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ABS

Analytical and laboratory studies of stress wave propagation have
been carried out to develop a basis for a nondestructive test
method to detect corrosion and flaws in embedded steel components
in reinforced and prestressed concrete. The technique, which is
referred to as the indirect method or the pitch-catch technique,
involves introducing an ultrasonic signal into a test object by
an ultrasonic transducer, and monitoring the reflections of the
signal from internal or external boundaries such as bar/concrete
or concrete/air interfaces or from defects such as corrosion or
flaws, using other ultrasonic receivers 1located close to the
radiator.

A ray tracing model using computer synthesis has been developed
to simulate basic aspects of the effect of the embedded bar or
component size, its depth in the material, surface condition i.e.
sound, corroded, or cracked, and transducer frequency, on the
signals received from the reinforcement embedded in concrete.
The model has been verified by comparison with experiments from
water and concrete samples. This study demonstrates the power of
using computer modelling for prediction of the amplitude of the
reflected signals from bars of different sizes and surface
conditions embedded in a material.

Equations have been derived to predict the attenuation of signals
from bars embedded in concrete with different surface conditions
and sizes. Moreover the attenuation of ultrasonic signals in
concrete has been studied. An equation has been derived from
experimental results to estimate the attenuation 1loss due to
scattering and absorption for high strength concrete.

Laboratory results have been presented. Successes achieved in
the laboratory suggest that the pitch-catch method has the
potential to become a reliable field technique for detecting
corrosion and flaws within concrete structures.

The development (instrumentation and signal processing) of an
experimental pitch-catch technique for finding corrosion and
flaws within reinforced concrete has been described. This