the crystal but also by the
backing material (which affects the bandwidth) and by the filtering effects of
the concrete., PFor example, the C.N.S. rolling transducers (now incorporated
into the current CANDI prototype) have a strong nominal resonance of 360 kHz,
with much smaller amplitude frequencies extending down to 20 kHz and up to 450
kHz (type 8)., However, when these transducers are used to insonate concrete,
the signal detected over just a short distance (such as 70 mm) bears little
resemblance, in the frequency domain, to the original output. Because
concrete rapidly attenuates high frequencies the spectrum now contains a low
amplitude peak at the nominal resonance with most of the energy being
concentrated in the bands lying between 70 kHz and 100 kHz; it is not that
these frequencies have been amplified (although non-linear spectral
transposition is possible), rather the high frequencies have been reduced to
levels below those of the lower bands.

Conventional ultrasonic inspection systems are, almost exclusively, pulse-
echo systems, A short—duration signal is emitted by a transducer, reflected
from an obstacle or back wall, and received either by the same transducer or
by a receiving probe immediately adjacent to the transmitter. If a single
transducer acts as both transmitter and receiver, it is necessary that [t
ceases to radiate (or "ring") before the echo returns, or at least, for the
output to be at a level that is significantly weaker than the returning
signal. Similarly, if two probes are employed, it is necessary that the
outgoing signal be contained within a narrow beam, 80 as to winimize any
"cross~talk" between the transmitter and receiver.

During the course of the project, there was a period of time when {t was
thought that a pulse—-echo systaem might be used to locate embedded cables and

regions of delamination. To this end, a number of highly-~damped, medium
frequency transducers (400 kHz, type 9) were fabricated by the
transducer—-group within the Department of Instrumentaion and Analytical
Science (DIAS). With high-frequency probes used on steel (say 5 MHz), the

outgoing signal will typically decay after 6 cycles, or 1l.2us. Since the
speed of sound in steel is5 5940 m/s there is a layer immediately below the
transducer face, 3.0 mm {n thickness (not 7.1 mm since the path length is



twice the outward distance), which is inaccessible because any echoes
originating from this layer will be convolved with the output pulse. This is
known as the dead-zone.

By comparison, the 200 kHz C.N.S. transducers (type 5) on concrete have a
decay time of 150us. The speed of sound in concrete is approximately 4000 m/s
giving a dead-zone in this case of 300 mm. Most of the concrete samples used
in the project have contained steel cables embedded at a depth of 70 mm. This
would require a pulse echo erystem to cease ringing after 36us, representing
14.4 cycles for a 400 kH2 transducer. Not only was this impossible to achieve
as far as the transducers were concerned, it was also found that, because of
multiple internal reflections from the aggregate, a short duration ultrasonic
pulse introduced {n the concrete and, lasting for perhaps only 2us (generated
by laser induced plasma shock), took several hundred microseconds to decay.
Becauge of the weakness of the echo signals, it was impossible to recover them
from this background noise. Furthermore, this not only eliminated single
transducer pulse-echo configurationz, it also eliminated twin-probe systems.
These not only suffered from the nolise problems associated with back-scatter,
they were also limited by surface wave effects.

The philosophy that was finally adopted involved accepting that the
transducers were always going to act, effectively, as spherical wave
radiators, and that the decay time of the signal was going to be much longer
than was acceptable for pulse-echo systems. Emphasis was therefore placed on
developing sophisticated signal processing and analysis techniques to recover
the information content of the cowmposite signal trangmitted through the
concrete., The central hypothesis of the current methodology in signal
processing is that different wavelengths (i.e. different frequenciasg) will be
reflected with different energies depending upon the size and nature
(interface or boundary conditiona) of the defect encountered.

2.4 EXPERIMENTAL METHODS

2.4.1 Rarly Configqurations

Figure 4 and Plate 1 depicts the experimental configuration that was used
for most of the tests prior to the introduction of the firast CANDI prototype.
A single transmitting ultrasonic probe was connected to either a C.N.S.
pulser, having an excitation voltage of 1000 V, with a pulse repetion (PRF) of
10 Bz, or a Steinkamp pulser, having an excitation voltage of 600 V and a PRF
of 1 Hz2, Both the transmitting and the receiving probes were acoustically
coupled to the concrete surface using either a medium grade petroleum based
grease or an acoustic coupling gel (in practice it was found that neither had
any particular advantage over the othar),.

The output from the receiving probe was then anmplified using a single
channel low-noise medium gain (up to 60 dB) preamplifier, and thence to the
input of the Solartron 5602 digital storage oscilloscope. The oscilloscope
was triggered to sample the data by a synchronisation signal generated by the
pulser, coinciding with the probe excitation pulse. 1In order to improve the
signal-to-noise ratio, especially where weak signals were concerned, waveform
averaging was performed. Once digitised the data were transferred to a Compagq
I1 portable PC for storage onto floppy disc and then to a the Ferranti PC for
processing and final analysis.



2,4.2 The Pinal System [(CANDI)

The CANDI system underwent two distinct stages in its evolution. 1In the
first stage, a broad band transmitting probe with a centre frequency of 170
kHz was mounted at the centre of a cruciform style frame, with four broad band
acoustic emission receivers mounted at its vertices. The design allowed the
receivers to be independently located relative to the transmitter, and a
variety of insertion-rings were also manufactured to allow the use of a range
of transducers. Each transducer was acoustically isolated from the steel
frame assembly (and thus from the transmitter) by the use of rubber
‘O'=-rings. These rings held the transducers inside the outer aluminium rings
which were fastened to the frame with the aid of spring-loaded grub-screws.
This provided each probe with independent flexibility, a feature which was
deemed necessary to minimize the effects of surface irregularities.

The outputs from the four receivaers were fed to the inputs of a low-noise,
four channel, instrumentation grade amplifier, the outputs of this in turn
being routed to a four-to-two channel multiplexar. The Analogic waveform
analyser has the capability to handle only two channels, not four. Hence the
multiplexer alternated its output between channels 1 & 2 and 3 & 4, deriving
its synchronisation from the trigger signal generated by the pulser. The
Compaq Il portable PC was interfaced to the analyser and was used to control
its function and to store the data onto both floppy and hard disc. Figure 5
shows the first CANDI prototypa.

In the final stage, the four-transducer probe frame was replaced by two
rolling transducers travelling in parallel and spaced 70 mm apart, with ona
probe acting as transmitter and the other as receiver; these probes were 80 mm
in diameter, 40 mm in width and had a nominal resonance of 360 kHz. Good
acoustical coupling was assured by the soft neoprene tyr@s which rolled across
the surface of the concrete, thig having been initially sprayed with water.
The water £ilm ensured that consistent contact was maintained with the surface
of the sample, unlike earlier static grease coupled systems, thereby greatly
reducing the random element in signal strength from one reading to the next.
Indeed, tests revealed that the signal variation arose mainly because of
changes in the aggregate profile through which the sound waves passed. Flgure
6 shows these probes. Not only did these devices obviate the requirement for
the muliplexer, they also substantially improved the scanning speed and
spectral response of the system., Amplification was still necessary but with
two channels rather than four.

2.5 PINDINGS OF EARLY REXPERIMENTS

2.5.1 Introduction

The results in this section are not necessarily presented in the
chronological order in which they were conducted; rather, they are presented
in a logical sequence from the simple to the fairly complex. All of the early
experimental analysis was performed using static coupled probes, the digital
storage oscilloscope and the PC based software.

This early stage in the project was characterised by the reasonable
assumption that the presence of steel in concrete would reduce the high
frequency losses normally encountered by a broad band signal when travelling
through plain concrete. Because of the homogeneous nature of most metals,
these signals, which did not extend beyond 500 kHz, experienced no significant
frequency reduction when <travelling, for instance, through 1 = of 7 mm
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diameter steel wire in air (see Flgure 7). By contrast, the same signal
travelling through the same distance in plain concrete is radically altered,
as shown by Figure 8. The first objective therefore, was to quantitatively
estahlish the acoustic attenuation as both a function of distance and
frequency.

2.5.2 Attenuation Analysis: Implications for Pulge-Echo Systems

Two broad band transducérs with a nominal centre freguency of 500 kHz were
coupled to either end of a s8olid concrete cylinder using a medium grade
grease. One transducer was excited to resonance by a 600 V spike and the
other, acting as a receiver, was connected directly to the input of the
oscilloscope. No amplification was used. The cylinders were 50 mm in diameter
and ranged in length from 100 mm to 500 mm, in 100 mm increments. Three mixes
were investigated. Mix 1 contained no aggregate but was composed entirely of
sand and cement. Mix 2 contained aggregate with a diameter <10 mm, and mix 3
contained aggregate with a diameter <20 mm. the signals acguired were analysed
for their amplitude, energy and spectral content. The results of these
experiments are described in detail in Appendix D.

Generally speaking the signal strength was found to decline not only with
length of sample, but also with increase in frequency. 1In the case of mix 1,
for the frequency band 25 kHz 50 kHz, the acoustic pressure is halved for
every 100 mm travelled. Between 225 kHz 250 kHz, over the same distance the
acoustic pressure falls by a factor of A4. However, although the weakast
signals were associated with samples containing the largest mean aggregate
size it was also discovered that the attenuation versus frequency gradient in
this case did not decline as rapidly.

As theory indicates, it i{s Rayleigh scattering, in which the mean particle
diameter {5 much smaller than the wavelength, that affects the higher
frequency components ROSt severely. The attenuation in this instance is
proportional to the fourth power of the frequency. Whilst this scattering mode
was respansible for most energy losses arising from absorption and thermal
conversion, the stochastic and diffusion (or specular) scattering, occuring
for particle diameters equivalent to and greater than the wavelength, gave
rise to coherent noise at the receiving stage because each scattering
interface produced an echo essentially similar to any echo from actual regions
of delamination or corrosion (ignoring spectral shifts).

Using the attenuation statistics provided by this series of experiments,
it was possible to estimate the strength of an echo that would be expected
from a small area of delamination (25 mm in diameter) lying 100 mm below the
surface of concrete specimen. It was also possible to estimate how much
smaller the amplitude of this echo would be than the noise produced by the
aggregate back-scatter. This process involved taking into account the losses
incurred as a result of beam divergence, scatter and absorption. It was found
that the echo was reduced in strength by a factor of approximately 1300, and
beyond the iimits of resolution of the detection system if signal enhancement
techniques were not employed.

What makes this situation intolerable, as far as pulse-echo systems are
concerned, is the presence of back-scatter noise which is always present and
very much stronger than the echo amplitude. Random electronic-thermal noise
can be eliminated by the use of temporal signal averaging, since the echo
signal is temporally invariant and the noise is not. However, back scatter
noise is also temporally invariant and can only be minimised by spatial
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averaging. The number of averages that would be required to give workable
signal-to-noise figures has been estimated to be in exceas of 3000. Given the
nature of the task, this is clearly not feasible and an alternative to the
pulse—echo approach was required.

2.5.3 Cylindrical Sample Tests

Two CNS probes with a nominal resonance of 200 kHz were coupled to each
face of a plain concrete cylinder, 150 mm in diameter and 1 m in length. The
ultrasonic pulse that propagated through the concrete was compared to a pulse
produced by the same Bystem when the transducers were spaced 3 mm apart and
immersed in water. Three major differences were observed:

a. The duration of the signal was some ten times longer, due to multiple
internal reflections from the aggregate.

b. The signal was severely attenuated, by a factor of 200 or 46 dB.

c. The attenuation was most noticeable for the high frequencies; thus at 134
kHBz, the attenuation was some 70 dB whereas at 35 kHz it was 18 dB. In
absolute terms therefore, the ratio between the magnitudes of the lower
and upper harmonics was reversed.

When the experiment was repeated but with a single 7 mm diameter steel wire
embedded along the axis of the cylinder (and the transducers displaced to a
position 40 mm from the wire), it was found that, although the overall signal
attenuation was similar, both the propagation velocity was greater and the
high frequency components had been preserved, as can be seen by comparing
Pigures B and 9.

If the transducers were mounted directly on the wire, the attenuation of
the high frequency components was lessened still further (Figure l0a). This
signal will not, however, resemble a signal which has travelled through wire
in air since energy will be lost as radiation takes place into the surrounding
medium. The extent to which the high frequencies are selectively removed will
naturally depend on the quality of acoustical coupling between the wire and
the concrete. During the early stages of corrosion of steel reinforcement,
corrosion products accumulate at the steel/concrete interface, generating high
pressures due to the volumetric increase., This results in a more intimate
acoustical coupling, and has been demonstrated by examining the changes to
signals passed along wire embedded in chloride contaminated samples after 0, 3
and 6 months. After each successive reading, the reduction in high frequency
signal strength had become more zevere (Figure 10b).

This does not necessarily imply, however, that the process would continue
indefinitely as long as the corrosive action progressed. At some stage the
quality of the acoustical coupling coupling would deteriorate, the increased
pressure causing the concrete to crack and spall., Under such circumstances the
high frequency components would be expected to experience considerably less
attenuation.

The configuration whereby the transducers were attached directly to the
wire ends was not successful in detecting partial cuts to the wire. In these
experiments the wire was cut to a depth of 6 mm, that is, the area of contact
was reduced to B.8% of the cross-section of the wire, Apart from a slight
reduction in signal amplitude, there were no indisputable spectral effects.
Certainly a flaw of this kind will cause a scattering of the signal but
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because of the long wavelength in comparison to the flaw dimension, no
definitive conclusions could be drawn (a pulse-echo system operating at 1.25
MHz and attached to the wire was successful {n locating the cut but was
entirely useless once coupled to the concrete).

Table 1 contains some of the more pertinent statistics associated with the
cylindrical sample experiments. Having established the parameters that were
most likely to be of use in any subsequent analysis system (energy, frequency
and velocity), it was necessary to conduct experiments using transmitters and
receivers mounted on the same flat surface and positioned over the reinforecing
steel, in order to reproduce, as far as possible, the conditions under
practical circumstances.

2.5.4 Prewaveform Optimisation Analysis: Square-Section Samples

Early experimental results suggested, and this was supported by
preliminary theoretical work, that the spectral content of the received signal
changed as the signal decayed. Since the above results showed that the
presence of steel in a concrete sample increased the measured propagation
velocity, a series of tests were conducted in which the first tens of
microseconds of the wave were analysed for spectral content and also compared
against the spectral content for the rest of the signal.

By using significant levels of preamplification and by selectively
analysing discrete sections or windows of the waveform, it proved posgssible,
under certain circumstances, to isolate the contribution of the steel with
regard to the spectral information. “Prewaveform optimisation“ actually
involves expanding the time base of the ascllloscope so that the window of
interest encompasses the whole screen and hence the data record. Since the
amplitude of this initial section of the wave is small, the oscilloscope is
also used at a higher sensitivity. Table 2 contains a summary of the findings
for tests on the square-section samples.

Using the same equipment as before, the transducers spaced 1 m apart were
mounted on one face of a plain concrete square-section sample as illustrated
in Figure 11, Both a prewave and a main wave reading were taken. The test was
then repeated for a similar sample but one which contained a 15 mm 7-wire

strand cable embedded along its axis. figure 12 showsa that the freguency
spectra for the two main wave packets ls similar in form (they will never be
identicaly. By contrast, Figure 13 indicates that the spectra for the

prewaves are markedly different; in particular, the data acquired from the
gample with the cable retains significantly more energy at the higher
frequancy levels.

An attempt was then made to detect the presence of a single cut wire in a
7-wire strand ewbedded within the same type of square-section sample, using
prewaveform analysis. However the dimension of this defect in comparison to
the aggregate size and number, regardless of its higher acoustic impedance
differential with respect to the mortar, meant that its effect on the prewave
spectrum was 60 insignificant that no discernable difference could reliably be
said to exist (Figure 14). This situation was not improved by moving the
transducers closer together, since the noise arising from the aggregate back
scatter was by far the most important contributory factor in determining the
spectrum of the signal, Although it was not realised at that time, this
experiment suggested that a level of signal processing beyond that which had
been applied was required to ldentify the information content of the data.
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In order to demonstrate that the ultrasonic wave front was actually
reaching and travelling along the steel, a square-section sample was prepared
with a 7-wire strand as before, and the concrete was then cut to expose the
cable, as illustrated in Pigure 15. With the transducers positioned on either
side of the fault, the only route that the signal could take to arrive at the
receiver was along the stand. This signal was measured and was found to be
significantly weaker (by a factor of 50) than the signal received from an
intact specimen. This again suggested that small, localised internal changes
could not be identified by simply analysing the whole signal.

2.5.5 Ducted Sample Tests

Four square-section samples were fabricated with 40 mm diameter ducts
enbedded along their axes. The ducts themselves were made from 0.5 mm
thickness steel having a corrugated-spiral surface with a peak-to-peak helight
of 2.5 mm, These samples were tested before and after the ducts were filled
with grout. The difference between the two spectra was so apparent that
prewaveform optimisation was not required; it was not that the spectra were
altered, it was simply that the overall energy of the signals received from
the ungrouted samples was much greater (by a factor of 10) than the energy
from the grouted saeples. Table 2 summarises the test statistics. The
mechanism in this case is clear: the ungrouted duct acts as a void, with
dimensions greater than the longest wavelength carrying any significant
energy. Total reflection therefore occurs, unlike the grouted case where most
of the signal will not be reflected and will experience further attenuation.

Again this result implied that small voids or areas of delamination due to
corrosion might also be detected since they would reflect the shorter
wavelengths rather than the longer ones. Filtering would be required since
most of the energy of a broad band asignal was contained in the range below 100
kBHz.

2,5.6 Wedge Experiments

At this stage in the programme it was thought that two of the most serious
problems which might ultimately limit the capability of a prototype system
were its inability to launch a well defined beam into the concrete and hence
into the steel, and the weakness of the high frequency components 1in
comparison to the lower range of the spectrum. In an effort to improve this
situation, mortar wedges were cast (Figure 16) which, it was hoped, would
direct the energy at an oblique angle into the steel, rather than at normal
incidence. Mortar was chosen as the wedge material in order to approximate
the acoustic impedance of the concrete; this insured that the ultrasonic wave
would only be slightly deflected as {t left the wedge and entered the
concrete, In particular it was hoped that the wave could be wmade to strike
the steel at the first critical angle (defined as the angle at which the
incident 1longitudinal wave does not refract through the steel but travels
parallel to it along its surface). This angle for concrete/steel lies between
40® and 45°,

The wedges were not successful in improving the received energy content of
the signal, mainly because losses were encured within them before the signals
passed through to the concrete, due to multiple internal reflections. However,
they did marginally improve the ratioc of amplitudes between the low frequency
and high frequency components, in favour of the high frequencies. The
mechanism of this phenomenon is thought to be caused by the lower frequencies
being more attenuated in the wedges becavse they have less directivity (higher
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frequencies have smaller divergence), and therefore had a greater probability
of striking the walls prior to entering the sample.

The use of wedges was eventually abandoned since the slight improvement in
the above mentioned ratio was more than offset by the reduction in overall
signal strength and the unnecessarily complex analysis that it entailed.

2.5.7 Main Wave and Prewaveform Optimisation Analysis: Bridge Beam Tests

The bridge beam, described in section 2.3.4 of this regort, was composed
of high quality concrete with a typical hardness of 50 N/mm at 28 days. 1Its
acoustic propagation velocity was unusually high at 4890 m/s., Using sensitive
low frequency transducers and a moderatae preamplifier gailn of 40 4B (X100),
signals of 40 kHz could be transmitted and received along its entire length
(just less than 9 m) without difficulty. 1In contrast, a 140 kHz signal could
only be detected to a distance of 2 m, and this with a gain of 60 dB
({X1000). It was calculated that the attenuation in this case wasgs of the order
of 94 dB, i.e., Involving a strength reduction of 50,000 times. For this
reason, the plitch-catch experiments were conducted ovar distances of not more
than 1 m. Table 3 provides the statistics faor the bridge beam tests, and
Figure 17 shows the beam and the probe locations used.

In the first experiment, a transmitting probe was coupled to the
protruding end of a cable and the receiver was attached to the =side of the
beam with the relevant cable 64 mm below it. After acquiring a signal, the
positions of the probes were reversed. only the main waveforms were
analysed. Because in both casges direct contact was made to the steel, the
high frequency components were unusually =strong, especially when the
transmitter was attached to the steel. This was entirely expected since most
of the high frequency content of the Bignal is scattered shortly after
entering the concrete and therefore a smaller percentage will reach the buried
cable, unless direct contact is made. Figure 18 shows the spectra for these
tests.

Similarly the velocity in the first test was measured to be marginally
higher than in the second, i.e. 5000 m/s as compared to 4975 m/s. Strictly
speaking, the quantity which is being measured is the apparent velocity, since
the transducers were now mounted on the same surface and the the calculations
assume that the longitudinal wave travels from the transmitter to the receiver
via the shortest direct path. Owing to signal scatter, these measurements
will not be as precise as measurements taken with transducers mounted directly
opposite each other. As a consequence, these apparent velocities have an
uncertainty of approximately %I1&%&. It is worthy of mention that there is a
greater signal pressure or amplitude associated with the first experiment than
the second. Although the Qdlfference is small - 0.043 V (rms) as compared to
0.03 6 V (rms), the higher energy ln the first instance 1is due to the
containment effect of the steel.

Figure 19 shows the spectrum obtained from the prewave when the
transducers were both coupled to the concrete on the edge of the beam, spaced
1 m apart with the cable lying 64 mm below the surface:; it is a qood example
of the combined effect that both the cable and the beam geometry have on the
frequency distribution. There is only one peak of significance, lying between
126 kHz and 130 kHz. The velocity, as accurately as can be measured, is 5000
/8. This spectrum is of course very different from the spectrum of the main
wave form (note the different scales on the x axes of the figures), which is
dominated by the signal that has filtered through the concrete. It also
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contrasts sharply with the prewave spectrum obtained when the transducers were
coupled to a region of the beam where there was no underlying cable, although
there were stirrups lying at right angles to the direction of propagation
(Figure 20), but where the geometry of the structure was similar. The
velocity in this experiment was measured to be 4890 m/s.

The strength and spectral compogition of the prewave was thought to be
influenced by the geometry of the concrete through which it travelled and by
the presence of the steel cable. When the transducers were placed directly
over the centre cable on the base of the beam (which had a cover of 40 mm),
spaced 1 m apart, the lower frequencies in the prewave maintained their
amplitudes but the 130 kHz band was weakened by 12 4B (Figure 21). This
suggested that much of the enargy had been scattered laterally before it
entered the steel. Nevertheless, the spectrum 1Is still significantly
different from that obtained when no cable was present (Figure 20). In
addition, the propagation velocity was measured to be 5050 m/s.

The final test conducted on the bridge beam involved placing the
transducers 1 m apart on elther side of the damaged area (see Figure 17).
This experiment bore some similarities to the test on the square-section
sample that had been cut to expose the cable (see section 2.5.4). The flaw on
the beam only partially exposed the side cable but the effect on the prewave
and main wave is noticeable in terms of amplitude and fregquency content.
Table 3 and Figure 22 show that the prewave rme value is weaker by 12 4B and
its spectrum is no longer dominated by the harmonics above 120 kHz. These
results are not consistent with the hypothesis that the steel alone |is
responsible for facilitating the transmission of high frequencies; rathar,
they support the idea that both the concrete and the cable interact in a
complex manner and this should be taken into account when interpreting the
data taken from this type of test.

2.5.8 Water Simulation Tests

The experiments described thus far were carried out in the period
September 19687 to April 1988, that is, prior to the publication of the Interim
Progress Report (1988). After this had been submitted, and approval had been
given for a continuation of the programme, further tests on concrete were
temporarily suspended in order that time could be spent on simplified and
easily modified model experimental systems. 1In this wanner it was hoped that
an uwnderstanding of the mechanisms of ultrasonic propagation could be acgquired
using gradually more heterogeneocus media.

These experiments were simulation trials, carried out in water, with steel
bars located at different depths below the surface. 1In later tests scattering
particles were added to the water to mimic the effects of aggregate in mortar.
It must be said from the outset however, that meaningful results were
relarively easy to obtain from water experiments, owing to the good
transmission characteristics of ligquid media, especially at these frequencies.

a. Method

Figure 23 and Plate 4 depict the experimental configuration. A linear
transducer array, comprising two outer receivers and a central transmitter,
were mounted above a water tank with their active faces In contact with the
surface of the water. The spacing between the receivers and the transmitter
was 76.2 mm. The transducers were selected to be as closely matched as
possible with regard to spectral characteristics and sensitivity; their centre
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frequency was nominally l125kHz,. As before, the transmitter was excited to
resonance using a 600V spike. The water depth in all experiments was 263mm.

When present, a 10mm diameter steel bar was placed at a depth of 52 mm.
The transducers, having a diameter of 25mm, radiated a beam into water with a
half-angle of divergence of 36°. The depth was chosen so that the recelvers
responded only to the echoes from the ocuter edge of the beam reflecting off
the steel. Whilst this reduced the pressure to 28t of that measured along the
axls of radiation, it ensured that the channel separation was maximised with
respect to the receivers.

b. Test Samples

Seven major experiments were performed and analysed using this system.
These were as follows:

—

Good steel, no defects.

2. Steel with saw—cut, 2.5nm width and 5 mm depth, with the flaw located
between transmitter and right hand (B) receiver,

3. As (2) but with cut rotated through 90°,.

4. Bar with radially corroded region, 30 me long and 1 mm deep, located
between transmitter and receiver B.

S. Naturally corroded bar.

6. Scan of force-corroded bar.

After satisfactory results were obtained from these tests, irregularly shaped
polystyrene granules, with a mean diameter of 4 mm, were added to the water to
scatter the ultrasonic beam. Polystyrene was chosen since the ratio of its
acoustic impedance to that of water is similar to the acoustic impedance ratio
between aggregate and water. Salt was added to the water in order that the
beads floated in suspension; this increased the density slightly and also the
propagation velocity, and so a small depth correction of the bar depth was
required, from S2 mm to 50 nmm.

Experiments using the polystyrene granules included the following:

Water with granules.

Good steel.

Scan of force-corroded bar.
Low~frequency (45kHz) interrogation.

D W N -
s = 0w

The final set of water based experiments utilised a 4 channel system, with two
additional receivers mounted at right angles to the original two. With the
bar displaced towards one of these probes, it was hoped that positional
information could be obtained enabling any future prototype Bystem to be
self-centring.

Because these experiments were simulations and the conditions differed
somewhat from those in concrete, the analysis of the data also differed in
form and were slightly more complex: for this reason, we restrict the
discussion in this section to a qualitative summary of the experimental
results. For more detailed information regarding the method of data analysis,
the reader 1s referred to Appendix E.
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c. Test Results

In the case of the good quality steel bar, the reflected signals arrived
at raceivers A and B at the same instant, -i.e. the signals were in phase, as
should be expected. Furthermore, the spectral compositions of these signals
are very simlilar. Figure 24 shows these echoes,

i.

ii.

iii.

Good steel V steel cut between transmitter and receiver B

The signal reflected from the saw-cut (positioned between the
transumitter and receiver B) arrived fractionally sooner than the
signal that travelled to receiver A, vwhich was again reflected from a
defectless surface. More significantly, the echo from the defect
lost some of its high freguency content.

The attenuation of the high freguency components when a defect is
present is readily explained since the shorter wavelengths are more
susceptible to scattering in the region of discontinuity. What is
perhaps surprising is the phase advancement. This implies that the
signal entered the steel, travelled along it and partially re-emergad
at the position of the saw-cut. Initially it was thought that
experimental error had been responsible for this result, but repeated
tests indicated that it was indeed a genuine phenomenon.

Good steel V steel cut and rotated through 390°

Assuming that the wave front is most affected by the upper
surface conditions of the bar, it is to be expected that the results
obtained whaen the bar was axially rotated through 90° contained less
contrast than did the results described above. The phase change was
still detectable although less apparent, and the fall in the high
frequency content occured again but not by the same extent.

Good Steel V Porce Corroded Bar

The region of force corrosion was a comparatively large defect,
involving a 36% reduction in the steel cross-secticnal area over a
length of 30 mm. This feature was therefore readily identifiable both
in the time and frequency domains,

The most i{mportant aspect of the analysis in this instance was
the cross—correlation performed in the time domain betwaen the
signals arriving at receivers A and B. This provides an accurate
measure, in terms of time, of the phase lag of signal B {that has
travelled a slightly greater distance through the water owing to the
defect) relative to signal A, and therefore gives a measure of the
depth of the defect. The defective region represented a
cross-sectional loss of 1 mm, and the estimate given by the
cross—-correlation lay between 0.7 and 1.3 mm. Although this may not
seem, at first sight, a particularly significant finding, a cursory
examination of the frequency involved reveals that the wavelength of
the interrogating signal was at least 12 times greater than the
dimension of the flaw detected. This gave considerable grounds for
optimism regarding the proposed ultrasonic concrete inspection system
for concrete, since all the preliminary experiments indicated that
frequencies beyond 500kHz could not be used owing to the intolerable
losses from scatter and absorption.
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iv.

vi.

Good steel V naturally corroded bar

In this experiment the bar was superficially corroded aleong its
entire length by immersion in tap water for a period of two months.
Although phase changes between the two sets of gignals were detected,
these were essentially random as a result of random changes in the
surface condition of the steel. Because the corrosion that occured
was fairly minimal, it wag estimated that much greater detail would
have been required in terms of sampling speed to resolve with
certainty these phase changes.

One anomaly however, remained. In the case of the good steel,
the amplitude of the high frequency (121 kHz) exceeded that of the
low frequency (41 kHz) by a factor of 6. In the case of the corroded
steel, this factor actually increased to 22. This is in direct
contradiction of the theory, which states that reflection of a broad
band pulse from a roughened surface causes preferentlal weakening of
the higher frequencies. It is possible that the underlying trend has
been masked by noise, since single frequency bands were used in the
calculations rather than bands with several frequencies, the latter
tending to reduce any random variability in the data.

Scanning of force corroded bar

After the static reading taken from the region of force
corrosion, the bar was scanned by the linear array, a reading baing
taken every 35 mm. As the defect passed from under receiver B, the
transmitter and finally receiver A, the phase lag discussed earlier
gradually fell to zero and then reversed to become a phase advance
(the phase was always wmeasured relative to receiver Aj). This
experiment was the first in the programme that incorporated a scan
sequence, albeit with rather cumbersome techniques.

Simulated aggregate tests

An attempt was made to simulate the condltion of aggregate in
concrete by introducing polystyrene granules into the water; by
dissolving salt in the water in the correct ratio and hence
increasing its density, the granules were made to float in
suspension. Figure 25a shows the echoes returned from the base of
the tank with clear water; by contrast, Figure 25b shows a much
nolsier signal, as the signal was scattered by the granules.
Spectral analysis indicated a slight reduction in the strength of the
high frequency components, in addition to a general attenuation of
the overall echo.

However, using the 125 kHz probes there was still no difficulty
in obtaining a strong echo from the good steel bar; although there
was slightly more nolse present in the data, the signal-to-noise
ratio was far in excess of that encountered in concrete conditions.

Similarly, a repeat scan was performed of the £force-corroded
section of a bar in the manner described previously. Once again it
was phase change that was of interest, and this was detected with no
great difficulty, albeit with slightly more variation.
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vil. Low frequency analysis

In all tne above water-based experiments, the data analysis was
facilitated by two major features:

v The wavelength was comparatively short (approximately 12 mm).

. The transducers always emitted a clearly defined beam, the
half-angle of divergence being approximately 36°,

In concrete, neither of these two conditions are attainable using the
equipment available. At 121 kHz for instance, the wavelength |is
approximately 35 mm and the transducers radiate in all directions.
In order to reproduce these features in water therefore, a system was
employed using transducers with a resonance of 45 kHz, and a diameter
of 25 mm. In salt water the wavelength of these devices is 34.2 mm
and the radiation pattern is omnidirectional. Despite the obvious
presence of surface wave interference (Figure 26), calculated at 68\
that of the pressure at the axis, the system was found to have
extremely good penetration properties and could readily locate the
base of the tank through a dense strata of aggregate in suspension
218 mm below the surface of the water.

Moreover, it also proved possible to identify the echoes returned
from the 10 mm steel bar using the low frequency probes, and with
precise alignment and careful signal processing, to lsolate the phase
discrepancy Lbetween signals reflected from an intact surface and one
from a force-corroded defect (Figure 26b). It should be noted
however, that the longer the wavelength the more difficult it becomes
to identify change of this nature. It should be emphasised that,
with respect to wavelength, 45 kHz in water is equivalent to 120kHz
in concrete.

d. Summary

The water simulaction rtrials were in some respects rather optimistic
because the scattering effects produced by the polystyrene granules were not
aAs severe as those produced by aggregate in concrete. However, they did
suggest that, scattering aside, it was possible to use fairly low frequencies
(i.e. not beyond 150 kHz) to identify relatively small defects in concrete.
In these trials, the best results in water were obtained using a freguency of
120 kHz; in concrete this corresponds to approximately 325 kHz, At that time
(November 198B) it was not thought possible that such a high frequency coculd
be used to provide Information because of the intolerable losses in signal
strength it would sustain. In February 1990 however, it was successfully
demonstrated using the CANDI prototype that frequencies extending to 400 kHz
could be recovered having been transmitted through useful distances in
concrete and the information content extracted from the background noise.

2.6 CANDI: THE PIRST PROTOTYPE SYSTEM

2.6.1 Phase ) Software System Description

The data acquisition and analysis system used up to this point in the
project was satisfactcry for testing swall scale samples when not more than a
few readings were required to demonstrate the difference between defective and
non-defective cases. 1t was however, entirely unsuitable for testing a large
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structure approximating the size of an actual bridge beam when several hundred
readings would be taken in a single scan.

The digital storage c¢scllloscope and PC based analysis software was
therefore replaced by the Analogic 6100 waveform analyser, which could both
store hundreds of time records in its RAM, and process them with considerable
speed using its impressive repertoire of analysis functions. The analyser in
turn was controlled by the PC, which also functioned as the mass storage
device. This enabled data to be read back to the analyser for more detailed
analysis once the experimentation had been completed.

Section 2.4.2 includes a description of the bhardware configuration, for
both the firgt and second stages of the CANDI prototype. Here we detail the
signal processing operations that the system was instructed to perform after
scanning a section of the test beam. These operations included the following:

a, Display of the collected wavefcrms f£or eacn receiver Rl to R4, in the time
domain, for each scan position (see below for details of the scan
procedure). Figure 27 shows an example of this, where each trace
represents a signal received by transducer Rl within the periocd 28-29us,
and all the signals are displayed in a sequence corresponding to their
position along the length of the beam. This form of presentation is known
as a waterfall display anabling rapid identification of any difference
between signals.

. Calculation of the frequency spectrum for each waveform, Rl to R4, and
display in waterfall mode of each scan position. An example of this is
given in Figure 2B.

€. Calculation of scalar quantities for each reading, to enable trends to be
determined and displayed as plots. In such plots the x-axis represents
position along the beam, and the y-axls the calculated@ signal quantity.
These scalar quantities included rws, dominant fregquency, average period,
cycle number, duty cycle, mean voltage, energy, peak-to-peak voltage,
maximum and minimum voltage and time of occurence of maximum signal
amplitude. An example of a set of four trend plots is shown in Figure 29.

d. Calculation and display of waveforms derived by subtracting signal R2 from
Rl, and signal R4 from signal R3, and subseguent calculation of time and
frequency domain and trend data on these new data sets, as outlined in (c)
above.

In order to maximize che resolution of the frequency domain information, the
conventional FFT was replaced by the chirp 2 transform, known as a ZFFT. For
more detalls on this technique, the reader is referred to Appendix F. Suffice
it to say at this stage that the ZFFT offers much greater detail at the
expense of computation time - typically 6 seconds for a 512 point record in
comparison to 0.5 seconds for a conventional FFT.

2.6.2 Initial Results

A number of trial scans were made of the upper surface of the test beam,
whose upper internal scructure is shown in Figure 30. 1In the first scan, the
frame comprising the central transmitter and four receivers was positioned
with the fore and afr receivers (Rl and R2 respectively) directly over the
upper centre cable (cable B). Recelvers R] and R4 were positioned over cables
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A and C respectively. All receivers were spaced 100 mm from the central
transmitter, the minimum discance that was required to allow the compressional
wave reflected from the cable to reach the recelivers before the surface
travelling Rayleigh wave. This flrst scan used a transmitting probe with a
central resonance of 200 kHz and wide-band acoustic emission receivers. The
beam was scanned at intervals of 50 mm and 89 separate readings were taken for
Rl tc R4. The total length that was scanned was 4.45 m, since margins were
left ar either and to minimize edge effects (see Plate 5).

AE stated, Figure 27 depicts the unprocessed waveforms collected by
receiver Rl, windowed betrween 2Bus and 92us for purposes of clarity. Each
waveform represented a signal from one scan position. Unfortunately, although
there was some (parhaps inconclusive) evidence to suggest an increase in
amplitude over the area contaminated by salt (a paper towel saturated in salt
solution was wrapped around the centre cable), and a decrease in the region of
the stirrups, the dominant feature was the lack of coherence between
successive waveforms, i.e. they did not rise and fall uniformly. Similarly,
the 2FFT waterfall plcts (Figure 28) contained so much variabjlity that it was
impossible to recover the information content (if indeed it existed) from the
noise.

These data appeared to suggest that the interrogation freguency was high,
the small wavelengths being scattered by the intervening aggregate, randomly
distributed, giving random patterns in the shapes of the time record traces.
The data collected by receivers R2 to R4 also displayed similar vari{ability
which would be superfluous to show as figures. As a consequence, a scan was
performed along the «entre cable using low frequency 45 kHz probes. This
succeeded in eliminating the random appearence of the time records but did
nothing to improve the 1information content of the data. Indeed, the
speculated increase in energy associated with the salt contaminated region
entirely disappeared.

In retrospect, the water simulation experiments showed that frequencies
below 100 kHz in concrere (equivalent in wavelength to 37 kHz in water) would
contain little information regarding small-scale changes. It was no surprise
then, to find that cthe 45 kHz probes were not successful in locating any of
the defects in the test beam.

2.6.3 Phase 2 Software Refinementgs: Frequency Domain Digital Filtering

In February 1990 rests were being conducted on small concrete samples in
an attempt to understand why the CANDI system had so far failed to produce
reliable information: it was suspected that if the high frequency components
were affected by regions of change, their change in energy might be masked by
the lower frequencies which were not only more immune to small scale defects
but also contained considerably more energy. It was therefore decided to
split the composite waveforms into discrete frequency bands and analyse each
band separately.

Consider, then, & wide-band pulse, ranging from near d.c. to several
hundred kilo-Herctz, travelling through concrete containing inclusions such as
small voids and steel cables, with interface regions between the steel and the
concrete.

This kind of siynal rapidly loses high frequency energy due to the
hecrerogeneous nature of the medium. Where these freguencies encounter
boundary conditions, 1eflection will occur, the strength being dependent upon
the size of the defect in relation to the wavelength. The total signal that



arrives at the receiver will include 1low frequency components of large
amplitude and relatively little informacion content (this is not to say that
these bands are withuur their uses - see Appendix B), and high £frequency
components that do change in strength according to the internal conditions but
whose energy, in these tests, may be of the corder of one thousandth of the
whole signal.

For this reason, analysis of the total signal yielded rather limited
success. wWhat was required was a filter that rejectad all but the specific
band of interest, In electronlcs, an ideal filter is defined as a network
which passes, wlthout attenuation or phase distortion, those frequencies and
only those frequencies for which it has been designed. In practice, such a
filter is impossible to realise as totally sharp cut-off points ara never
achieved and attenuation and phase changes always occur.

In contrast, it 1s possible to implement ideal filters in the Fourier
domain by setting unwanted barmonics to zero and performing an inverse
transform to generate a time record composed only of the frequency bands of
interest. This 1is termed “brick wall®™ €iltering and has proven very
successful in identifying areas containing voids, major cable breaks and areas
of delamination.

2.6.4 Void In Ducts: Detection In Small Samplaes

Pigure 31 shows the results obtained using this new method of analysis. A
concrete specimen, 800 mm in length and 150 X 300 mm in cross section,
containing a 50 wmm steel corrugated duct lying along its axis, in turn
containing a void at its mid point {formed by the insertion of two hollow
plastic spheres 40 mm in dlameter), the remainder of the duet being filled
with grout on one side and four 7-wire strand in grout on the other, was
scanned using two probes only. These were a 200kHz transmitter and an
acoustic emission receiver, spaced 100 mm apart. The scan step was 20 mm, with
the receiver innermost. A total of 15 readings was taken.

Each record was tnen high-pass filtered in the frequency domain to leave
only those harmonics lying at 300 kHz and beyond. After re-transforming to
the time-domain, the signal energy for each record was calculated. Figure 31
represents the energy (on the y axis) as a function of position (the x axis)
on the beam, The first peak corresponds to the position of the receiver
directly over the void, and the second to the transmitter directly over the
same. The peak energy, about 0.00005 Vs, represents about one thousandth of
the enerqy of the total signal.

2.7 CANDI: TEE PRESENT PROTOTYPE SYSTEM

2.7.1 The C.N.S. Rolling Transducers

Numerous additional scans of small samples strongly suggested that these
encouraging results were not chance effects but the logical outcome of
processes that had, after all, been indicated by both the theoretical
modelling ana tnhe simulacion experiments. Rather than detail these numerous
tests, we will concentrate on the tne CANDI prototype as it is at present, its
hardware description and its current capabilities and limitations.

The filtering work showed that frequencies beyond what was previously
thought analyzable could be recovered; furthermcre it was known that static
coupled probes would not be suitable for a practical system. Therefore, in
May 1990, a pair of rclling transducers was purchased. These probes are 80 mm
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in diameter, 40 mm in width and have a nominal resonance of 360 kHz (see Plate
6). Good acoustical coupling was assured ‘by the soft neoprene tyres which
rolled across the surtace of the concrete, this having been initially sprayed
with water (Figure 32). Because of the physical properties of the neoprene
tyres a continuous and consistent film built up betwaen the probes and the
surface of the concrete. Numerous tests showed that the apparently random
varjiation in signal strength from one position to the next was now no longer
due to variations in the gquality of the coupling (a procblem which had dogged
the project for two years), but to variations in the aggregate profile through
which the signal passed,

Although, as stated above, the nominal resonance of these devices is 360
xHz, considerable hignh frequency attenuation results when the signals travel
through even a short distance in concrete. 1In the present configuration, the
transmitter/receiver palr (the probes may function either as transmitters or
receivers) roll in parallel with a spacing of 65 mm, centre line to centre
line.

Figure 33a shows a typical signal received in this manner, and Figqure 33b
its corresponding spaectrum. Note how most of the energy is confined to the
freguency band lying between B0 and 100 kHz, with a small fraction between 350
kHz and 400 kHz. However, by Fourier domain block filtering and
re-transforming to the time domain, the high frequency content is revealed,
shown in Figure 34, This signal contains 2% of the energy of the total
signal.

in the current system the received signal is partioned into elght
frequency bands in S50 kHz increments, ranging from 0 kHz to 50 kHz up to 350
kHz to 400 kHz. The exact wmanner in which the individual energy traces from
each frequency band are processed depends upon what is being looked for;
rather than simply looking at the energy of the highest obtainable frequency,
as was done initially, the bands may be cross-multiplied or ratios taken
between the energies cf the high and low frequencies. The details of the
signal processing as well as tne mathematlical operations involved are
gescribed in Appendix B.

Thus, in summary, we can state:

The central hypothesis of the current methodology in signal processing is
that different wavelengths - that is, different frequencies - will be
reflected with different energles depending upon the gize, geometry and
acoustic impedance of the defect encountered. By partitioning the reflected
signal Into discrete trequency bands and by comparing the magnitudes of their
energies, it is possible to derive information relating to the position, aize
and nature of the defect.

2.7.2 Broken Cable Detection in Small Samples

A concrete sample 890 mm in length and 150 X 150 mm in section was cast
with a 7-wire strand cable empbedded alcng its axis, with a central break, the
ends being separared by 70 mm. Concrete was prevented from filling the gap by
the insertiocn of a hollow plastic tube over the two ends of the cable, prior
to casting. After a two week cure period the specimen was scanned using the
rolling transducers and a scan increment of 10 mm. A total of Bl readings was
taken, 45 mm margins heing left at either end to minimize edge effects. Scan
reading #40 correaponded to the mid-point of the defect.



Figure 35 shows how the energy varied in strength as a function of
position along the sample. All frequency bands showed an increase in energy
over the area of the defect, since ls essentially similar to a void involving
near total reflection of the signal at the concrete/plastic interface. By
multiplying the respective energy traces, point for point (a form of
cross~correlation), an enhanced line scan is produced. Note that the trace is
not clear of noise, but the data corresponding to the defect lies well above
the noise threshald.

2.7.3 Corrosion Detection In Small Samples

After scanning this sample, a small section of the cable was force
corroded by applying a current of 10 mA for a period of 7 days. The point of
maximum corrosion was estimated to be located at scan position #63. 1In order
to avoid the effects of localized water penetration into the concrete around
the region of corrosion, the sample was totally immersed in a water tank for a
period of twenty four hours prior to scannlng.

Unlike the case of the sample containing a void in a duct (Section 2.6.4),
the energy reflected in the region of corrosion for each frequency band was
ornly marginally grearer than the background variability. No single energy
trace in isolation could therefore be used as a reliable indicator of the
affecrted region, as snown by Figure 36a. However, after processing the data
by cross-mulriplying cthe individual energy traces, the noise levels were
greatly reduced and tne resulting trace, given by Figure 36b, clearly shows
the point at which maximum corrosion has taken place.

2,7.4 Pransverse Scans of Ducted Samples

in Figure J7a, the trace shown represents a scan in which the transducers
rolled over buried ductwork containing the following:

a. Solid grout (scan readings ¢0 - #21)
b. Groutr with void (scan readings ¢25 - §49)
€. Grout with four 7-wire strands (scar readings #50 - §724)

in each case, the specimen was a concrecre block 870 mm in length and 300 X 150
mm in secticn, with 2 50 mm diameter steel duct embedded along its axis. The
transducers were used to0 scan the width of rhe sample, with a scan increment
of 10 mm. Margins of 30 mm were leaft on eitner side of the sample to minimise
edge effects. For ease of comparison, the three separate traces have been
concatenated to give plots shown in Figures 37a and 37b.

Figure 37a shows the energies detecred in the frequency band lying between
59 kHz and 100 kHz, where tne wavelength extends from 86 mm to 43 mm. Because
of the large diameter of che duct, strong reflections were produced as the
transducers passed over tneir mid-points, which lay at #12, #37 and #62
respectively. Moreover, tne duct containing the void reflected more energy
for a greater distance on either side of the peak. This was entirely to be
expected since only 1n this case wili near total reflection of the signal
occur. In the grouted and grout/cable cases, the reflected energy will be
weaker since partial transmission will also take place. Interestingly, the
narrowest peak is returned by the duct containing the cables, 1In Figure 37b,
the trace shows the energies detected using the same raw data but filtered to
include only those freguencies lying between 300 and 350 kHz, i.e. wavelengths
of between 14.3 mw ana 12.3 mm.



wWhilst this trace fcllows the same basic trend as Figure J37a, the peak
associated with the Jduct containing the cables 1is now considerably
attenuated, The reason for this remains obscure, s5ince a concrete/steel
interface has a higher reflectance ratic than a concrete/mortar interface. A
possible explanation may be that the presence of the steel in the mortar
represents yet another scattering mechanism. In any case, if these small-
scale variations are genuine and not random artifacts, it implies that the
system is not only capabte of detecting volds in ducts, it may also have the
potential to detect major breaks of cables within ducts.

2.7.5% Test Beam Scan Trials

After successfully demonstrating that the system was capable of detecting
voids and defective regions in small samples, it was then used to examine all
the flawed regions in the large scale test beam. These comprised two voids,
three points at which paper towels, having been saturated in salt solution,
were wrapped around the cables, and two points where one wire of the 7-wire
strand cables had been cut and the ends separated by 60 mm. These last two
cases did not, however, represent a fair challenge to the prototype system,
since the concrete was poured after the wires had separated and the gap
petween the ends of the wires was filled with concrete. In each of the seven
cases, a region 150 mm eicther side of the mid-point of the defect was scanned,
with the transducers tracking along the length of beam.

With the exception of the last two cases mentioned above, in which the
results were ambigquous, all the defective reglions were successfully located.
Figures 38a and 38b show typical results obtained from scans of two salt
contaminated sections, using a method of signal processing that enhanced the
high freguency energy content by attempting to neutralize the varlations in
background noise induced by the random nature of the aggregate profile and, to
a lesser extent, the variations in signal strength resulting from changes in
the coupling consistency. By using the same method of signal processing, the
vcids could also be located, as evidenced by Figures 35a and 39b,

2.7.6 Capabilities and Limjitations Of The Current System

At present the system is capable of ildentifying moderately sized voids in
ducts (greater than 40 mm In diameter) to a depth of 100 mm, major breaks lin
cables involving a total separation of not less than 60 mm to a depth of
approximately 70 mm, and regions affected by chloride contamination to a
similar depth. However, the reasons why the system is sensitive to this last
factor remain uncertain; more is said of this matter in the next chapter.
What it has not proven possible to achieve, 50 far, is detection of single
wire breaks in a multi-wire strand. Given that a single wire is considerably
smaller in diameter chan the wavelengths concerned, it is not surprising that
this should be the case. It may be possible, by the use of still higher
frequency probes and continued refinement of the signal processing technigue
to improve the resolution of the system but this has yet to be successfully
demonstrated.

In addition, experiments have shown that it is not possible to detect
minor corrasion of fusion-bonded epoxy coated steel rebar, although, given the
minimal extent of corrosion (300 mm?2 in this instance), and the quality of the
coating, we 40 not consider this a particularly significant limitation. On
the contrary, the failure of this test suggests that the system is capable of
detecting the primary factors involved in salt-induced corrosion rather than
the secondary effects such as deterioration in concrete quallty (see Chapter
3y.

- 33 -



2.7.7 Statistical Reliablility of Analysed Data

Because the signal processing techniques are applied to data that have
considerable random cumponents convolved with coherent signal content, it is
inevitable that the final traces generated by the systam indicate only the
likelihood of a defecrive or corroded region. The probability of the system
correctly identifying such regions depends on the severity of the defects in
question. On the basis of 95% probability levels (plus or minus two standarad
deviations of the quiaescent nolse level), it has been calculated that the
system can detect the presence of voids, either as partv of the concrete or
within ducts, to a hiyn level of confidence, and no special statistical tests
are required to establish the reliability of the estimates (here we refer only
to those defects that have been scanned as part of the experimental
programne). The same is true of chloride contaminated regions.

Regarding smaller defects, such as the complete cable break indicated in
Figure 35, here the central peak (which shows the break) has a wmagnitude of
7.41 standard deviations, the stapndard deviation having been calculated from
the quiescent noise levels. However, the smaller noise peak to the right of
the trace has a magnitude of 2.1 standard deviations, and strictly speaking
this too might be interpreted as a fault condition. In order to reduce the
number of false readings, {t would be necessary, before using the system on a
real structure, to characterise more closely the random energy variability of
the resulting traces using a wide range of good quality (non-defective)
samples.



Experimant
(see note 1)

Table |

Baglc Statistles Calculated From Tests on Cyclindrical Sasples

Transducers in water, 3 sm separation
Wire to Wire in air, 7 om x ' m

Conc. to confc.,
Conc. to conc.,

Wire
Wire
Wire
Wire

to wire
10 wire
To wire
10 wire

In
im
I ]
in

no wire, cy.:, 1 a

in [ine, wirn mire cyl, I m
conc cyl, I m

CaCl4 conc. cyl, 2 months
cyl, CaCl,, 6 monthns

cyl, | m 6/ near Tx

Notes: for Table 1, 2 & 3,

Abbraviarions:

conc:
cyl:
PHO ;
Rx :
S1;
Trans:
Tx:

concretea

cylinder

Prewaveform Optimisation
Raceiver

Sample |

Transver.e

Transmitrer

Veloc!ty
(m/s)
(sas note 2)

5540
4464
4651
5111

3942
4584

s
V)

0.50
0.92
0.01
0.01
0.03
0.02
0.05
0.01

Artenuation
(af)

Velocities normally accurate to ¢1£, depending upon signal strength.

Velocity statistic not valid since post-triggering used on osciltoscope.

Attenuation reterenced vo transducer output at 3 mm in water.
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Table 2

Basic Staristics Calculated From Tests on Block Samples

Exper iment
(see note 1)

Plain conc, 0.945 m, frans, PWO

Plain conc, 0.4 m, trans

Conc 0.93 m, PNO, 7 wire good, trans
Conc 0.93 m, 7 wire good, trans

Conc 0.94 m, 7 wire )} cut, Trans, PWO
Conc 0.94 m, 7 wire 1 cut Rx, trans
Conc 0.5 m, 7 wire cut Rx, Trans, PWO
Conc 0.5 m, 7 wire cut bypauss, trans, PwWO
Con 0.92 m, 7 wire CaCl, Trans, PWO
Con 0.92 m, 7 wire CaCl, frans

Empty ducted, si, Trans, PWO

Empty ducted, sl, trans

Empty ducted, s2, rrans, PWO

Empty ducted, s2, frans

Empty ducted, s3, trans, PWO

Empty gucved, 53, Trans

Empty ducted, sd4, trans, PWO

Empty ducted, sd, trans

Prain grout ducted, 52, trans, PwWO
Ptain grout ducred, s2, rrauns

Ducted, 7 wire and grout, s}, trans, PWO
Qucted, ? wire and grout, 53, Trans

Velocity

(see note 2)

See note 4
See note 4

Ducred, 7 wire | cut 7u, grout, trans, s4, Pwd

Oucted, 7 wira 1 cut Tx, grout, trans, s4
wadge 20°, conc 0.9 m, 7 wire, PWD

Wedge 20°‘, plain conc, 0.5 m

Conc 0.95 m, cur 10 7 wire, trans PwO
Conc 0.95 m, cur to 7 wire, trans

ine notes are appended to Tabla |,

- ¥ -

(a/2)

4047
3730
406}
3843
4113
3805

3841
3770
3937
3760
1974
3900
3734
3818
3899
3454

4109
3710
3795
29%0
3981

3295

4026
3982
3398
28453

ras
(V)

0.03
0.22
0.1%
2.32
0.07
0.89
0.09
0.07
0.20
1,16
0.06
1.08
0.13
2.00
0.10
1.72
0.12
1.84
0.03
0,22
0.14
0.23
0.05
0.29
0.02
0.01
0.0%
0.04

Attenustion
(dB)
(see note 3)
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40
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40
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Toble 3

Basic Sratistics Calculated From Tests on Bridge Beaw

Exper iment

(sea note 1)

Conc to steel, | m

Sitaal to conc, | m

conc Yo conc, | m, capie 0.064 m unaerneath PWO

Conc

Conc

Conc

Conc

Conc

Coune

to

TO

TO

to

fo

TO

conc, | m, no cable PWO

conc, | m, no cable PwWO

conc, | m, cable 0.04 m underneath PWO

conc, ' m, cable 0,04 m underneath

conc across flaw, | m, PWO

conc across tlaw, | m

The notes sre appended to Tabie |

Valocity
(n/3)

(see note 2)

4975

485%0

5050

4854

4a7e
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Attenuation
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(see note 3)
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-69

Presap!ifier
Gain (dB)
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52
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tests

. Note grease stains from static

PLATE 1. The 9m Bridge Beam
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PLATE 2, The Large Scale Test Beam. Extensive tests revealed the defects.




PLATE 3. Early experimental configuration.

PLATE 4. Linear transducer array used in water simulation trials.
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PLATE 5. The MKI CANDI system undergoing evaluation on the test beam.
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PLATE 6. The 360kHz rolling transducers, used in the current CANDI prototype.
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CHAPTER 3: DISCUSSION

3.1 THE IMPORTANCE OF SPECTRAL ANALYSIS

From the very beginning of the project it was realised that methods of
conventional analysis associated with ultrasonic inspection of materials were
less than suitable for providing information relating to the corrosion of
steel reinforcing catles embedded in concrete, These methods are almost
exclusively concerned with time domain analysis, and in most of these cases,
they are concerned only with measuring the time-of-flight of a signal, or the
dJuration of the pulse-echo journey.

This oplnion was held because the earliest experiments showed that
pulse—echo systems were adversely affected, and in a very profound sense, by
the presence of coherent s5ignal noise in the echo data. Even if pulse-echo
analysis was ultimately to be implemented in the final prototype system (and
this possibility was not ruled out before considerable tests and theoretical
modelling had been conducted), the amount of signal processing that would have
been required to extract the valid echoes from the echoes produced by
aggregate back-scattesr implied that simple scalar measurements in the time
aomain alone would never achieve the required objective.

Before even the thecretical foundations were laid, it was intuitively felt
Lnat the key to the prcblem was in spectral analysis. This now Beems SO
obvious to those involved in the projectr that it is taken for granted, but it
is worth mentioning that virtually no commercial ultrasonic test instruments
use this technique. Throughout the project, which has seen the evaluation of
numerous hardware and sofrtware systems, the analysis of signals in the Fourier
domain has always remained central to the methodology. It is therefore
particularly gratifying to be able to state that the current prototype systenm,
which has been successfully demonstrared to identify a range of defective
conditions, employs frequency domain flltering as its fundamental operating
parameter.

As in many such research projects, initial progress proceeded at an
encouraging pace; it is pot difficult to establish where the current
limitations to a cechnology lie, given suitable apparatus and analysis
procedures. Thus the first few months were spaent formally defining the
problem, and discovering that which could and could not be done.

Frequency analysis was first used in tests on cylindrical concrete
samples, when attention was directed at quantifying the high frequency losses
sustained by a broad band pulse as it passed through different distances in
tha medium. At this stage the agreement between experiment and theory was a
close one, and it was possible to derive eguations which provided reliable
statistics relating to the amount of attenuation expected over a given
distance for a specific frequency.

As the concrete «¢ylinder experiments alsoc showed, spectral composition
changed with the proximity of buried metal components; furthermore, signals
received from transducers dlrectly coupled to embedded cables proved to be
exceptionally sensitive to even small amounts of corrosion. Thus it was
concluded even after che first few months that the analysis of the relative
strengths of different frequency bands must play a central role in any
experimental system. Emphasis was placed on comparing the relative magnitudes
of high and low frequencies, rather than absolute magnitudes, as is performed
now, due to variations in mean signal strength arising £from coupling



inconsigtencies, This problem was overcome by the introduction of the rolling
transducers.

3.2 ATTEMPTS TO IMPROVE THE BIGH PREQUENCY : LOW FREQUENCY RATIO

Because of selective removal of the high fregquency components, and because
it was these very components that appeared to contain most of the required
information, it seemed clear that the method that was most likely to produce
the best results was the one that enhanced tne high frequency content. High
frequency enhancement was not desirable for this reason alone, but also
because it was usually drowned in large amplitude, low frequency coherent
noise that was 1initially thought to have no useful part to play in the
analysis. This latter assumption proved to be not entirely accurate, and the
present system, depending on the nature of the defect that it is attempting to
identify, will use the energy of the low frequency harmonics, raticed against
the high frequancies, in order to correct for the background variability
arising from aggregate back-scatter and the residval variability in transducer
coupling.

The first attempts to improve this ratio involved pre-wave optimisation:
this method worked well for geometries where the steel cable ran close to the
surface of the structure, since the increased propagation velocity ensured
that it was possible to discriminate between plain and reinforced concrete.
It also meant that over limited distances (not more thanm 1l m), high frequency
content was preserved In pitch-catch systems, as shown by the experiments
performed on the bridge beam.

Nevertheless, pre-wave optimisation suffered certain critical
disadvantages; it was not possible, by analysing the high frequency content of
the pre-wave alone, to establish the presence of other defective conditions
within the pitch-catch zone, Moreover a minimum transducer spacing of 1 m was
required to enable the speed differential between plain and reinforced
concrete to be reliably detected., This limited the accuracy of the spatial
resolution and made very high frequency analysis impossible (the term very
high frequency - 1.e. above 300 kHz - is used here in the context of
ultrasonic inspection of concrete). By contrast the CANDI prototype employs
closely spaced transducers enabling the detection of these very high
frequencies and providing qgood spatial resolution.

The second method adopted in an effort to retain the high frequencies,
concentrated on propagating a defined beam into the concrete and thence the
steel, thereby minimising the signal losses attributable to divergence. It
was quickly discovered however that the diameter of the transducers required
to give any significant advantage were prohibitively large, and even a beam
that had a small divergence angle to start with would rapidly loose energy
laterally due to scatter.

Closely associated with this approach were investigations Into the
feasibility of using pulse-echo systems. Pulse echo systems can operate well
even in highly absorptive media, given suitable echo enhancemant techniques
such as signal averaging, cross-correlation or pseudo-random code
generation. However it is important to distinguish between signal attenuation
through absorption, and signal attenuation through scatter. Rayleigh
scattering results in a general weakening of the signal through thermal
conversion. However phase and diffusion scattering, whilst being proportional
to the second and first power of the frequency respectively (Rayleigh
scattering is proportional to the fourth power of the frequency), gives rise



to coherent nolse at the receiving stage. This is because each scattering
interface produces an echo which 1is as’ equally wvalid, as far ag the
discrimination circuitry is concerned, as the echo returned from the internal
defect, itself the subject of investigation.

Coherent signal noise cannot be eliminated by the signal processing
methods mentioned above; It can only be reduced by spatial averaging.
Appandix B includes a discussion on the possibility of applying spatial
averaging to this problem but concludes that the number of averages that are
required to give useful signal-to-noise ratios would be impracticable as far
as a field system is concerned.

After discovering the limitations of the pre-wave optimisation system of
signal processing, and the rejection of the pulse-echo approach, some
considerable effort was expended in simulation tests, theoretical work and
propagation modelling, in order to maximise the information recovery process
from a system that was bound always to be limited by the hardware. The water
axperiments strongly suggested that most of this information resided in the
freguencies extending beyond 120 kHz, but with the experimental configurations
used on concrete before 1990, even these moderate bandwidths could not always
be reliably extracted.

The design philoscphy that followed the simulation tests in water and that
dictated the design cf the CANDI system can be summarised in the following
statement: given the highly unfavourable nature of concrete regarding the
transmission of ultrasonic signals, it is pointless to attempt to generate
focused or controlled beam patterng into the medium; regardless of what is
attempted, the beam will be scattered; frequency optimisation must be effacted
through the application of software-based signal processing methods to the raw
data.

By using transducers with a high natural resonant frequency spaced closely
together, the current system can identify frequencies extending to 400 kHz
without difficulety. This, as stated, is achieved by block-filtering the
signal in the Fourier domain and inverse transforming to the time domain.
Caution must nevertheless be exercised in the filtering procedure. If too
little low fregquency rejection is performed (i.e. low frequencies are included
in the energy estimates), the trend data can become random in nature. If too
high a freguency band is selected (say, in the current system, between 450 kHz
and 500 kHz), the data will again have a strong random component. This is
because there is virtually no energy radiated by the probes in this range and
most of what will be detected is simply random thermal nolse. Similarly,
probes that are spaced too far apart will transmit and receive signals with
high frequencies so attenuated that they are of similar magnitude to random
thermal electronic noise in that range. Once again, the trend data will be
incoherent,

3.3 SYSTEM SENSITIVITY

~

3.3.1. General

The success of this method of signal processing has been significant; the
system can now detect, and with suitable signal processing can discriminate
among, the following conditions:

a. Major breaks in cables, at least 15 mm in diameter 1involving end
separation of a minimum distance of 60 mm, to a depth of 70 mm (High
frequency : Low freguency band ratioc measurements).



b. Volids in concrete, with a minimum diameter of 30 mm at a depth of 100 mm,
Detection of smaller voids 1is possible at reduced depths; subsurface
delamination (cross-multiplication of all energy bands).

c. Voids in steel ducts, with a minimum diameter of 40 mm at a duct depth of
70 mm (method (a) or (b) depending upon diameter).

d. Damaged .or cracked concrete (generalised attenvation of all frequency
bands).

e. Chloride contaminated concrete: secondary or primary effects of corrosion
(see below).

One of the more unusual features of the system, which at present is only
partially understood, 4s its sensitivity to regions in which the cable has
been corroded, either by being wrapped in a paper towel saturated in salt
solution prior to casting, or by passing a current through the cable via a
local cathode consisting of a wire, coliled around a paper towel, saturated in
salt solution and wrapped around the concreta. 1t cannot be stated with
certainty that the system is detecting the corrosive condition directly or
whether it is responding to chloride contamination of the concrete. However,
attempts have been made to minimise the effects produced by localised water
seepage by toral immersion of the sample in water for 24 hours in order to
equalise the internal moisture content of the sample.

The inconclusive results obtained from the force-corroded epoxy-coated bar
tests also suggest that the system is indeed responding to changes at the
concrete/steel interface and not to changes in the concrete itself. If the
latter were truve, then the scan data provided in these experlments would
reasonably be expected to follow the pattern of the other force-corrosion
tests in the region where the paper towel had been placed. This was not the
case, but further work would be required to establish this beyond question.

With the provision of a track-based scanning bogle the system has the
capability to be used in the field. This does not imply however, that no

further improvements could be made to the hardware or software. In
particular, band-switchable filter units could be included before the signals
reached the amplifier. This would not eliminate the requirement for Fourier

domain filtering (due to its ideal characteristics), but would Improve the
signal-to-noise ratio with respect to digital quantisation noise (see Appendix
B). The waveform analyser could also be replaced by a dedicated FFT system
which would improve the speed and significantly reduce the cost of the system.

It remains to be seen how far the filtering technique can be extended to
recover the very high frequency bands. At present the limit is 400 kHz, but
this is only because the transducers that are used have a resonance of 360
kHz. It is possible that useful energies could also be recovered from higher
frequency probes, providing yet more detail with respect to small defects and
improving the overall reliability of the analysis.

3.3.2 lmproving the Processing Bfficiency of the System

The attentive reader will have observed that it is not only the hardware
that could be modified in the interests of speed and efficiency; at present
the signal processing involves transforming the data to the frequency domain,
filtering and re-transforming to the time domain to make energy calculations
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on the time records. This is8 in fact superfluous, since it is of course
entirely possible to make energy calculations in the frequency domain, without
resorting to the added overhead of re-transforming to the time domain., The
reason this is Adone is hecause although the energy component is the most
significant of the scalar measurements, other scalar measurements were made
which d4id require re-transformation to the time domain, auch as the time at
which the signal peak occurred, and the duty cycle of the record, to name but
two.

All the indications are at present that a system based only on calculating
the products and ratios of energies at different frequencies would provide an
acceptable level of performance. Since, therefore, the necessary calculations
could be restricted to the frequency domain, a speed 1improvement of
approximately 1.6 could be effected without any modification to the current
hardware configuration.

3.4 IMPLICATIONS OF THE PINDINGS

At the present time, the only established non destructive testing method
capable of detecting voids or broken cables inside ducts in post—tensioned
concrete construction is radiography. This technique is restricted in the
total thickness which can be penetrated, and is extremely slow and tedious if
carried out by conventional gamma radiography. The development of the
Scorpion system in France has reguired very substantial capital expenditure on
a single inspection unit, in which radioactive source and detector unit have
tc be traversed together, along the length of a bridge beam, with claosure of
the bridge required for safety reasans.

Whilst the prasent project has not reached the stage of a field prototype
or commercial system, it has shown the potential for such systems to provide a
means for much more economic inspection of pre-stressed concrete structures
than can be achieved by radiography.

Further development cf the system developed in this project could lead to
track mounted bogile systems which could crawl along the length of bridge
beams, with data recorded into a computer system on site, initial appraisal
during scanning and final assessment after processing data at a later stage.
Provisjon of access for installation of tracking systems would bes required,
but this could be carried out by available conventional equipment not
requliring a dedicated machine such as the Scorplion radiographic equipment.

Although further development work is clearly essential, it is likely that
scanning speeds of the order of 1 m per minute can be readily achieved,
although clearly the time required to inspect a complete bridge will depend
upon the size of the bridge. The weight of the equipment to be carried on the
scanning assembly can be made relatively light and it would normally be
possible to carry our scanning from one surface only, depending upon the
geometry. One can readily see a situation in which each State Highway
organization has a number of such pieces of equipment in regular and
continuous use on a monitoring programme of principal inspections of bridges
every five to ten years. Thus successful further development of the
techniques and equipment from the present project could provide inspection
capability where none was present before, with a significant contribution to
safety in detecting any major deterioration in embedded pre-stressing
components in concrete in time to allow remedial action to be carried out.
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CHAPTER 4: CONCLUSIONS AND SUGGESTED RESEARCH

CONCLUSIONB

Thie programme of research hag presented an exceedingly difficult
challenge. 1t was recognised at an early stage that auccess required
ultrasonic signals to be identified at much higher frequencies than
used for conventional testing of concrete. Many methods were tried
for this and promising successful techniques were developed at the
end of the project.

The lliterature sgsurvey has shown complete general acceptance of the
importance of identification of major deterioration of pre-streseing
components in concrete structures to enable structural integrity to
be maintained. The 'State of the Art' literature survey has shown
that progress in realising this requirement has been 8slow and
difficult, due to the Iinvolved technical problems, No existing
techniques are capable of providing a simple, mobile, user friendly
inapection syatem.

Whilst ultrasonic signals can be propagated along long lengths of
steel rods or cables in alr, once the steel is embedded in concrete,
the signals become severely attenuated and it is not possible to
propagate the signal for more than about one to two metres.

The propagation of ultrasonic signals In concrete is subject to
scatter and attenuation dependent upon the relative size of aggregate
to the wave length. Por stochastic scattering (where the aggregate
diameter is approximately the same as the wave length), signal lossa
is proportional to the square of the frequency, whilat for Raylelgh
scattering (where the aggregate diameter is wmuch less than the
wavelength) saignal loss Is proportional to the fourth power of
frequency. Thus high frequency signals are much more Bseverely
attenuated than low frequency signals.

To detect the presence of embedded steel rods/cables, for information
about the condition of auch steel, the wavelength of the ultrasound
must be of the same order as the embedded components dimension of
interest. This therefore requires information from high frequency
components which have the shorter wavelength,

During the executjon of this project, great emphasia has been placed
on theoretical analysis and signal processing to be able to identify
the s8ignal content relevant to embedded components and their
condition. Whilst the experimental results conslstently sahowed
differences in the first part of the ultrasonic 8ignal received,
known as the pre-wave signal, when embedded sateel was present,
analysis of the overall aignal content in either the time domain or
the frequency domain did not prove sufficiently informative.

Extensive experimental trials have been carried out using probes of
diffarent frequencies in ths range 50-500 MHz, on single wires/rods
and on 7 wire strands, with different defective conditions present,
immersed in a water tank, or embedded in mortar or concrete blocks,
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A prestressed concrete beam was conatructed to include examples of
volds, corrosion and broken wires. Concrete samples with ducts
containing simulated broken wires and voids were also conatructed and
tested. Because of the inherent scatter and attenuation problems
with ultrasonic signals in concrete, conventional ultrasonic testing
methods were not successful in giving readily interpretable results
about the condition of embedded components in concrete.

To attempt to eliminate the scatter and attenuation, an initial
prototype syatem was constructed in which a central transmitting
probe was surrounded by a quartet of receiving tranasducers In order
that the signals received by corresponding pairs of transducers could
be compared to show the difference between sound and damaged
components. With conventional ultrasonic time domain analysis this
prototype was not successful because signal content of interest was
buried within the lower freguency higher powar constituents which
suffered less attenuation.

The next stage was to try to uee discrete frequencies by transducaer
design. Attempts to construct transducers which restricted the
ringing time to very short periods and to give a prescribed freguency
responde were not successful in improving the signal content. It was
concluded that the high frequency signal containing the information
about the condition of embedded components was becoming attenuated so
much that it was alway: swamped by lower frequency conmponents, and
that the golution rested with signal processing techniques.

It was then decided to use signal processing/filtering techniques to
separate out different frequency bands from signals of broad band
tranaducers, and this technique hag been very successful. An
advanced signal procesaing technique has been developed in which the
signal received at a transducer {8 transformed to the frequency
domain to give the complete frequency spectrum. Block filtering
techniques are then applied to the freguency Bpectrum to select the
signal content lying within narrow frequency bands of say 50kBz. The
gignal from these restricted bands is then inversely transformed back
to the time domain enabling the high frequency content material to be
examined.

This advanced signal processing technique has been combined with the
use of rolling transducers in a sgecond prototype system for Bscanning
concrete beams containing embedded steel components. It was
initially demonstrated that the system is capable of detecting voids
and defective regions in small samples. Subsequent work haaz shown
that the present system is capable of ldentifying voids of the order
of 30 mm diameter at deptha of the order of 100 mm from the surface,
and major breaks in cables involving a total separation of not less
than 30 mm at a depth of approximately 70 mm. The system is also
sensltive to reglions affected significantly by chloride contamination
over similar depths. At its present stage, the system has not been
able to detect single breaks in a multi-wire strand, but this is not
surprising considering the wire diameter, relative to wave lengths.
Tests on fusion bonded epoxy coated steel bars have been carried out,
but the system has not proved capable of detecting minor corrosion in
these cases.
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1. Whilat it is considered that the principal objectives of the research
project have been achieved, with the development of techniques
capable of locating major faults in embedded pre-stresaing
componenta, the development work has not reached the stage of a
robust field prototype system or commercial verslon. A major
breakthrough has been achieved in opening the way for ultrasonic
testing aystems of concrete structures to reveal the condition of
embedded components.

4.2 PUORTEER WORK

Further work 1s necessary to take the present prototype through the robust
field prototype stage to commercial applications. Some optimization work is
necessary on the number of transducers, their frequency and their relative
positlions. These studies should investigate interpretation of signals froam
different frequency bands, using the digital block filtering technique, and
the posslbllity of obtalning higher resolution from higher frequency probes
should be investligategd. It ig likely that the scanning system will include
sultiple recelving transducers in order to enable tracking and comparison of
signals from adjacent regions to be carried out so0 that the central
transmitting transducer with four receiving transducers should be adopted.

The potential capability of the present prototype system can be increasad
significantly by optimization of transducer power, frequency and signal
processing. To datect voids or cable breaks of smaller dimensions than shown
by the present work, it will be necessary to use higher frequency transducers
of greater power. PFor example, 1 MHz frequency ultrasound in concrete has a
wave length of about 4 mm, which would enable voids and breaks of this order
of siza to be detected. The acatter and attenuation of the signal at this
frequency would be much greater, so to maintaln the same range capability
elther the input transducer power or =signal amplification would have to be
increased. The potential limits of size of discontinuity and depth can be
determined from the analysis for attenuation in the Appendices now that the
fundamental principles are understood. A move to higher frequencies would
have knock on effects on the signal processing equipment, but this does not
preclude significant improvement to the stage reached at the end of the
present project.,

For a fleld scanning unit, the development work should investigate
dedicated signal analyser and computer systems and the extent to which data
should be processed in real time, and the extent to which post processing
could be carried out at a later date. The cost of such a system should be
explored, although it has to be recognised that commercial costs will depend
upon the number of items of auch eguipment to be manufactured and the extent
to which real time analysis of results is required.
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APPENDIX B: THEORETICAL CONSIDERATIONS

B.l. PROPAGATION THEORY

In general terms, simple harmonic motion (SHM) may be represented by the
equation

428
ac? + wig = 0 (B.1)
Where 8 represents displacenent,

t represents time, and _
w = 2wvf, or radians s ., with £ in hertz.

Equation Bl is a linear second order differential equation with constant
coefficients, the solution of which is

8 = £ cos wt (B.2)

In which £ represents the amplitude of displacement [l).

In systems possessing a natural resonance and which are excited into
oscillation through the momentary application of a force, the resulting
oscillations will eventually decay, at a rate which will be determined by the
degree of damping inherent in the system. We will consider only light
damping, in which case the active face of a transducer crystal will always
generate at least ten full cycles before coming to rest, after the input of an
excitation voltage spike. By analogy therefore a mass, M, suspended on a
spring having a compliance C  (the displacement per unit force) and mechanical
resitance R , i.e. the coefficient describing the degree of damping, @xecutes
a motion described by the relationship:

M~—™ + R — + C 8 = 0 (B.3)

=1
In oyder to simplify the algebra, the substitution cM = w2, and
RmM = 2aq, with a»0 is made. The eguation of motion in this case now
becomes:

T + 2a ;- + w6 = 0 (B.4)

Since for light damping, (a? - w?) < 0, the roots are complex, with a general
solutian of:

8 = fe ""(E cos Bt + F sin Rt} (B.5)
and a particular soclution, given the boundary conditions of dé/dt = O when t
= 0, of

8 = &e_utcos wt (B.6)



In this case, the term Ee-at governs the rate at which the oscillation will
decay.

As an extension to the eguation of SHM, now consider a disturbance @
travelling without change (i.e. without damping) through a medium in which
distance is given by x and velocity by c. At time t = 0, 6 will be a function
of x, i.e.

8 = f(x) (8.7)

After time t, the disturbance has travelled a distance ct. For a pasitive
travelling wave, the field disturbance is described by the function

8 = f(x-ct) (8.8)
and by
8 = f(x+ct) (B.9)

for a negative travelling wave. Combining these functions and differentiating
twice with respect to x whilst keeping t constant, gives:

ﬁ f- _ R fu
ax2  (x-ct) g(xtct) (B.10)

and with respect to t, whilst keeping x constant, gives:

aze

L] ]
at2 - c?f (x—ct) + c2f,(x + ct) (B.11)

combining the identities given by equation B.10 and B.1ll yields

3le 2
= e2 gxg (B.12)

Equation B.12 is the fundamental equation of wave motion in a single plane,
and forms the basis for all the understanding of periodic disturbances
travelling through any medium. The general solution of partial differential
equations (such as the wave equation) is a subtle one, since there are is a
very large number of possible ways of expressing them. The most commonly used
solution is given by

8 = £Ecos(x - ct) (B,.13)

and tne method by wnich 1t is solved appears in most standard texts on
mathematics [2] (including two internal reports dealing with this project).

B.2. WAVE MODES

Acoustlc waves travel through a medium by propagating a disturbance of
particles about a mean position, with a general propagation velocity, c¢. As
equation B.l13 shows, the degree of rarefaction or compression of an adjacent



group of particles will be described by a cosine function of time at any given
position, or a cosine function of position at any given time. The wavelength,
A, 1s described as the distance between points of identical amplitude and
elope over the function. The relatlonship of veloclty, wavelength and
frequency is expressed by the identity:

c = f (B.14)

B.2.1. Infinite Solids

An unbounded medium, also known as a bulk or infinite medium, will sustain
two, and only two wave mnodes. The first of these 1s the compressional or
longitudinal wave, in which the direction of particles displacement occurs
parallel to the direction of propagation. It 1Is the most important mode of
acoustic energy transferral in all media, and the majority of non-destructive
inspection systems which use ultrasound are designed with its transmission and
reception in mind. The propagation velocity (31 is given by:

E 1-
= (B, —1mw B.15
1 G oo ) (B-15)
where E is the modulus of elasticity, in kg/mws?

p is the density, in kg/m3, and
u is Polsson's ratio.

The longitudinal wave velocity is often used as a weasure of the quality
of concrete, since the strength shows a strong correlation with its modulus of
elasticity, whose root is proportional to Cp- Since it is difficult to make
concrete to an accurate standard, €, for this material wmay range from
typically 3.5 km/s to 4.9 km/s. In any one casting however, the velocity
should not change significantly from point to point. If such changes are
observed, it suggests that the strength may have been compromised in some
manner, either by cracking, Eire damage, insufficient compaction or chemical
attack.

The second wave mode occurring in infinite media is the shear or
transverse wave. In contrast to the compressional wave, in the shear wave the
particle displacement takes place in a plane perpendicular to the direction of
propagation. Since shear forces can only be exerted in solid media, liquids
cannot in general support shear wave propagation, except under exceptional
conditions such as short time durations or in liquids of high viscosity. A
unique feature of shear waves is that they have no regions of refraction or
compression; hence there are no localised fluctuations in density 8such as
those which occur in all other wave modes. The velocity of shear waves is
always lower than that of a compressional wave for a given medium, generally
around 0.7CL, although the exact expression is given by

E 1 G
c, = v( o T ) ) = /[o] (B.16)
where G is the shear modulus.

As will be seen in section 1.5, compressional waves incident on an
interface between two s0lid media convert into reflected and refracted
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compressional and shear components. This is significant in relation to this
project, since we are interegted in establishing the mechanisme of interaction
at the concrete/steel interface,

B.2.2 Semi-Infinite Solids

In solids which have a boundary or a surface in contact with the air,
other more complex modes of propagation may exist. The most important of
these is the surface or Rayleigh wave, whose particle displacement is
elliptical in nature (comprising both compressional and shear vectors)
occurring, as the name suggests, alonqg the surface of the medium and
attenuating rapidly with depth. At a depth of one wavelength for instance,
the amplitude is 10% that of the amplitude at the surface. Rayleigh wave
velocity is given by

L 0.87 + 1.2y E  _ 1

Rayleigh waves are naturally strongly influenced by such factors as surface
roughness, but an important feature of these waves is5 that, glven an even
surface, they suffer considerably less actenuation for a given linear distance
than their bulk wave counterpoints, since they travel in only two dimensions.

In this project the inevitable presence of Rayleigh waves has proved both
a nuisance and an advantage; most of the analysis 1is concerned with
interpreting the information carried by the compressional waves which have
travelled through the interior of the concrete. These signals are always
small in amplitude and are buried in the large amplitude components of the
surface waves. However, cracked and damaged concrete very rapidly attenuates
Rayleigh waves, in additon to reducing their apparent velocity. Under these
circumstances, they may provide valuable clues regarding the possible
condition of the underlying steel.

In an unbounded plate whose thickness is comparable to the wavelength,
plate or Lamb wave propagation may occur. Two types of plate mode exist. The
first is the symmetrical plate wave, which travels as a longitudinal wave
along the centre line of the plate causing perpendicular rarefaction and
compression to oeccur at each face of the surface. The second type, the
asymmetrical plate wave is basically a wave of plate bending, and consists of
particle motion whose displacement along the centre line of the plate is
transverse, and elliptical along the surface.

Finally, in media which constitute a thin layer 1lying on a thicker
substrate, Love wave propagation is possible. In this case, the direction of
displacement of the particles takes place parallel to the surface but
perpendicularly to the direction of propagation.

Plate and Love waves represent special cases of propagation, their
generation being strongly dependent on a geometry of media not normally
encountered in this work. Although they will not be dealt with further, it is
perhaps worth considering that in practical circumstances, an ultrasonic
system will usuvally (desirably or otherwise) produce a number of wave modes
whose presence makes the analysis of echoes very complicated. Under these
conditions, the arrival time of signals plays an important role, since each
wave mode has its -own characteristic velocity.
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B.2.,3 Rods, X > d

The propagation of acoustic waves in rods is of special significance to
this project, Eince in many cases we deal with single, s0lid tendons. 1In the
case of multi-wire strands however the analysis requires modification.

In rods whose diameter, d, is less than the wavelength, three types of
wave can be generated: Compressional, transverse and torsional. The first
type is usually referred to as a rod wave since its velocity is lower than
that of compressional waves in bulk media. Its velocity 1s gliven by the
relationship

E
tod * /[p] (B.18)

If the rod is tensioned, transverse waves may be generated. In transverse
waves, the particle displacement takes place in a direction perpendicular to
the direction of propagation and the central axis of the rod. These are also
known as string vibrations, and the velocity is given by:

c=/(3) (m.19)

where T is the tension and
m is the mass per unit length

In torsional waves, displacement occurs in rotational manner about the
axis, a8 the wave travels down the rod. In this case the torsional wave
velocity is equal to the shear wave veloclity in the bulk medium.

B.2.4 Rods Bmbedded in a Medium

A wave travelling along a rod embedded in a medium will, in general,
suffer attenuation as it radiates energy into the surrounding matter. Loss-
free rod wave propagation is only possible in such circumstances if the shear
wave velocity of the surrounding medium exceeds that of the rod wave
velocity. Similarly, loss-free torsional mode propagation can only occur if
its velocity is lower than the medium‘'s shear wave velocity. Since these
conditions are never satisfied with steel cables embedded in concrete, severe
attenvation results,

B.3. TRANSDUCER RELATIONSHIPS

The devices used in this research to generate the ultrasonic waves are
fabricated from plezoelectric synthetic crystals. The piezoelectric effect
was first demonstrated by Plerre Curie (Busband of Marie} in 1880. When a
slab of this material, with its parallel faces lying normal to the axis of
non-symmetry, is subjected to a mechanical stress, equal and opposite changes
appear on the parallel surfaces. Similarly, the effect is reversible. When
an electric field 1is applied to these surfaces the slab {s mechanically
strained, this strain belng proportional to the :rintensity of the applied
field.

Crystals cut to produce coumpressional waves resonate with a fundamental
frequency f, given by:

= =
fo oL {B.20)
where ¢ ls the velocity of the compressional wave in the crystal

Lt is the thickness.



Higher frequencies may be generated by making use of the 2nd, 3rd or
higher harmonics of the crystal.

The propagatory stress wave field generated by a circular transducer of
radius r can be described using Huygen's principle, which states that the
energy and phase at any given point is equivalent to the sum of the
contributions from an infinite number of point sources Adistributed over the
face of the crystal. This results in a characterigtic beam pattern which
comprises two distinct regions: the near field, or Fresnel region, and the
far field or Fraunhofer region. In the near field, the beam shape Iis
approximately parallel with large localised changes in intensity.

The length of the near field is given by:

D2

o T (B.21)

N

Where D is the transducer diameter (radius r). The pressure variation along
the axis (4] is given by (for both regions):

{

. n
Pz = P, sin (I [(c2 + z2)" = z]) (B.22)
where z is the distance from the transducer, and
P_is the pressure at source.

o

When the far field region is reached, the beam starts to diverge at an
angle which is governed by the relationship between the crystal radius and the
wavelength, i.e,

-1
8 = sin (0.61)/r) {B.23)

Note that when the term in parentheses ig greater than unity, the transducer
will radiate omnidirectionally. In addition to the divergence angle, the
pressure distribution will depend on the angle subtended to the central axis
i.e.

po2J, {(n/x)Dsine}

Po * {n/))DsinB (B.24)

where Po is the pressure at source and
J, is a Bessell function of the first order.

B.4. ACOUSTIC IMPEDANCE, INTENSITY AND PRESSURE

The specific acoustic impedance of a medium, 2, is analogous to electrical
impedance and can be defined as the ratio of acoustic pressure to particle
velocity. It can be shown, through application of the wave equation, that 2
is a product of the density and wave velocity, i.e.

2 = pc (B.25)
Consider now a spherical wave radiating from a point source of power P. The

intensity at a distance z will depend on the spherical area at that point,
i.e.

(B.26)



The energy density, E, i.e. the energy per unit volume is proportional to 1I
and the total amount of energy flowing through a column of unit area in unit
time at velocity c is thus

I = cE (B.27)
However, the energy density is also expressed as

2
E = }a(g% (B.28)

where d6/dct represents particle (not wave) velocity. As this quantity is
linearly related to pressure, and I « E, then we find that:

I = (20c)  p? (B.29)
and

I = {pc(2wE)2g? (B.30)
hence

p = Lpc2wf = (ZIoc)* (B.31)

It is vital that the distinction between acoustic pressure and intensity be
made; with a divergent beam or spherical wave, the former decreases 1in
proportion to the linear distance from a source, whereas the latter decreases
in proportion te the inverse square. Since transducers respond to pressure,
not intensity, it is important to make the necessary conversions if intensity
variations are belng calculated if tranaducers are used as the monitoring
devices.

B.5 Reflection and Refraction at Boundaries: Pressure Transduction

BAn acoustic wave passing at normal incidence from a medium of acoustic
impl.edance 2, to a medium of acoustic impedance Z, will be partially
reflected. The proportion of the signal reflected is given by:

I
P = Py e ) (B.32)
Py € 2 €

At angles other than normal incidence, up to the first critical angle,
compressional and shear waves will be both reflected and refracted, their
respective angles being described by Snell‘s law thus:

sin a, sin a, sin B, sin a, sin 8,
= = = —— = — (B.33)
c, c, 5, c, 5,
In which:
ag represents the angle of incidence of the compressional wave
a, and a, represents the angle of reflection and refraction of the

compressional waves



8, and 8, represents the angle of reflection and refraction of the
shear wavaes

c, and c; represents c, for each medium

8; and s5; represents c, for each medium

1f the pressure of the incident wave is known, then it is also possible to
calculate the pressures associated with each of the wave modes. This however

is less straightforward and involves solving a set of four simultaneous
equations, known as Knott's equations:

(A — Ap) cos a, — B, sin B, ¢+ A, cos a, + B, sin 8, = 0 (B.34)
(A, * Ap) sin a, + B,cos 8, A,sin a, + B,cos B, =0 (B.35)

(A,+ A, )p,c cos 28l - Blp,slsin 26l
- A,p,c,c0828, - B,p,s,8in28, = D (B.36)

-1 -1
p,st (e, (A= Ay) Bin 20, + B8, cos 28],

2 =1 =1
+ p,8,[A,c, sin2a, ~ B,8, cos2B,] = 0 (B.37)

In which A,, A,, B, and B, represent the amplitudes of the reflected and
refracted compressional and shear wave components. These relationships hold
true up to the first critical angle, at which the refracted compressional wave
travels along the boundary between the two media. It is given by:
=1
Bl = sgin (c,/c,) (B.38)

The second critical angle, at which the shear wave travels along the boundary
is given by:

-1
6, = sin (c]/sz) (R.39)

B.6 ULTRASONIC SIGNAL ATTENUATION

Up te this point we have limited the discussion to a description of events
which can essentially be defined through the application of the principles of
geometrical optics, We now turn our attention to the subject of signal
attenuation. This is a highly complex matter, since it includes divergence,
absorption and scatter, the latter two being frequency dependent. Freguency
dependency plays an important part in the nature of this research, since the
spectra)l information returned by an orginally broadband signal will be
governed by both the internal conditions of the concrete and the quality of
the reinforcing steel.

B.6.1 General Loss Considerations

In a loss-free medium, the only mechanism by which an ultrasonic radiator
produces a field which weakens with distance i3 through divergence (equation



B.22) and, if it has a directional component, through displacement from the
axis of propagation (equation B.24). In practice, waves are attenuated
through both absorption and scatter (in actuality all such attenuation is
ultimately thermal in nature) and for a given medium at a given frequency the
general function which describes pressure reduction with distance is given by:

Ps = P,e (B.40)
where a is the coefficient of attenuation, and
¥ ls the distance travelled in the medium.

Combining equations B.22 and B.40, the relationship which describes total
signal loss becomes

o *

p = pPe g8in [;(:2 + 22)* - z] (B.41)

t Q

Equation B.41 is very useful for predicting the signal losses which will occur
in liquids such as water, where the attenuation loss is almost exclusively
dependent upon viscosity, or in fine-grain (relative to 1) lsotropic
homogeneocus media, in which Rayleigh scattering predominates (to be
discussed). In concrete however, because of the range of particle sizes a
number of attenuation mechanisms operate and these are not easily described in
a precise relationship.

B6.2 Bignal Losses due to Scatter from Granular Inclusion

Signal scattering 1is a highly complex process, depending upon mean
particle diameter in relation to wavelength, the number of particles per unit
volume of the medium, and the acoustic properties of these particles which
distinguish them from the medium.

When the diameter of the particles 1is small in comparison to the
wavelength, Rayleigh =scattering occurs whereby each particle acts as a
spherical radiator. In this case, the scattered amplitude is proportional to
the fourth power of the frequency, and the coefficient of attenuation becomes:

- % =2
a = 0.4 (kD) » DN (B.42)

where k is the wave number, given by 2n/),
D is the mean particle diameter, and
N

is the number of particles per unit volume

However, in the Rayleigh region, where the scattering coefficient is
proportional to f the absorption coefficlent increases linearly with
frequency. Hence the total attenuation coefficient is given by the general
relationship:

c(f) = a,f + a,b £ (B.43)

with a, as the absorption coefficient and a, as the scattering coefficient.

In the stochastic region, in which A E. scattering is proportional to
the square of the frequency, i.e. :
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a(fy = b £, + b D,f (B.44)

Finally, in the diffusion region where X\ £ D, the scattering coefficlent is
given by

a(f) = 4,D (B.45)

Note that In concrete, Rayleigh, stochastic and diffusion scattering all take
place since the frequencies used in the interrogation process range from 50
kHz to 400 kHz, i.e. A rangesg from approximately 80 mm down to 10 mm, with the
grain size ranging from less than 1 mm up to 25 mm. It is therefore extremely
difficult to determine, analytically, the effect that the individual scatters
have on any received waveform after it has travelled through the concrete. It
is however a simple matter to calculate, from experimental measurements, the
pressure attenuation of a given frequency band over distance for a given
concrete mix, and thereby establish the echo amplitude from wave reflectors in
the interior of the medium.

B.6.3 Phase Losses from Rough Surfaces

Knott's egquations (equatiaons B.34 to B.37) describe the pressure amplitude
of reflected and refracted wave modes at the boundary between two smooth
surfaces. If the surface is rough, the two reflected waves are no longer in
phase, this phase difference being given by:

§6 = 2kh cos 8, (B.46)

Where 0l represents the angle of incidence and h is8 the rms of the helight
variabilicy. The presence of k in this expression implies that the phase
difference is directly proportional to fregquency. If the phase difference is
significant, the specular relection at that frequency is reduced due to
interference between the two reflected waves, Effectively therefore, a rough
surface acts as a low-pass filter, attenuating high frequency components
whilst leaving low-frequency comparisons to be described by Rnott's equation.

B.7 MODELLING OF THE SYSTEM

B.7.1 Description of the Model

Consider a signal x(t) received by a transducer positioned on the surface
of a concrete beam of infinite length and finite width and height. The signal
in this case is produced by a transducer mounted on the same surface which
radiates at a finite angle. The signal, x(t), will therefore be a summation
of the rays that have arrived at the transducer via their different paths, and
this can be formally expressed as:

+
x(t) = [ - x(1)8(t-1)dr (B.47)
In order to wodel this summation it is necessary to use the discrete angular

increments for the ray paths, and equation B.47 is replaced by its discrete-
time counterpart thus:

k = +8
x(t) = ) x (k) &(t-k) (B.48)
k = -0
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The model operates using the ray-tracing principle, summing the contributions
of waves that have passed through the concrete and have been reflected from

the sides and the steel reinforcing cables. Since the model has been
developed with user-interaction in mind, it has been lmplemented on both
mainframe and microcomputers at UMIST. The user may specify the concrete

dimensions, number, condition and diameter of cable reinforcement, and the
wave shape and fregquency.

The egquations used in the computations are those which describe ultrasonic
presaure attenuation due to divergence, reflection, scatter and phase-boundary
interference, i.e. equations B.21 to B.24, equations B.32 to B.39, and
equation B.46. A generalized equation has been calculated to take into
account losses due to absorption and scatter based on previous experimental
data and is of the form:

2
a = 0.1B44f + 0.001f ' (B.49)

with a in dB m~' and £ in kHz

B.7.2 Examples of Model Output

Figure Bl depicts the output produced by the model when a plain concrete
beam of infinite length and cross-sectional area given by 150 mm x 150 mm {s
insonated with four cycles of monotonic ultrasocund at 120 kBz, the receiving
transducer heing positioned on the same surface of the concrete at a distance
of 150 mm.

By contrast, Figure B2 shows the output produced wvhen the same
configuration is used but with the addition of a aingle steel bar, of diameter
10 mm, running along its axis. In Figure B3] we see only the output which has
been reflected from the bar, ie. the contribution from the surrounding
concrete has been masked. Note that the output in Figure B2 cannot be derived
by simply adding, arithmetically, the components shown in Figure B2 and Figure
B3; the Inclusion of a steel bar fundamentally changes the pattern of
reflections within the interior of the concrete. Significantly, most of the
energy reflected by the bar is confined to the early stages of the time
record, a phenomenon which was confirmed experimentally early in the research
project. Note also its small amplitude in comparison to the concrete signal,
it is of the order of 40 dB weaker in rms pressure amplitude.

Pigure B4 shows the signal reflected from the bar when the surface of the
steel has been roughened from severe corrosion. At 120 kHz the losses due to
phase scattering at the boundary are considerable causing a marked reduction
in the signal amplitude. Fiqure BS5 illustrates the case, again when only
reflections from the steel are calculated, when the bar is fully cracked.

In a real situation, the pressure differential between the signal received
from the concrete and the signal received from the steel is probably very much
lower than the model predicts because the model uses a generalised attenuation
coefficient, and does not take into account signal back-scatter from the
aggregate or the surface travelling Rayleigh wave. It is therefore unlikely
that direct evidence of corrosion will be found by simply inspecting the
frequency spectrum of a time recorded signal. However, corrosion is often
associated with secondary problems, such as voids and spalling, and these
influence both the amplitude and frequency contents of signals in a more
pronounced manner.



B.8 NOISE REDUCTION TECENIQUES

B.8.1 General

The term “noise” when used In connection with signal transmission and
receiving systems applies to any additional source of energy which in some
manner interferes with obscures or degrades the wanted signal. 1In origin it
may be, for instance, electromagnetic or thermal, and it may be random or non-
random, coherent or incoherent.

The noise problems associated with the ultrasonic ingpection of reinforced
concrete arise from both the amplification and nmeasuring system, and the
signals scattered by the concrete which obscure the echoes reflected from the
steel components, which are the only signals of interest. In the first case,
the noise levels produced when high-gain amplifiers are used can virtually
drown the wanted signal, but because such noise is random with time, and the
echo is temporarily inconvenient, temporal signal averaging can be performed
which very dramatically improves the S/N ratio. Since the noise is random,
as, the number of averages approaches infinity, so too does the S§/N ratlo.
Expressed in rms terms, this improvement is given as:

SNb n
SNa 2 (8.50)
Where SNa ts S/N before averaging,

SNb is S/N afrer averaging, and
n Iis the number of averages.

Hence, a very weak signal, having an rms S/N of unity, or 0 dB, can be
improved to 40 dB by taking 200 averages.

Improvements Iin the S/N ratio can be even more dramatlc {f carrelation
technigues to reduce the random noise. Cross-correlation involves multiplying
and integrating the ocutput pulse with the received signal. Any echoes, which
will be similar in form to the output, will be enhanced by a factor
approaching V2 (where V is the voltage of the original echo) and random events
will be correspondingly suppressed. The improvement in the S/N ratio is given
by:

SNb
sna - °BT (B.51)
Where a is the on-off rario of the pulser,

B is the tranamitted bandwidth angd
T i5 the equivalent integration time.

Both signal averaging and auto-correlation have been used to good effect
to reduce the rms levels of random noise, and temporal averaging is employed
as a matter of routine with regard to low-level slignals.

In most cases however, signal degradation does not arise from this source,
the single most important source of noise i{s the back-scatter produced by the
aggregate. In gquality this is termed coherent nolse, since it is temporally
invariant and is correlated with the output (interference from the mains is
also non-random and temporally invariant given a fixed measuring point since
it is cyclical but it ie not coherent since it in no way correlates with the
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shape of the ouput pulse in this case). As far as the data acquisition |is
concerned, it is not really noise because the echoes are just as valid so to
speak, as echoes reflected from the steel. Because of its temporal invariance
signal averaging (with time) will not have any effect and cross-correlation
may well make matters worsa.

It is however theoretically possible to reduce the affects of signal back-
scatter by spatial averaging., Since the distribution of aggregate within the
matrix is essentially random, and the position of the steel is constant with
respact to the surface, signals taken at different points on the concrete
parallel to the steel should, when averaged, provide an lamprovement in the
ratio between the echo from the steel and the echo from the aggregate. This
has in fact been attempted in the past, and whilst the random elements could
be seen to diminish as the number of samples accumulated (the 5602 digital
storage oscilloscope allows the user to view changes as they occur), the gross
form of the signal did not and no echoes arising from the steel were
identified wilth certainty. Three possible (and not mutually exclusive)
reasaons have been advanced for this:

a. Transducer ringing
b. Concrete resonance
c. Insufficient number of averagesa.

The problem of transducer ringing can be circumvented, if not eliminated,
by placing the transducers far enough apart to ensure that the echo reaches
the receiver after the oscillations have decayed to a level below that of the
echo. Unfortunately, this also has due effect of reducing the strength of the
echo because of divergence and attenuation losses, but an optimum position
might nevertheless be found.

It is difficult in practice to determine the contribution that concrete
resonance makes in lengthenling the duration of the signal, and hence masking
the echo. It has been observed that In air, the transducer will loose energy
with each cycle, and the logarithmic decrement coefficient, 8§, is given as

x(t=-1
exp (8,) = —iT:Tl (B.52)
Where x(t-1l) is the amplitude at time t-1 and

x(t) is the amplitude at time t.

Wnhen coupled to concrete, the decay coefficent §_ is greater than &§p, il.e.
the decay is quicker because of the damping applied to the transmitting face
of the transducer, However, for another transducer acting as a receiver,
89>8, effectively, because of the dispersion effect of the medium. Now it §,
tends towards ég as n, (the number of spatial averages) tends to infinity, it
can be deduced that back-scatter, and not resonance, 15 the wmajor contributory
factor to the reduction in damping.

Experiments have revealed that the pulse length received does indeed
shorten with spatial averaging, but in these tests n=32 which was not enough
to reveal the presence of a coherent echo; neither did these tests indicate
whether the duration of the pulse would continue to shorten with further
averaging, and hence indicate that the contribution from resonance (including
side wall reflection) could be ignored. Clearly this is an area where more
investigation is required.
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B.8.2 Echo Amplitude Optimisation

Recent experiments, not formally documented here, show that the echo
amplitude detected from the base of a sample 150 mm? in section was 20 dB
weaker than the signal which had reached the reaceiver by other routes and 36.5
dB weaker than the output, which is about 1 V, rms. This experiment was
conducted by placing the transducers on either side of a cut 140 mm in length,
i.e. leaving only 10 mm joined at the base. Any signal reaching the receiver
could only travel there by returning from the bagse. The attenuation predicted
by the theoretical model under these circumstances was -90 dB. The real
figure was surprisingly high, that is, it was thought the attenuation would be
much greater. Using a second model it was possible to estimate the number of
spatial readings required to provide a useful signal-to-noise ratio with
respect to the steel cable, The input parameters were as follows:

Velocity: 3900 m/s
Dansity: 2700 kg/m3
Ultrasonic resonant frequency: 200 kBz
Transducer radius: 20 mm
Cable diameter: 17 mm
Cable depth: 60 mm
Transducer spacing: : 150 mm

Under these circumstances, the attenuation is computed to be 54 dB, which is
37.5 dB weaker than the signal that reached the receiver directly. Since the
peak—-to-peak signal amplitude will be of the order of 200 mV, the oscillorcope
sensitivity will be set at SO0 mV/division. At this sensitivity, the analog to
digital converter can resolve to a precision of 1.5625 mV. Now 1 V (the rms
output of the transducer) attenuated by 54 8B is 2.00 mV. 1In other words, 1}
to 2 blits of 256 will change ag a result of the cable echo. Not only is 2
bits unresolvable by eye, it 1is also quite Impossible to analyse
computationally.

Assuming, for the moment, the extraneous signal is spatially variant and
can be reduced by spatial averaging and assuming a workable S/N ratio (echo to
back scatter) to be +30dB, it is possible to calculate the number of averages
that are required to produce a signal which can be processed numerically.

Hence the current S/N ratio, given by SNa, is -34.1 dB or 0.0197. To
improve thls to +30dB, or 31.6, given by SNb, we transform equation (B.50) to:

2(sNp)
n = SNa (R.53)

This gives n to be 3208. To produce a S/N ratio of O dB, where both echo and
back-scatter are of equal magnitude, n would be 102,

As stated above, this possible improvement could only be realised if the
predominant noise is from base-scatter and not say, from surface travelling
waves.

B.9 DESCRIPTION OF CANDI SIGNAL PROCESSING

CAND1 identifies changes in the internal composition of a concrete
specimen (small or actual bridge beam) by insonating the medium with a broad
band ultrasanic signal, discretising the received signal into frequency bands
by filtering in the Fourier domain, and comparing the ratio of energies of
those bands in the time domain once they 'have been re-transformed.
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Eight bands are used, from 0 to 400 kBz and 50 kHz in width. The manner
in which the bands are compared or combined depends on the kind of defect that
is being sought; it can take the form of cross-multiplication, in which all
energy bands are simply multiplied together (an operation not dissimilar to
cross-correlation), and this has been particularly successful in 1locating
moderate to large sized voids when increased reflectance of all wavelengths is
to be expected. In other cases Iinvolving corrosion, small regions of
delamination or complete breakage and separation of a cable, the higher
frequency componants only tend to display changes in energy bayond the limits
normally attributable to random variability. The low frequencies, because of
their longer wavelength, remain relatively unaffected. In these instances,
the ratio is taken ot the high frequency to low frequency energy, using the
low fraquencies to correct for background variability.

The manner in which the energies of the frequency bands varies according
to the internal state of the concrete, and the random contributions of the
aggregate and coupling variability, have been numerically simulated using
cosputer programs «ritten as recently as May 1990, The various methods of
signal processing were then applied to these simulated data and were shown to
-be effective at recovering signals that would otherwise have remained buried
in noise. The dliscussion below details three particular methods of analysis
that have been used to locate defects in the beams and samples used in this
work.

B9.1l. Case 1: Random Noise with Weighting Coefficient

Consider a function y = f{t,w), in which y i8 a discrete time variable,
changing randomly with both time and freguency. For a glven frequency or
wavelength, then:

y = £(¢t) (B.54)
Where t ranges from 1 to n and for a given time:

y = f(w) (B.55)

Where w ranges from 1 to m.

In matrix notation, the complete discrete-time data-set may be written as:

Y Y2 Yy,
Y= |y, Y2 Yo, (B.56)
le ymz ymn

In the above notation, each row of the matrix represents a signal that varies
randomly with time for a particular frequency.

Consider further, at a given time at some point when 1 < t < n, say t = g,
the y variable is weighted by a coefficient b, where b > 1, for all values of
.

Hence:
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Y1, by‘g Y,

n
Y, = Y2, BYag Yap (B.57)
b oy byng Y‘n

If y lies within the range 0 < y < 1, and the coefficient b is arbitrarily
assigned a value of, say, 1.8, thig value representing an increase in energy
at that point, then a typical signal trace (i.e. one row of Y;) for a given
frequency will appear as the trace shown in Figure B5.a. In thls example, n =
400, and the weighting coefficient has been applied to y, 2¢09- In many cases,
the weighted signal will not lie above the noise threshold because of the
random nature of the noise magnitude.

In order to recover the signal of interest, a new function, 2, is derived,
ranging from 0 to n, in which each point is a multiple of a given column of
Y,, i.e. for any given point in time, a multiple is derived of each frequency
reading.

Hence:
ws=sn
Zt = . E . yu,t {for £t = 1 to m) {B.58)

This operation will under most circumstances greatly enhance the magnitude of
Z_ over the nolse threshold, as shown in Figure Al.b. This method is in fact
closely analogous to the cross-correlation function, which assumes that within
the data-set, there is a series of values which resembles the correlation
operator.

In practical rterms, as the transducer receives a signal from each scan
position, because of the random nature of the aggregate profile, the signal
strength will vary randomly, and each frequency band will alsoc show a random
variation. If a large defect (such as a void) is encountered, which reflects
all frequency bands, the random signals will now be weighted with a
coefficient greater than unity. Thus, In order to detect such defects, the
best strategy of signal processing to adopt is a simple multiplication of the
energy bands as described here.

B9.2. Case 2: Partially—Correlated Noise with Weighting Coefficient

In practice it is never the case that the discrete-time variable is random
both with position and freguency. Although the signal strength varies more or
less arbitrarily from point to point on a concrete surface (above a certain
level) it is clear that the strength of a given frequency band will bear some
relation to that of an adjacent frequency band.

1n order to simulate this condition, an initial random function is
generated, y = f(t), with t ranging from 1 to 400 and a weighting coefficient
is applied to point 200, with a valve of 1.7, see Figure B6.a. The remaining
frequency bands are generated by partially correlating them to the firsc¢, i.e:

Y =Y, + R (B.59)



Where: w ranges from 2 to 10,
t ranges from 1 to 400
R is a rapdom coefficient lying in the range 0 < R < 0.25.

The final function, Z., is derived by application of Equation B58. Figure
B6.b shows how once more the signal of interest is raised clear of the noise
threshold. Again, this method of signal processing favours the identification
of voids or regions of delamination, when it ig reasonable to assume that all
frequency bands will show an increase in energy over the region of interest.

B9.3J. Case 3: Partially—Correlated Noise with Weighting and
Normaligation Punction

Certain internal conditions of the concrete should, in theory, result in
the attenuation of certain frequency bands whilst leaving otherg unaffected.
In particular, an interface which is roughened over a region will reduce the
intensity of the reflected high frequency components without attenuating the
lower bandwidths. If the discontinuity {s such that only a single band
remains vnaltered, signal recovery is possible using the operation:

Yl ¢
z = L B.60
t mﬁn y
w=2 “w,t
for t = 1 to m, with Yi 1 to Y1,y representing the unaffected freguency

band. The frequency bands Yz, to Y,,, are generated using the method given
by Equation B.59, and the attenuation for these same bands, is achieved by
applying a weighting coefficient b, at point n = 200, where b is in the range
0 < b < 11. Pigure B7 shows how this method can be successful in recovering
signals that have been severaely attenuated as a result of selective scatter or
absorption.,
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APPENDIX C: A THEORETICAL JUSTIFICATION
FOR THE REJECTION OF THE PULSE-~ECHO APPROACH

The following example lllustrates why, given the nature of concrete and
the restrictions placed on the frequencies that can be realistically applied
in these circumstances, pulse-echo systems are unlikely to be successful in
returning echoes above the level of noise arising from aggregate back-scatter.

A transducer diameter 0.025 m and resonance 150 kHz radiates with an
intensity I, of 5 Wo'. Estimate the echo amplitude, expressed in kgm™ g~
(Pascals) of a signal reflected from a void of the same area as the transducer
face, buried 0.1 ? below the surface of a concrete slab, assuming c = 4000 m/s
and p = 2700 kgm .,

The initial sound pressure, P {s given by:

°'
4 S
P, = /(2I,pc) = 1.03923 x 10 kgm s (C.1)

The wavelangth, A, is glven by:

A =c/f = 0.02667 . (C.2)
The half-angle of divergence, 8, is calculated using the identity:

8 = sin_ [0.6(A/a)} (C.3)

where a 1is the radius of the transducer face. However, in this case
[0.6(A/a)]>)1, so the transducer radiates with an approxi{mately hemispherical
wavefront. At a depth of 0.1 m, the intensity, I,,which is governed by the
inverse square law, becomes:
2
1,2 _2
I= 7~ = 0.0390625 Wm (C.4)
2a

where r is the depth of the void. The ultrasonic intensity of the echo at the
surface, I,, is therefore given by:

1,a N _2
I, = —5 = 3.05176 x 10 Wm (C.5)
2a

The echo amplitude is thus:

-1 22
P, = /{2I,pc) = B1.1899 kgm s (C.6)

Equation (6) converts the acoustic intensity to a pressure, since the
transducers respond to the latter. BHence the total divergence loss, Vg,
expressed as a ratio of pressures, is given by:
P
1
V. = 20 Log (=) = -42.24 4B (C.7)
a Po
We must now consider the attenuation losses due to scatter and absorption,
V. The detailed experimental work described in Appendix D, dealing with
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attenuation of broad-band signals in concrete, established Ve for £ = 150 kHz
at approximately 10 4B per 100 mm. Therefore in this case, the attenuation
loss is -20 A4B.

The total signal loss the for combined outward and return path, taking into
account both divergence, scatter and absorption is given by:

Ve s Vg ¢t Vg = ~62.14 dB (C.8)
This example assumes perfect coupling and no losses elsewhere in the system.
In practical terms, it implies that if a transducer outputs a signal with a
perceived strength of 5.0 V rms (a typical figure), the perceived echo
amplitude would be 3.9 mV. At wmaximum sensitivity, the analyser A/D 1is
capable of resolving to 0.488 mV,i.e. when {t is configqured to a sensitivity
of +0.125 mV, operating with a 9-bit resolution.

However, given the amplitude of the signal back-scatter, which is many
times greater than the echo amplitude, it would not be possible to configure
the acquisition s8system to maximum sensitivity because {t would simply
saturate. Although an echo signal of 3.9 aV rms can easily be amplified,
since it is inextricably mixed with coherent noise, the signal-to-noise ratio
is not improved.

Although spatial averaging could theoretically eliminate the problem of
signal back-scatter, it is important to reallse that if the ehco amplitude is
below the minimum resolving power of the acquisition sgystem, no amount of
signal averaging will improve the situation.

The example used in this case involved a void with a flat surface, but in
practice the cables have a curved surface, which reflect at best 62% of the
signal at normal incidence, with dimensions close to the wavelengths of the
interrogating frequencies. The implications with respect to p, are therefore
obvious.
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APPENDIX D: FOUNDATION EXPERIMENTATION

D.1l ATTERNUATION ANALYSIS

D.1l.1 Introduction

Ultrasonic lnspection systems used on homogeneous materials, such as steel
or human tissue (here homogeneous Is used in the sense that any inclusions
within the matrix proper, having an acoustic impedance Z, significantly
different to that of the matrix, 2o, have a mean radius r where

r £ 0.5 13, A being the interrogating wavelength) are invarlably configured
as pulse-echo systems in order to acquire information relating to the internal
structure of the material under test.

It has long been considered that pulse-echo systems are not well suited
for use on concrete-like media due to the highly inhomogeneous nature of their
internal structure. Moreover, because of the severe attenuation at high
ultrasonic frequencies (greater than 500kHz), ultrasonic inspection |is
generally conducted in pitch-catch mode at frequencies not extending beyond
60kHz, where )\, (depending upon the propagation velocity of the concrete), is
approximately 65 mm. Internal imaging in the conventional sense is not
possible at this frequency — because of the coarse resolving powar of the
wavelength - and this low frequency, pitch catch method is usually restricted
to establishing the strength of the concrete.

This project is concerned with deriving information on embedded stael
within concrete, and one technique which has recently been under evaluation is

pulse—echo. There are two attendant problems with this approach. One is
signal attenuation and the other is echo-noise arising from signal reflection
from the aggregate. If it could be shown that a sizeable echo is returned

from any internal steelwork (say, above -60 dB), then the remaining problem -
that of coherent signal noise - could be @liminated by the application of
suftable signal processing techniques.

Note: the term “Coherent Signal Noise" is conmsidered as a separate, and
unfortunately, more thorny problem then “Incoherent Signal Noise“. See
Appendix B.

This group of experiments was performed on a number of concrete mixes and
sample lengths in oprder to quantify the effects of signal scattering and
attenuation at different frequency levels. 1In the past attenuation has always
been applied In a loose sense but here some attempt has been made to identify
the effects of Rayleigh, phase and diffusion scattering.

D.1l.2 Method

Figure D1 depicts the configuration used in these experiments. Two wide-
band transducers with a nominal centre frequency of 500 kHz were coupled to
either face of a solid concrete cylinder using a medium grade grease. One
transducer was excited to resonance by a 600V spike and the other, acting as
the receiver, was connected directly to the input of the Solartron digital
storage oscilloscope. No amplification was used. After the data were
acquired they were transferred to computer and subsequently analysed using
ULTRAMATH 1.5.

The cylinders were 500mm in diameter and ranged in length from 100mm to
$00mm, in 100mm increments. Three mixes were investigated: Mix 1 contained
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na aggregate but was compagsed entirely of sand and cement. Mix 2 contained
aggragate with a mean diameter < 10mm, and Mix 3 contained aggregate with a
mean diameter £ 20mm.

D.1.3 Analyeis

Table Dl contains information relating to the first 512 us of the received
signal. In the time-domain this information includes the propagation velocity
(this is assumed to be of the compressional wave), the signal rms value gnd
the signal energy. The last was calculated using the identity tvt g X 60,
assuming a 1 & load, and is expressed in Volt -microseconds, a unxg which is
commonly applied in these circumstances.

In the frequency domain the signal strength at various frequency bands has
been calculated, using absolute voltage amplitude from the linear spectra.
Prequency bands (always 25kHz in width) have been used rather than single
barmonics since the latter give rise to gross statigtical error due to random
fluctuations in the estimated spectra. These fregquency bands were calculated
by integrating the amplitudes over the shown limits thus:

b
Ja = J': xlw)dw = ) x(w) (D.1)
n=a

where b = a + 25 kHz, and n in 1 kHz increments.

Table D2 contains the equations that have been calculated, together with their
associated correlation coefficients, r, when the relationship

Log (/A) = a, + a, (distance) (D.2)

is assumed to be linear. Strictly speaking this relationship should only be
used when there is neglible loss from divergence and when a single freguency,
rather than a frequency band 1is employed as the dependent variable.
Divergence losses were kept to a minimum in these experiments by the use of
small diameter cylinders, and the frequency bands were kept as narrow as
possible whilst still, hopefully, eliminating the effects of random
variability. Also included in Table D2 is the attenuation, expressed in dB
per 100mm, for each frequency band in each of the three concrete mixes.

In wmix 1, the total sgignal energy does not decrease steadily with
increasing length but reaches a maximum at 300 mm. This is probably not a
genuine effect arising from, for instance, signal channeling but is probably
due to variations in the concrete quality from sample to sample, the possible
presence of voids or coupling variation. Whilst mixes 2 and 3 do not always
show a steady drop in signal energy with distance, the pattern of mix 1 {s not
repeated.

Generally speaking the signal strength declines not only with length of
sample, but also with increase in frequency. Moreover, the weakest signals
are also shown to be associated with the samples containing the largest mean
aggregate size, mix 3. However, Tables D2a-D2c would suggest that the
situation is not as simple as might first be supposed. Table D2a clearly
indicates that the attenuation, expressed in 4B per 100 mm, increases in
severity with increasing frequency. However, for mix 1 (no aggregate), in the
25 kHz to 50 kHz, the drop in ultrasonic pressure is calculated to be 2 times
for every 100mm. Between 125 kHz to 150 kHz it is 3 times, between 225 kHz-
250 kHz it is 3.9 times, and between 325 kHz to 350 kHz it is 2.5 times.
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Note: Ideally, the last attenuation figure should be greater than the
three preceding it. Similarly, this should alsoc be the case for those columns
in Tables D2b and D2c¢ which balk the underlying trend. The reascn that they
do not is because their absoclute magnitudes, given in columan 8 of Tables Dla
to Dlc, are so small that they do not correspond to their true value but to
the noise characteristics of the measuring system. The oscilloscope can
resolve any signal to a maximum resolotion of 0.00390625 (1/256), or 48.2
dB. In some cases the signal amplitudes given in column 8 of Table la to lc
are less than 1/256. times the total signal rms value, which is given in column
three. The higher frequency harmonics will always be slightly greater than
their true value by a constant factor, which will contribute to a
corresponding larger percentage of the total as the real value daclines.
Signal digitisation essentlally involves quantisation into a series of step
functions, and the Fourier spectrum of a step functlon has harmonics extending
to infinity whilst decreasing logarithmically.

In Table D2b, the attenuation is generally more severe than for Table D2a,
although it does not increase as rapidly with frequency and in Table D2c¢, with
the exception of the last frequency band, the attenuation is more or less
constant across the spectrum.

D.1.4 Discussion

These attenuation experiments quantitatively demonstrate what has been
known infinitively, with regard to lts possible impact on any system design or
data interpretation software. It is Rayleigh Scattering, in which the mean
particle diameter is much smaller than the wavelength, which affects the
higher frequency components most severely. Hence mix 1, which contained only
sand and cement, with particles leas than 1 mm in diameter, gave rise to the
moat severe attenuation in relation to fregquency. The smallest wavelengths,
at 325 kHz - 350 kHz lay between 1l mm and 16 mm, and so it may be concluded
that Rayleigh Scattering was the only scattering mode of significance in these
experiments. In this mode, each particle scatters a fraction of the energy
incident upon it given by

1y
7/9 (ka) (D.3)
where a is the particle diameter, and k = 2wf/c

To derive the attenuation coefficlent per unit distance, the change in
intensity over an incremental distance is given by

“ 2
dp = -7/9 (ka) PNna dx (D.4)
where N is the number of particles over distance. Writing

4 2
2a 7/9 (ka) na N (D.S)

then

-2a dx (D.6)

dp
d

This is a differential eguation of the form d4Q/dt = kQ in which the general
solution is Q = Ae

Hence the pressure drop is given by:
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[5=]-2ax=p =pe (D.7)

Thugs the energy of the signal declines in proportion to the fourth power of
the freguency.

In mix 2, where the mean aggregate size was roughly equal to the
wavelengths of the higher frequency components, phase scattering occurred in
addition to Rayleigh Scattering. This 1is 1less severe than Rayleigh
Scattering, being praportional to £ . However, for the longer wavelengths,
this aggregate would also be a source of Rayleigh Scattering. Correspondingly
therefore, the attenuation gradient is slightly less steep for mix 2 than it
is for mix 1, i.e. 6.6 3B per 100 mm - 11.8 4B per 100 mm in comparison to
5.7 dB per 100 mm - 11.8 dB 100 mm for mix 1 (ignoring the last frequency
bands). The absolute attenuation figures are higher, because the second mix
is a source both of Rayleigh and phaze Scattering.

This pattern is continued in wix 3, in which diffusion scattering (when
£>)x) has begun to affect the high frequency components. The attenuation
figures shown are approximately egual for the first three frequency bands,
although, as has been mentioned earlier, the reliability of these data are

limited by the resolution of the measuring system. In all probability the

attenuation s8hould still increage with increasing €£requency but not as
markedly as it does in Table Dla.

These findings have important implications for any final interrogation
system, be it pulse~echo or pitch-catch. Furthermore, it is now necessary to
differentiate between signal attenuvation through absorption, and signal
attenuation through scatter. Rayleigh =scattering results in a general
weakening of the signal through thermal conversion, but phase and diffusion
scattering, whilst less severe, give rise to coherent noise at the recelving
gatage because even scattering interface produces an echo which is as equally
valid as the echo produced by the internal object which is the subject of
investigation.

These experiments would suggest that as far as signal strength is
concerned, the presence of aggregate is not the major contributory factor. It
therefore follows that if a method could be found to obviate the effects of
coherent signal noise, which does affect the shorter wavelengths much more
than the long ones, a high frequency inspection system might be feasibla.

In order that these experiments provided reliable attenuation loss
statistics, the effects of divergence loss were minimised by the appropriate
choice of sample dimensions. Unlike attenuation 1loss, divergence loss
operates independently of frequency and is related solely to the beam—-spread
function of the transducer/medium combination. It must be taken into account
when considering the signal-to-noise characteristics of a system, and the
total signal loss, v, in dBs, is given simply by

V, =V o+ Yy (D.8)

Where Ve is the attenuvation loss and vd is the divergence loss.

Assuming an attenuation loss of 124B per 100 mm (a factor of 6) and
assuming the beam spread to be spherical (this is justified given the effects
of signal scatter, frequency used and transducer diameter commonly employed in
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this work; it is also supported by experimental evidence discussed in Section
2, dealing with propagation made analysis), then the divergence lossgs from a 20
mm transducer at & concrete depth of 100 mm would be 28dB. Hence the pulse-
echo attenuation would be:

vt = 2(vs + vd) = 2(12 + 28) = 60 48 (D.9)

This fiqure corresponds within a few dBs to purely theoretical work that was
carried out in February 1989. It also agrees with calculations performed
independently within the Civil Engineering Department, UMIST. Thus these
calculations have been both devised theoretically and confirmed
experimentally.

80 dB is net an encouraging number, it represents a reduction in signal
strength of 10 with a concrete cover of 100 mm. Although this would be
improved to approximately 604dB at a depth of 70 mm, and, by the use of
axisting pre-amplifiers the echo could be restored to its original amplitude,
this would not eliminate from the signal the contribution of coherent noise,
which will always be many hundreds of times stronger than that proportion of
the signal corresponding to the partinent echo.

The conclusion that must be drawn from these data is that pulse-echo
systems are unlikely to operate successfully on this medium unless the effects
of signal back-scatter can be overcoma. Falling that, one alternative is to
examine the total change in the signal (rather than isclating a part of it)
received by a transit-time systen. The mathematical Jjustification for
accepting or rejecting this line of enquiry will be dealt with in the
following section.

D.2 PROPAGATION MODE ANALYSIS

D.2.1 Introduction

The purposes of this qroup of experiments, entitled propagation mode
analysis, were five-fola:

a) The identification of wave modes, other than compressional, such as shear
and Rayleigh (surface) waves, and their contributions to signals detected
by transit-time systems.

b) Beam divergence in relation to frequency.

c) The effects on signal strength, transit-time and frequency of surface
cracks in relation to transit-time systems.

d) The effects on signal strength, onset time and frequency of mwultiple
surface cracks and steel reinforcement close to the concrete surface in
relation to transit-time systems.

€) The identification of high-frequency components within the total signal,
and the estimation of their rates of decay in comparison to the low-
frequency components.

In the past it has been assumed that the most significant contribution to the

signals propagated and received (in all the experiments) was made by the
compressional wave. Certainly, the transducers are designed to generate only
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these waves but this ignores the fact that mode conversion occurs at material
boundaries and that Rayleigh or surface wave can be generated from
compressional forces acting on the surface of the sample- It some of the
signals detected in transit-time systems are indeed from Rayleigh type
emissions, thlis has important implications for systems which seek to inspect
conditions well below those at the surface.

D.2.2 Direct and Indirect Trangsmission Systems

D.2.2.1 Method

This experiment sought to identify the differences which exigsted between
signals which had been transmitted through a sample, and those which had been
transmitted along its surface. Figure D2 sghows the arrangements. A
plain concrete slab of dimensions 700 mm x 700 mm x 150 mm was mounted
on woocden trestles and two wide-band transducers with a nominal centre
frequency of 500 kHz were coupled to each face with a medium grade grease,
care having been taken to ensure that the transducers ware directly in line
with one another. A single shot was recorded, and the transducers wera
repocsitioned on one face of the slab, 150 mm apart over the centre of the
sample. A second reading was then taken.

D.2.2.2 Analysis

Table D3 contains a summary of the time domain and frequency domain
statistics calculated for these experiments. Figure D3a shows the
corresponding time records and frequency spectra. The first significant
observation is that whilst there does not appear to be a major difference
between the rms values of the two traces — the direct transmigsion data are
1.4 times the amplitude of the indirect set, the estimated acoustic velocity,
which is constant for a given wave mode, is markedly different, 4411.8 in
comparison to 2541.2. If the signals had been very different in strength the
differences in velocity could not be determined with any confidence since a
low amplitude signal would give an apparent lower velocity. The spectra also
indicate that, for the surface-mounted transducers, wmuch more of the energy is
concentrated towards the low frequency end of the spectrum.

Figure D3b provides a more detailed picture of the onset of the signals in
both cases. The difference in velocity is clearly evident, and much higher
frequency components are associated with the direct transmission system.
Table D4 gives the statistics and these suggest that components of different
frequency arrive at the receiver at different times.

This hypothesis is given further credibility by Figures D4a and D4b. 1In
Figure D4a, the original data have been selectively low-pass filltered in the
frequency domain and then inverse-transformed to produce time records which
contain only those frequency components lying below 100 kHz, Under these
circumstances, both signals commence at approximately the same time. In
Figure D4b, the original data have been selectively high-pass filtered,
leaving only those harmonics which extend beyond 100 kHz. Now the difference
in velocity is clearly evident.

The filtered signals shown in Figures D4a and D4b serve to highlight
another phenomenon which had hitherto remained hidden: the high frequency
components of the signal decay much more rapidly than their low frequency
counterparts. Furthermore, the high frequency components associated with the
direct-transmission experiment decay more rapidly than those associated with
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the indirect-transmission equivalent. A possible mechanism for this feature
of signal attenuation will be given below.

D.2.2.3 Discuseion

The difference in velocity of the wavers associated with the direct and
indirect transducer confiqurations appears to indicate that Rayleigh waves are
involved with signal propagation in the latter case. Rayleigh waves travel at
a speed close to that of shear waves, which is given by:

= /(&
cg = /5) (D.10)

Where G is the modulus of rigidity and p is the density.

Depending upon the medium, the wvwelocity of shear waves lieg between 0.4
and 0.7 that of compressional waves. The Rayleigh wave vector has two
components, one longitudinal and the other transverse, acting at right angles
to the surface.

There remain, however, certain difficulties with the Rayleigh wave
hypothesis. Since the transducers are intended to generate compressional
waves, the greatest proportion of the acoustic enerqgy delivered into the
concrete will propagate in this mode. Why then, are the rms values for the
two measured signals different by only a factor of 1.4? The answer, possibly,
lies in the fact that surface waves do not penetrate appreciably into the
interior of the so0lid, wmost of their energy is contained within a single
wavelength of the surface and there is an exponentlial decrease of intensity
with depth. Since they propagate only in two dimensions therefore, surface
waves retain the unique characteristic of suffering very low attenuation.
Hence, although the compressional wave signal started with much greater
energy, by the time it reached the base of the sample it had been attenuated
to the point that its ras value was similar to that of the surface travelling
wave,

This also would appear to explain why the high frequency components are
less rapidly filtered out in the direct-transmission case from in the indirect
transmission case.

The above paragraphs do not imply that no echoes from greater than one
wavelength into the concrete reach the surface mounted transducers. They do
suggest, however, that in comparison to the surface wave components their
contribution may be smaller than was previously thought.

As a final corollary to this aspect of the research, the direct-
transmission data allows us to cross-check the attenuation calculations of the
preceding section. The signal received in this case has experienced both
attenuation loss and divergence loss, and having travelled through 150mm of
concrete, the figures become

Vt = Vs + Vd = 1BdB + 17.5d4B = 35,5 4B {D.11})

(Divergence loss is calculated using a transducer diameter of 20 mm).

The rms output of these transducers has been measured at 0.921 V. Table
D3 shows that after 150 mm of concrete this has fallen to 0.015.

0.921
TR,

0.015 = 35.7dB (D.12)

Hence 20 Log
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The answers given by equations (D.ll) and (D.12) could not be much closer.

D.2.3 Beam Diverqence Estimation

D.2.3.1 Method

Two wide-band transducers with a nominal centre frequency of 500 kHz were
coupled to a plain concrete sample as shown in Figure DS. The sample was 1l m
in length and 0.15 =2 in section. The shortest distance between the
transducers, as indicated by the dotted line, was 600 mm. Two B8Bets of
readings were taken. In the first case, the transducer on the top of the
sample acted as the transmitter and the transducer on the side as the
receiver. Figure D6A shows the onset of the signal detected in this case,
together with {ts spectrum. Figure D7a shows that same signal extended to
1024 us, again with its spectrum. 1In the Becond case, the transducer on the
side acted as the transmitter and the one wounted on the top as the
receiver. The corresponding signal and frequency traces are shown in Figures
D6b and D7b.

D.2.3.2 Analysis

It has been demonstrated many times in the past that with the tranzducers
used, and the freguencies at which they resonate, it is not poasgsible to launch
a well defined acoustic beam pattern into the concrete. In homogeneous media
the beam divergence angle is governed by the relationship between the crystal
diameter and the wavelength, 1i.e.

-1
6 = g8in 1.2 (A/D) (D.13)

Where 0 is the half-angle of divergence.

Even at 250 kHz, with transducers having a diameter of 20 mm, 6 is 74°
(assuming c; to be 4000 m/s). However, In homogeneous media in which the beam
radiates omni-directionally, this does not imply that there is no axial
pressure variation., This variation is governed by the expression.

i
2J1(2D sxn a
pu- Po { 2D sin a ] (D.14)
X
Where a is the angle subtended to the acoustic axis,

Pa is the pressure at the axis, and
J; is a Bessel function of the first order.

Using ¢this expression, it can be shown that for a 150 kHz signal
propagating in a homogeneous medium, the pressure when a =76.5° is 0.7 that of
the pressure when a = 13,5°,

Whilst Table D5 indicactes that the first 100y s of the signal (shown in
Pigure D6a) propagated to an oblique angle is weaker than when propagated
close to the acoustic axis, this is not borne out in Table D&, which contains
statistics relating to the first 1024us. In the latter case, the obligue
pressure is actually stronger.
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D2.3.3 Discussion

One of the interesting features of this experiment is the way in which a
close similarity can be observed between the two sets of signals, especially
during signal onset. A quantitative assessment of this similarity can be
performed by plotting the first trace, Piqure D6a, as a function of the
second, in Figure D&b. The resulting x-y plot is depicted in Figure D8. This
is termed coherence analysis and, in this case, returns a correlation
coefficient of 0.8770.

Note: Coherence analysis is only valid when no phase displacement exists
between the two signals. If this is not the case, the croas-correlation
function should be applied in its place.

It is not difficult to understand why the signals should appear s0O
similar; the velocities given Table Dé suggest that the signals have travelled
by the shortest route possible, and hence both would have travelled through
the same aggregate profile, albeit from opposite directions. What is more
significant is the apparent absence of any pressure difference between the two
sets of fiqures; this is almost certainly due to the scattering effect of the
aggregate, and implies that little benefit can be derived from the use of
either large diameter or focused probes. For this reason, this experiment
also gives limited support to the hypothesis that with single surface transit-
time systems, some of the wave energy is derived from a surface travelling
wave.

D.2.4 Single Surface Groove Effects

D.2.4.1 Hethod

A plain concrete sample, of dimensions 1 m x 0.15 m?, was cut across the
width of one face to a depth of 15mm and a width of 5 mm. Transducers were
mounted as shown in PFigure D9, positioned 200 mm apart the first test and
500me apart in the second, with the cut lying at the midpoint between the
transducers. The readings that were taken were compared to those which had
been taken in the absence of any surface discontinuity.

D.2.4.2 Analysis

Figure Dl0a shows the trace and spectrum obtained from an intact sample
and a transducer spacing of 200 mm, and Figure D)0Ob shows the data captured
when the surface has been cut, as described above. The spectra indicates that
most of the signal energy is concentrated in the band below 100 kBz. 1Indeed,
Table D7 shows that, for the unscored sample, the mean frequency lies at 66.3
kHz with a peak at 23 xHz, and for the scored sample the mean freguency 1is
62.9 kHz with a peak at 12 kHz. The approximate wavelengths (within 5%, since
it is difficult to know for certain the true velocity) are S51.1 mm and 53.5 mm
respectively.

Since the groove only extends to a depth of 0.3, it is not to be expected
that there will be a radical change in the signal energies detected between
the first and second readings. There should, however, be some noticeable
changes to the wave packet as the aggregate profile through which the second
signal must travel changes. As a corollary to this, the apparent velocity in
the second case should be lower - thls is borne out by Table D7. Furthermore,
it is lower by 14.5%, which implies that the wave travelled around the face of
the discontinuity, which is the action of a Rayleigh-type wave.
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Figure D1l depicts in more detail the differences that exist between the
two signals when considering the first 200 us. It ls reasonable to suppose
that these differences would become steadily more apparent as the depth of the
cut was increased.

Figure Dl12a shows the data obtained with transducers spaced at 500 am on
an intact sample, and Figure Dl12b provides the data obtained when the same
sample was cut as described. In this instance, major discrepancies between
the traces and spectra are virtually non-existent. The coherence analysis,
shown in Figqure D13, indicates a close similarity between the traces, the
correlation coefficient of which is 0.6782.

D.2.4.3 Discussion

The data referring to the last experiment revealed a puzzling aspect of
this kind of propagation; although the velocitles, as evidenced by Table D8,
would suggest that the dominant mode of propagation is via the surface wave
{the measured velocities are even lower than thase given in Table D7, where
the transducers were spaced at 200 mm), there appears to be little disruption
to the signal when the sample includes the surface cut. The time domain and
frequency domain statistics all lie within a few percent of each other.

It Is however possible, that at this distance the effect of the cut on the
waves given the bulk of the sample, is considerably reduced. At a depth af 20
mm the surface wave would still retain some 50% of its energy, which might
explain why there is no noticeable difference in the wvelocitles.
Onfortunately, this line of reasoning would contradict the avidence of the
velocity fiqures for the first experiment. More work is required on this
aspect of propagation for a fuller knowledge of the mechanisms involved.

D.2.4.4 Multiple Surface Crack Investigation

This experiment involved the examination of a reinforced sample using
transducers placed in six different locations. Figure Dl4 shows the sample
that was used, with the transducer positions (in transit-time configuration)
indicated by a, b, c, d, e and £. Once again wide-band 500 kHz transducer
were employed. The sample was reinforced by two steel bars of 17 mm diameter
lying 20 mm below the top surface (measured from their outer surface), and two
S mm diameter steel rods running parallel, close to the lower surface of the
concrete. In addition, stirrups were present at intervals of 50 mm.

D.2.4.5 Analysis

Figure D15a contains the signal and frequency spectrum obtained with the
transducer positioned at location (A). This region of the sample, on lts wide
face, was free of any discernable faults. By comparison, Figure D15b shows
the signal and spectrum obtained from position (B), an area rich in cracks
extending well below one surface of the material. Table DS praovides the time
domain and frequency domain statistics.

In accordance with the surface wave hypothesis, the apparent velocity
across the cracked region is 79% that of the velocity across the intact
region. Neither velocities are of the order usually associated with
compressional waves in concrete (between 3900 m/s and 4500 m/s5). The signal
rms is lower in the cracked case by 1448, and the wave packet has lost some of
the high frequency componentg associated with the signal of Figure Dl5a. In
the second set of readings, for positions ¢ and 4 (referenced to Figure Dlé6a,
Dl6b and Table D10 respectively), a similar pattern emerges, but with the
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addition of scme unexpected results. Position d includes a fault in which
soma of the concrete cover has been lost, exposing the underlying steel bar
reinforcement. The velocity is lower than at position c, but only by 7%. The
signal trace is wmarkedly dissimilar however, having lost nearly all of the
high frequency components associated with the c-trace. Furthermore the
envelope of the wave packet is completely altered, indicating that that signal
has taken a different route to reach the receiver. What is coempletely
unexpected however, is that the enerqy associated with the d-trace s 6.3
times greater than the energy of the c-trace (rms higher by 2.5 times).

Further apparent anomalies arise when considering traces (e) and (f),
represented by Pigures Dl7a and Dl17b and Table Dll. Both traces are rich in
high frequency harmonics-extending beyond 200kHz in the case of (e) a crack-
free zone (unlike (f) in which cracks appear at a depth showing at 30mm below
the surface) — but the velocity of the signal in trace (f) is estimated at
4067-4068 m/s, far higher than any velocity measured previously on this sample
and almost too high for the wave to be considered as travelling ln a Rayleigh
mode.

D.2.4.6 Dimcussion

Assuming that with indirect transit-time some of the energy appearing at
the receiver is in the form of a surface wave, it ir almost certain that the
extent and depth of the cracks related to position (C) would have partially
disrupted this mode of propagation. Moreover, the compressional wave signal
which did reach the receiver arrived through multiple internal reflection and
as a consequence suffered severe attenuation as the statistics of Table D9
appear to indicate. This reasoning however, whilst consistent with earlijer
results, cannot explain why the energy associated with trace (D) is8 greater
than that associated with (C). Since the surface had been damaged to the
point of reinforcement exposure at (D), the signal at first gsight appears to
have travelled through the steel to reach the receiver. Normally (and this
has been verified on earlier experiments) such a path facilitates the
retention of high frequency components, but this has clearly not happened as
the spectrum of Figure Dlé6b testifies. Purthermore the velocity is far too
low for this to be considered a likely possibility. Since both the velocity
and frequency content are inconsistent with the notion that the majority of
the signal passed through the steel (at least a small fraction of it must
have), it follows that the wave front travelled by reflecting off the side
walls, It is also possible that the internal cracks reduced the dissipation
of the energy to the surrounding concrete, thereby increasing its rma value
above that of the (d) trace.

With regard to the traces shown in Pigures Dl7a and D17b, the similarity
between the shapes of the envelopes indicates a surface wave contribution.
There are differences in the spectra, since the spectra associated with
pasition (E) appears to contain higher amplitude high frequency components.
However, it is not clean whether there are genuine differences merely random
statistical variations. On the basis of previous evidence, it does not seem
likely that cracks well below the surface could affect the gross spectrum in
such a manner, particularly since the trace taken at position (c), again an
area of relatively intact concrete, does not bear any striking resemblance to
the spectra of positions (e) or {£) (Figures Dlé6éa, Dl7a and D17b
respectively).

The Propagation Mode Analysis sections dealing with;
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. direct and indirect transmission systems,

. beam divergence, .
single surface groove effects and
multiple surface cracks

has not answered all of the questlons associated with indirect transit-time
propagation, but mast of the evidence points to the fact that the surface wave
is a factor in any estimation of signal energy contributlons. Whilst it i=m
certainly not true that sub-surface components do not play a role in this
scheme of events, only careful signal processing will extract those components
that are affected by the internal conditions.

D.3 Prequency Sweep Analysis

Prior to the introduction of moderately high frequency probes combined
with Pourier domain filtering, various techniques were used in an attempt to
improve the high frequency content of the signals generated by the
transducers.

One of these techniques involved exciting the transducers not with a
simple voltage spike - a method analogous to striking a bell with a hammer and
allowing it to resonate at its own natural frequency - but with a single,
controlled sine wave of predetermined frequency. The circult used to generate
this wave shape is described in detail in Appendix G. Because of the low
impedance of the output stage (connecting to the transducer), 1t was hoped
that the crystal would be forced to undergo a controlled paeriod of expansion
and compression in phase with the energising sine wave.

However, spectral analysis revealed that it was virtually i{mpossible to
alter the frequency characteristics from those given by their impulse response
(l.e. after shock excitation). Although the transducers normally produced a
broad band signal, the centre frequencies were very much stronger than the
side bands. This was because the degree of damping for most of the devices
was fairly light - high damping reduces the sensitivity considerably, a severe
limitation when interrogating heterogeneous media.

From this it was concluded that high frequency enhancement could only be
realised through the use of suitable probes and signal processing methods,
although it was not until some time later that this assumption proved to be
correct.
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LENGTH  VELOCITY

s8¥

200

400

100

g8

NOTES :

1.

2.

Figures in brackets denote A

a/s

3B4é.!
3635.3
3571.4
3478.8
3496.5

4347.8
4545.5
4225.4
3669.7
3311.3

4166.7
4651.2
3947.4
3333.3
3472.2

RS
v

0.1399
0.2183
0.257M
o.1911
0.0623

0.2515
0.2198
0.1402
0.1518
0.0159

0.1544
0.2454
0.0408
0.0608
0.0246

ATTENUATION ANALYSIS

TABLE DI

MIX 1, NO AGGREGATE

ENERGY INTEGRATED - FREQUENCY
Vs kiz kHz

25-50 125%-150
(144-72) (29-24)
10,0242 0.2443 0.1680
24.4103 0.20M 0.1626
34,0134 0.1181 0.046)
18.7046& 0.1342 0.0147
1.987% 0.0114 0.0022
b. MIX 2, AGGREGATE < 10MM
(160-80) (32-27)
32.3827 0.1936 0.1142
24,7256 0.10875 0.087
10.0601 0.2051 0.,0465
11,7938 0.1764 0.0047
0.1294 0.0044 0.0011
c., MIX 3, AGGREGATE < 20hd
(156-78) (31.26)
12,2055 0.2180 0.0437
30.8373 0.1279 0.0173
0.8533 0.0384 0.0022
0.8913 0.0129 0.0030
0.3090 0.0040 0.0004

at those freguencles.

All calculations based on 1st 512 us after onset of signal.
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- AMPLITUDE
kHz
225-250
(16-14)

0.1704
0.3547
0.0349
0.0106
0.0014

(18-16)

0.1332
0.0866
0.0079
0.0036
0.0007

(17.16)

0.0303
0.0041
0.0008
0.0018
0.0003

&kHr
325-350
(11-10)

D.0433
0.0290
0.0047
0.0032
0.0012

(12-11)

0.0191
0.0073
0.0015
0.0035
0.0006

(12,11)

0.0039
0.0027
0.0008
0.0016
0.00003



FREQUENCY
{kiz)

25-50
125-150
225-250
325-350

FREQUENCY
(kHz)

25-50
125-150
225-250
325-350

FPREQUENCY
kHz

25-30
125-150
225-250
325-350

Veloclty
Rms
Enargy
fmean
t s.d.
Jt

fmax

TABLE D2

MIX 1, NO AGGREGATE

-0,1535
-0.0318

0.3088
-0.9109

o)

-0.2847
~0.4826
-0.5909
-0.403%6

b. _MIX 1, AGGREGATE S10MM

-0.0572
-0.1289
=0.1524
-1.444)

c. Mx1

)

-0.3305
-0.3327
-0.5907
-0.33N

AGGREGATE <20MM

————

-0.1158
—0.9063
~1.3514
-2,1418

TABLE D3

Transducer -
Direct

4411.8
0.0a153
0.2395

105.7

104.0
0.1529

14.0
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LY

—0.4467
~0.4747
-0.4322
~0,2465

Coupling
Indiract

294(.2
0.0109
0.1223

81,8

90.8
0.1362

14.0

0.4367
0.5602
0.9158
0.9711

0.714t
0.9526
0.9818
0.5209

0.9935
0.9389
0.9072
0.8752

Attenuntion
d8/100mm

Attenuation
d8/100ma

6.6
10.7
1.8

6.7

Attenuation
dd/100mm



Velocity
Rms
Enargy
fmean
t s.d.
It

fmax

Rms
Energy
fmean
f 5.d,
It

fanx

Coherence Analysis:

Veloc! Ty
Rms
Energy
tmean
f s.d,
St

fmax

Velocity
Rms
Energy
fmean
f 5.0,
J¢

fmax

Coherence Analysis:

TABLE D4

Transducer -
Direct

4411.8
0.0762
0.0882

109.6

102,.6
0.1382

13.0

TABLE D5

Transducer -
Tx on Top

0.003

0.001
50.1
68.7

2.3438
10.0

r = 0,8770
TABLE D6

Transducer -
Tx on Top

3896.1
0.0208
0.4416

52.0

89.5
0.1793
6.0

TABLE D7

200mm -
Unscored

31389.8
0.0113
0.1310

66.3

84.5
0.1258

21.0

r = 0.6555 (50 us - 250 us)
r = 0,2052 (251 us - 450us)

Couplling
Indlrect

2941,2
0.0148
0.0437

89.2

94.0
0.0950

44.0

Coupl ing

Tx on Side

0.006
0.003
79.5
108.5
4.8536
10.0

Coupl ing

Tx on Side

3973.5
0.0142
0.2073

50.8

8.1
0.1319

24.0

Spacing
Scored

208598.6
0.0143
0.2112

62.9

92.2
0.1461

12,0
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Valocity
Rms
Energy
tmean
t s.d.
It

fmax

287%.6
0.0129
0.3385

32.4

34.8
a.1270

15.5

Coherence Analysis: r = 0,6781

Velocity
Rms
Energy
tmaan
t s.d.
It

tmax

Velocity
Ras
Energy
fmaan
t 5,4,
T

tmax

Velocity
Ras
Energy
fmaan
t s.d,
Ji

fmax

TABLE 09

Wide -
Uncracked

3038.0
0.01984
0.4029

65.6

4.4
0.2226

12.0

TABLE D10

Narrow Face,
Uncracked

1983.5
0.0196
0.3928

68.1

e
0.1768

9.0

TABLE D11

Narrow face,
Uncracked

1983.5
0,007t
0.0534

95.6

96.1
0.1042
6.0

Spacing
Scored

2976.2
0.0120
0.29N

33.5

37.2
0.1345

15.5

Face
Cracked

2400.0
0.004
0.0162

67.3

97.1
0.0428

12.0

Damsged
Cracked

1846.2
0.049!
2,4681

65.4

107.9
0.30%0

13.0

Intact
Depth-Cracked

4067.8
0,0062
0.0393

7.2

93.4
0.0718
5.0
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APPENDIX E: METHODS OF ANALYSIS:
EARLY EXPERIMENTATION AND WATER SIMULATION TRIALS

E.l. Concrete Sample And Beam Tests

Prior to the introduction of frequency domain filtering and the energy
calculations based on discrete frequency band, most of the analysis of
ultrasonic signals was based, in the time domain, on s=ignal velocity, ras
voltage, enerqy., and dB attenuation. These calculations were usually carried
out on data records 1024 bytes in length, using a sampling frequency of 1MHz
and triggerad to coincide with the excitation pulse sent to the transmitting
probe. These basic calculations were made more reliable, under certain
conditiong (as in the presence of noise or low amplitude signals) by the
application of signal averaging, smoothing, amplitude wmcdulation and signal
addition.

Given a discrete time signal x(t), its velocity s calculated using the
identity:

¢ = sample length/transit time (E.1)

with length in metres, time in seconds and ¢ in wm/s,.
The rms voltage of such a signal is given by:

n
¥ x(t) .6t

t=1
Voos = /( - ) (E.2)

and the energy by:

E=V .T (E.3)

with E in volt-squared seconds, and T being the duration of the sample in
seconds.

There are a number of methods that can be used to estimate signal-to-noise
or attenuation statistics, but the method used predominantly in thim research
has been based on the decadic logarithm of the signal rms:nolse rms ratio or
signal rms:reference rms ratio, multiplied by 20, i.e. S/N is given by:

S/R (rms) = 20Log [Nms (E.4)
rms
and attenuation given by:
srms
a = 20Log [p ] (E.5)
rms

where P is the acoustic pressure generated by the transmitter, measured at a
distance of 3 mm in water,

- 1341 -



Addition of two discrete time signals is performed using the formula:
xs(t) = x,(t) + x, (), t =1 to 1024 (E.6)
and amplitude modulation by:
xy(t) = x,(t)[x,(t)]), ¢t =1 to 1024 (E.7)
Signal smoothing was normally performed using a running mean algorithm. Given
a running mean of i points, the implementation iz simply:
t+i
x, () = J x,(n), t =1 tol024-4 (E.8)
n=t
If the running mean is weighted, equation (E.B) becomes:
t+i
x, () = § x (njg(n), t=1 to.1024-§ (B.9)
n=t
where g(t) is the weighting function.

The signals were also analysed in the frequency domain after Fourier
transformation had been applied to the data. The signal x(t) may be expressed
ags the sum of an infinite set of harmonic components, thus:

x(t) = 5%— I X(w)ed“tay (E.10)

Because of the phenomenon of symmetry between time and frequency domains, the
spectrum, X(w), is given by:
x(wy = [T x(rye” " ae (E.11)

The spectrum for all discrete time signals was calculated using a standard
fast-Fourier transformation algorithm that derived 512 harmonics from a signal
1024 points in length, with a spectral resclution equal to the inverse of the
sample length, i.e. if the sample lasted 1 m8, the spectral resolution beacame
1 kHz.

Most of the calculations made in the frequency domain involved finding the
ratio of the integrated harmonic amplitude for a particular bandwidth using
some reference band or the total spectrum. The general formula for such an
operation is given by:

I: X(w)dw
rf = —E——~———— (E.12)
Id X(w)dw

in which a and b define the band limits of the signal which is being measured
and ¢ and 4 define the band limits of the reference signal.



E.2. Water Simulation Trials

Most of tha analysis of the data gathered from the water based experiaents
was based upon the detection of phase changes to indicate corresponding
changes {n the signal path length, which in turn suggested changes to the
condition of the reflecting interface. Strictly speaking, this is not really
an example of phase shifting, since such a phenomenon involves a change in the
frequency characteristics of the signal. The phase discrepancy arises from the
change in onset time of the echo. Because the shape of the waveform is
unaffected, the disparity is ideally suited to cross—correlation analysis, a
technique that is highly sensitive to two similar sgignals exhibiting
displacement in the time domain.

The expression for the discrete time domaln cross-correlation is given
by:

T=+m
y(t) = §  x(t)z(e=T) (E.13)
Te-o
where x(t) is the first input record,

z{t) is the second input record, and
y(t) is the output record.

In order to establish the onset discrepancy (given here in microseconds),
the point of maximum correlation is subtracted from the time corresponding to
that point in the function representing the correlation of the two signals
when they are aligned, point for point, in the time record.

To highlight differences in the freguency domain, the polynomial functions
and their respective correlation coefficients were calculated. These functions
describe the degree of association between any two sets of readings, and are
sensitive to both phase and amplitude. Unlike the cross-correlation function
however, they are not sensitive to local changes but represent a method of
testing general signal coherence. The general form of the polynomial equation
is:

= a4+ + X o+ ... E.l

y ot a)x a, * anx ( )

and the correlation coefficient is calculated using the expression:

C = } (x=%) (y-9)
/1) (x-%) 2} (y-¥) 2]

(E.15)

E.2.1 Notes to Tables

At the end of this appendix are included a number of tables containing the
results of analyses performed on the data taken from the water based
experiments, described in Section 2.5.8 of the main body of this report. In
these tables, the symbols A and B refer to the signals detected by the
left-hand receiver and right-hand receiver respectively, in clear water. Al
and Bl refer to signals reflected to the same probes from a good quality steel
bar present in the tank, and A2 and B2 refer to the signals reflected from a
bar that was defective in some way (sSee tables for details).
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TABRLE Rl

TRANSDOCER CHARACTERISTICS, WATER ALONE

CHANNEL RMS, ENERGY, fo FREQ. INTEGRAL, ESTIMATED
v V2 ug kBz V kHzZVELOCITY m/s

A 0.0755 5.8353 122 0.7361 1476.1

B 0.0675 4.6678 117 D.6914 1467.8

Notege on Table 1l:

1. Above figures calculated over a sample period of 1024 us.
2. The propagation velocity for sound in water is usually given as 1482.3
m/s.
TAHLE E2

ENERGY AND SPECTRAL CHANGE CHARACTERISTICS, CHANNEL B ONLY

EXYPERIMENT RMS, ENERGY, FREQUENCY AMPLITUDE AMPLITUDE HP:LPF RATIO,
(V) (V2 us) INTEGRAL, AT 41 kHz, AT 12) kBHz, (dB)
(V kHz) (v) (v)
Good Steel 0.0359 0.4489 0.3245 0.0017 0.0102 15.6
Midway Cut 0.0256 0.2381 0.2379 0.0021 0.0076 11.1
Cut Near Tx 0.0470 0.8051 0.3840 0.0026 0.0136 14.4
Rotated Cut 0.0388 0.5514 0.3246 0.0027 0.0113 12.4
Force
Corroded Bar 0.0139 0.0706 0.1481 0.0008 0.0041 14.2
Naturally
Corroded Bar 0.0323 0.3805 0.2276 - 0.0005 0.01l0 26.0
TABLE E3
GOOD STEEL V STEEL CUT MIDWAY BETWEEN TX AND CHANNEL B

CHANNELS PHASE CHANGE, FREQUENCY PFREQUENCY

TIME DOMAIN, CORR. COEFFICIENTSPRCTRAL SHIFT,

173 kHz
Al Bl In phase 0.9311 -1
A2 B2 - 0.6 (0.9 mm) 0.8844 In phase
Al A2 - 0.1 (0.1 mm) 0.8325% In phase
Bl B2 - 0.7 (1.0 mm) 0.5001} In phase
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TAHRLE E4

GOOD STEEL V STEEL COT AND ROTATED THROUGH 90, MIDWAY BETWREN TX
AND CHANNEL B

CHANNELS PHASE CHANGE, PREQUENCY FREQUENCY
TIME DOMAIN, CORR. COERPFPICIENTSPECTRAL SHIPT,
us kH2Z
Al Bl In phase 0.9311 -1
A2 B2 -1.2 (1.8 mm) 0.8650 -1
Al A2 +0.5 (0.7 ma) 0.9421 In phase
Bl B2 -0.6 (0.9 mm) 0.9830 In phase
TABLE E5

GOOD STEEL V FORCE CORRODED BAR, POSITIONED MIDWAY HRETWEER TX
AND CHANNEL B

CHANNELS PHASE CHANGR, FREQUENCY FREQUENCY
TIME DOMATN, CORR. CORPFICIENTSPECTRAL SHIFT,
us kH=z

Al Bl In phase 0.9311 -1

A2 B2 +0.9 (l.)mm) 0.8471 -1

Al A2 -0.2 (0.3mm) 0.9522 In phase

BH1 B2 +0.7 (1.0mm) 0.8916 In phase

Notes to Tables E3 to E5.

1.

Time Domain cross—-correlation function derived from lst 26.4 us of a
signal sampled at 10 MHz.

Frequency Domain cross-correlation function derived from 1st 200
harmonics of a Fourier ctransformed signal, the latter having been
sampled at 1 MHz and windowed to the first 364 us.

Phase changes are indicated by referencing the first Channel shown

against the second. Hence in Table E5, row 3, Channel A,;, lsgs ; by
0.2 yus,
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APPENDIX F: CANDI SYSTEM: DESCRIPTION AND OPERATING PROCEDURES

F.l System Description

i The CANDI hardware system comprises five major components:
ii The transducers

iti The pulser/synchronisation unit

iv The amplifier

v The waveform analyser

vi The host cowmputer.

The heart of the =system is the Analogic waveform analyser, which in turn
comprises a model 630 analogue-to-~digital converter and a ®model 6100
processing unit.

The A to D converter is a twin channel device, featuring independent time
bases, a sampling rate ranging from 1.7 mHz to 35 MHz, a maximum record buffer
length of 8192 points and built-in antli-aliasing filter at S5MHz,. Standard
sampling resolution is 9 bits (512 levels) with 12 bits in signal compression
mode (4096 levels). The device can be triggered in a wide variety of ways,
either internally or by an external source, or clocked for each sample
point. Post and pre-triggering is available as standard.

The 6100 processing unit is built around the 16-bit 68000 microprocessor,
and has three distinct processing modes:

i By single key stroke;

ii By execution of a user-written program, stored in the unit's own
memory;

iid4 By the control of a host computer.

The unit has a very comprehensive repertoire of operations, with more than
50 waveform analysis, manipulation, signal processing and display functions.
These include forward and inverse FFTs (typically 400 ms for a record length
of 512 points), chirp-2 transforms, convolution, correlation and all the
standard scalar calculations.

F.2 System Operating Procedure

The roller type transmitting transducer is connected to the 600V output of
the pulser/synchronisation unit, and the synchronisation output of this device
is connected to the trigger input of the 630 A to D converter. The roller
type recelver is then connected to one channel of the amplifier, and the gain
set to 404B. Its output is connected to one input of tha A to D converter.
The analyser itself is connected to the host computer by means of a standard
IEEE cable. The analyser, amplifer and computer are then switched on.

The supervisor software, CANDI 1.6 (see Appendix G), held in the computer,
is activated by simply typing CANDI and pressing the return key. The program
wil) automatically configure the analyser to the setup normally required for a
standard scanning operation. This setup is as follows:

i IEEE address $4, EOI enabled, CR-LF as end-of-message delimiters.

ii Plotter RS232 interface at 4800 bauvd, no parity, 1 stop bit, full
duplex.

1ii External trigger, - 640 mV positive going threshold, DC couple.

Initialised to DISARM status.
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iv Channel 1: 1MHz acquisition speed, 512 point record length, DC
couple, +5V sensitivity, no time base offset, single record display.
v FFT outputs of magnitude and phase, hanning window.

Once the system has been configured, the concrete surface to be scanned is
sprayed with water and the transducer bogle is positioned at the first scan
point. The pulser is then turned on, and a reading is taken every 10 mm, The
time records are then stored in the analyser's memory by pressing the COPY
button after each successive reading. After the specimen has been scanned,
the data are transferred to the computer‘'s hard disc by using the program's
file-handling sub-menu.

Once the data have been stored, they may be analysed in a variety of ways
by simply accessing the data analysis sub-menu of the program. This sub-menu
may Instruct the analyser to calculate simple scalar measgurements on each
record and present them as a single trend trace; alternatively it can instruct
the analyser to perform "brick~wall* filtering on the data and then make the
above scalar measurements on the filtered data. Once the trends have been
calculated, CANDI instructs the analyser to plot the traces on a Hawlett
Packard (or HPGL compatible) plotter.
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APPENDIX G: SOFTWARE AND EQUIPMENT PRODUCED

G.1 ULTRAMATH 1.6

This software package was written prior to the purchase of the Analogic
waveform analyser and was used in conjunction with the Solartron digital
storage oscilloscope to record and process ultrasonic signals in experimentes
performed before March 1989. It is a menu based system, written in
Turbo-Pascal revision 4.0.

The command level menu comprises four categories - data acquisition, time
domain analysis, frequency domain analysis and data display.

The data acquisition option allows the user to read the contents of the
two channels of the solartron 5602 oscilloscope, with the time base and the
sensitivity being automatically detected. The data are atored as real text
values, and although there is an overhead in terms of storage requirements,
this is largely academic given the hard disc capacities of most wmodern
machines. Moreover, it allowse the user to readily examine or edit the data
using the Pascal editor, or enter the data through the keyboard if a sultable
data acquisition unit is not avallable.

When the program is running, the data are held in the four storage arrays,
that is, data arrays one to three and the work array. Each array comprises in
turn four data buffers, 1024 bytes in length, each having the capacity to hold
the data from one channel of the oscilloscope. Hence the program can hold a
maximum of 16 time records at any one time in various stages of processing.

The - time domain analysis menu has eight major options, 1involving
operations on a speclfic time record or combinations of records.

The file-handling option allows the user to load or save data to or from
the disc, from or to the program's data arrays.

Array translation provides options for the transfer of data within the
program's data arrays.

The reset data facility enables the original data to be restored after a
processing seguence without the necessity of re-reading the fileg from Adisc.
This has obvious implications in terms of speed and efficiency.

If analysis is to be made of anly part of the data, rather than the full
1024 bytes, the set window option provides the means of examining a specific
segment of the time record.

The arithmetic operations menu contains a list of processes which may be
carried out on a single buffer (time record). These include adding a constant,
subtracting the DC component, adjusting the gain, squaring, differentiating,
phase shifting or half-wave rectifying the signal.

By contrast, the signal combination menu contains operations which combine
different signals in some way. These include waveform addition, subtraction,
multiplication and division by other waveforms, cross or auto-correlation, and
polynomial regression analysis between any two waveforms. This last option can
handle polynomials up to the fourth order, and also provides the associated
statistics such as standard errors and confidence limits.

The main time domain menu option 7, the rms feature, calculates the rms,
mean and energy values of all waveforms in the work array. The energy is
displayed in volt-squared micro-seconds, aasuming a 1 ohm load.
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The final option in the time domain menu, the filtering menu, enables the
user to filter the data using either a running mean filter of up to 20 pointa
or a sine-weighted running mean filter.

Like the time domain analysis menu, the frequency domain analysis menu has
buffers assigned to the data. The program can hold up to four spectra
simultaneously, as real, imaginary, magnitude and phase components. Although,
strictly speaking it is really only necessary to hold the real and imaginary
components for complete spectral description, the computer has more than
enough memory to accommodate the other two components, and since this obviates
the requirement €£or recalculation, the speed of processing is considerably
enhanced.

The main menu includes a file handling facllity similar to that of the
time domain menu, for storage and retrieval of spectra.

The second option is the windows menu, allowing rectangular, triangle or
hanning windows to be applied to the data prior to PFourier transformation.

As in the time domain menu, there ls also a windowing facility to allow
the processing of a specific bandwidth of data, and a data reset option.

Options five and six carry out fast Fourier transformation of the time
domain data and inverse transformation of a spectrum to the time domain
respaectively. On a 2B6 AT machine operating at a clock frequency of 8 MHz,
transformation of a 1024 point record (to obtain 512 harmonics) requires
approximately 12 seconds.

The filter design cption allows the user to filter a signal in the
frequency domain by performing “brick-wall® filtering of up to 10 frequency
bands and then re-transforming to the time domain. This of course is one of
the key operations performed by the present CANDI systegm.

The arithmetic operation menu provides the user with the ability to
multiply a spectrum by a constant, to take the spectral logarithm, to
calculate it in terms of a self-referenced dB scale (maximum set at 0 dB), to
square it or to calculate basic statistics on a spectrum such as the centre
frequency and its standard deviation.

The last option in the fregquency domain menu, the combinations menu,
enables the addition, subtraction, convolution, deconvolution,
cross—correlation and polynomial regression analysis of any two spectra.

The final option presented at the command level menu is termed the display
processor, and in turn consists of a four option menu. This is a versatile
sub-system of ULTRAMATH 1.6 which can generate a wide variety of graphical
displays either on the screen or on paper using a printer. Option 1 confiqures
the screen to a given display template, selected by the user; the user
specifies which array buffers are to be assigned to which display mode. Once
this has been done to the user's satisfaction, the template may be stored and
recalled at a later date without the need for re-configuration. One of three
screen modes may be selected for display at any one time, and these comprise
the remaining menu options of the display processor. These modes are:

a Mode 1: full screen, single plot. In this mode the program can display a
time record (a signal trace), a frequency spectrum (phase or amplitude), a
Scatter plot and its associated polynomial curve, or a cross-correlation
plot. The last two may be the results from either a time or frequency
domain operation.
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b Mode 2: full screen, nultiple plot. In this mode the program can display
up to four overlayed signal traces.

c Mode 3: split screen, multiple plot. The screen is split into four
quadrants, any one of which can display either a signal trace or a
frequency spectrum (phase or amplitude).

In modes a and b, the screen is interactive. By using the function keys, the
user can position bracketing cursors to window a specific trace or spectrum
segment. This obviates the need to return to the windowing facilities provided
in the time and frequency domain menus once a region of interest has bean
identified. The windowed region can then be redrawn, automatically enlarged to
encompass the full area of the screen. All calculations are now referenced to
the windowed segment only. If the plot is of a spectrum (amplitude component
only), a third cursor travelling Iin the y plane can be manipulated to
threshold the noise level of the plot. When the plot is redrawn, all values
below the cursor are excluded since auto-scaling is performed.

G.2. CANDI 1.6

Like ULTRAMATE 1,6, CANDI 1.6 is a menu based program written in
Turbo-Pascal revision 4.0. Its purpose is to provide the user of the system
with a simple, powerful and rapid means of control of the analyser. For
instance, many of the operations performed on the data, such as digital
filtering of up to 100 records with subsequent energy calculations, would
require a great number of key—-presges (not to mention time) if they were
executed using the analyser's front panel controls. By merely providing CANDI
1.6 with the basic information, {.e. which records are to be processed and in
what manner, the program instructs the analyser to automatically sequence
through the data, processing and storing the results aof the analysis.

The command level menu has seven options. The first is a general control
option, whereby specific commands may be sent to the analyser, e.g. 'DARM',
which instructs the A to D converter to disable all trigger inputs.

The file utilities option is a sub-menu, enabling the user to transfer
data from the analyser to the computer and vice-versgsa, transfer programs into
the analyser's memory for execution, or to merge several data files into a
single, large file. This last option makes for wmore efficient data processing.

The data analysis option {s another sub-menu, giving the user the
following choices:

a Trend template editing. CANDI 1.6 currently provides automatic calculation
of up to 1l scalar measurements: rms, energy, duty cycle, maximum and
minimum amplitude, peak-to-peak amplitude, mean amplitude, frequency,
period, number of cycles and time of occurence of maximum amplitude. Not
all of these will normally be used in an analysis run, so certain ones may
be selected and the cholce stored by the program to obviate the
requirement of re-inputing the selection.

b Trend analysis. The scalar measurements, given by the trend template, are

calculated using the scan data-set. The results are presented as a trend
trace.
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c Spectral analysis. Each record in the scan data-set is analysed using a

" chirp-z transform. This is similar to an FFT but provides unlimited
spectral resolution, regardless of time domain record length. The user
must enter the required centre frequency and bandwidth.

a Bandpass filtering. This is again performed for all records in the scan
data-set. The user selects the filter bandwidth, and the analyser
calculates the fourier spectrum for each record, filters it and
re-transforms it to the time domain.

e Envelope detection. Many signals have a high frequency carrier wave
modulated by a low frequaency envelope. This function allows the envelope
to be isolated by applying a Hilbert transformation to each record in the
scan data-set.

The Data plotting option 1is the last sub-menu in the CANDI program. it
provides the usar with the ability to plot single trend displays or waterfall
displays using a HPGL compatible plotter.

The remaining two options at the command level are not often used. These
are the record auto-copy facility, which instructs the analyser to make coples
of a number of traces (thus protecting the original data from accidental
deletion or corruption), and the batch command sequence, a command used when
setting certain segments of a data record to a specific value, for a given
number of records.

In addition to the functiong listed above, CANDI 1.6 provides the user
with an on-gcreen note pad facility. By selecting this option, the user can
enter taxt in a reserved area, for the purposes of making notes on an
experiment or scan operation. This was added to the program to make the use of
pens and note paper unnacessary in a field environment.

G.3. FOUR CHANNEIL, INSTRUMENTATION AMPLIFIER

This unit actually comprises four identlcal amplifiers, one of which is
shown in Figure Gl. The design ils a sBignificant improvement on the single
stage dlfferential amplifier, and constitutes the standard instrumentation
amplifier confiquration. The input stage is a subtle combination of two
op-amps that provides high differential gain without any close resistor
matching. Its differential output represents a signal with substantial

reduction in the comparative-mode components, and it is used to drive a second
stage conventional differential input amplifier circuit with a single ended
output. Offset trimming is achieved with a trimming resistor connected to one
of the input stages,. The first stage gain is variable, being dependent on
resistors Rl, R2 and R3. normally, resistor R3 (665 ohm) is not switched into
the clrcuit. 1In this case the first stage gain is given by:

G =1+ 2(R2/Rl) (G.1)

and is therefore x 11. Resistor R3 can be switched into the circuit by the FET
switch (DGl80) which shunts it in parallel with resistor Rl. At first sight
this may seem an unnecessarily elaborate way of connecting R3 into the
circuit, since it could more easily be achieved by replacing the FET switch
with a simple mechanical device. However, in doing so the signals that were
being amplified would be taken, along wires, to the front panel of the
instrument (where the switch would be located), thereby increasing the
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likelihood of noise pickup. By employing a FET switch, the only voltages taken
to the front panel are DC control voltages, used to turn the DGlB) switch on
or off. This is termed logic-switched gain or “cold" switching and is used
whenever very low nolse performance is required. When resistor R3 |is
connected into the circuit, the first stage gain becomes:

G =1 + 2R2(RISRI)) (G.2)

- Rl - R)

With the wvalues of the components in the design, the gain now becomes x 41.
The second stage gain is fixed at x 10, given by R5/R4. Hence the overall
gain of the amplifier is either x 110 or x 410, depending con the condition of
the FET switch, i.e. approximately 404B or S24B.

In order to maximise the performance of this amplifier, a high grade op-amp
was chosen for the input and output stages of the design. The op—amp that was
used was the OP-37, a bi-polar device, which features the following
specificatlons:

Standard operating voltage of 15 V.

Output voltage swing of #11 V.

Noise figure of J nV/Hz at 1 kHz.

Common-mode rejection ratio of 126 4B.

123 dB open-loop gain.

Input bias current of 15 nA.

17 V/us slew rate.

Small signal gain-bandwidth product of €3 MHz,

QMo L0 ON

The most important features in this case are the low noise figure and the gain
bandwidth product. By cascading the op-amps in the manner of the above, an
amplifier is produced with a constant gain extending to several megahertz.

G.4 FOUR—TO-TWO CEHANNEL MULTIPLRXER

This device was used when the signals arriving from four independent
receiving probes were to be connected to only two channels of the waveform
analyser, It operated by alternately switching between probes 1 & 2 and 3 ¢ 4,
deriving its synchronisation from the trigger pulse produced by the ultrasonic
pulser. G2 shows the circuit design.

The trigger is input to a 311 comparator circuit, the purpose of which is
to convert the signal to TTL levels. This in turn is fed to a 74HC123 timer,
configured to produce a pulse in synchrony with the trigger pulse, but lasting
for 0.2 secs. This is connected to a 74BC4024 7-stage ripple counter, which,
at its 1lst stage output t{(pin 12), changes state from logic high to low
alternately at the end of each pulse sent from the 74KRC123, The state change
is used to select, for output, two of the four inputs to the FET switch, the
AD792. The outputs are unity-gain buffered by the 1351 op-amps, and the
channels that have been selected are indicated by the LEDs driven by a 7437
high-current driver.

The sequence of events is as follows. When the 74HC4024 is reset, the
output is set to logic low and pins 12 and 11 are selected on the AD792
(channels 1 and 2) for the output pins, 13 and 10. The status remains this way
for 0.2 s after the reception of a trigger pulse, which also occurs at the
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same instant the transmitting probe is fired. This time, 0.2 8, is more than
enough for the system to acquire the signal. After this period, the 74BC4024
changes state to logic high and pina 14 and 9 are selected on the AD792
(channels 3 and 4) for the output pins. This process is repeated each time a
trigger pulse is received.

G.S. SINGLR-CYCLE SINE WAVE GENERATOR

This unit was constructed in an attempt to drive transducers at other than
their resonant frequencies, by exciting then in a controlled manner rather
than shocking them into oscillation. This controlled driving took the form of
a single sine wave whose period could be varied from DC to 1 MHz,

The circuit is shown in Figure G3. A conventional continuous sine wave
generator is fed to the input of a 3ll comparator, configured to change state
at the zero-crossing points of the sine wave, in non-inverting mode. The sine
wave generator is also connected to the input of a DG211 PET switch, which is
normally open, i.e. the single is not transmitted to the output pin, pin 3.
The output of the 311 comparator is connected to a 12 stage ripple counter, a
74HC4040. Every stage of its output is AND-ed together, resulting in a single
pulse at the output of the 74BC30 after every 4096 pulses produced by the
comparator, or 4096 cycles produced by the sine wave generator. This pulse
lasts exactly for one period, synchronised to the start of the sine wave.
Since the pulse is routed to the PET switch, one sine wave in 4096 appears at
the output pin, pin 3. BHence for a frequency of 100kHz, One cycle is output
every 40.96 mS.

G.6. LOW VOLTAGE PULSE-BCHO DNIT

This device was constructed to enable low frequency probes (below 500
kHz), to be operated In pulse-echo mode, rather than in pitch-catch mode,
their usual method of usage.

Figure G4 shows the circuit diagram. The pulse repetition frequency [PRF)
is generated by a single Schmitt gate of a 74HCl4, configqured as a square wave
oscillator. By selecting one of three resistors in the feedback path,
frequencies of 10 Hz, 100 Hz or 212 Hz can be generated. The PRF is buffered
by a second Schmitt gate, and used to drive two 74HC123 monostable circuits.
The first produces a pulse 10 us in duration in response to the leading edge
of every square wave generated by the 74BCl4., This is used to trigger the
oscilloscope. The second produces a pulse 1l us in duration and forms the basis
of the signal used to excite the transducer. It is amplified from 5 V to 15V
by the 7667 high current driver. The 15 V pulse is fed via a 50 ohm resistor
to the transducer. The 50 ohm resistor is used to raise the output impedance
of the 7667 driver and reduce the damping of the transducer. The transducer is
also connected to the input of an OP37 op-amp, with diode Dl used to ground
the large input pulse which would otherwise saturate the output of the
amplifier. The amplifler is configured as a non-inverting AC device with an
input impedance of 22 kohms and a gain of x 93.

- 143 -



Sigmal in

)

» 13V
108 Tria

Fipwrw Cf,

Clrewit dlugram of wae
chasse) of THe (oOnC

chassel inniressntatioe
grede nopllifer, havisg =
bostwidih vilconding (ram [
e esvaral M.

()

o3V
Trigger ia

L d

Pigure Q.

4 - (0 - 2 chanael sulclpleser.

T4RC1 7Y

pLLY A0
mT./
I -
3 «|3¥
110 ’
I » i )
n bC1A0 s | T E—
; [C2V]
25—'9
683
luﬂ] 1%
5 AR
oy J_
L
oV
T lock on 14 2
R — o K'pan
l lanh 1m 18 &
VAR A024 j b
.7
7 18]
vl 13
(B I - 1
! 3 o3V 2
Rane
i_ ' aam
—
3 r"'1 & ADT42 Probes (m)
312 ) |
1 1
M s 3
0 4

- 144 -

Rigan] 1t




Coatiowas sine wave (n

Owtpmts Q! _to Q)Y vo 74HC008 (2)

+13¥
w
an | osv o

8%

Siagle stne emt

i

Phase
a4 uat
3 10s _ 740030
4.7 E
4.n
Pgere C3. Clreuit dlagres {or sisgla<cycln gina wave geasrator.
100K
4’
nu:lu T o
10 ?
410pF
- I_I_I o

L) 54

13 e O\ 1 lorcaps
Trigeer
M) 1o
3 1
B0pF s
gwve G4,
W—TI 47
lé P Pulse~Ecoo System Circuit Olagram
1L 4pa] 1
. I . Mota: For purposvs of clarity,
= ® decowpling copacitors 4nd powmr
m sugply comections have been
anftted.
Htraspnic
Dt Trantducer

- 145 -












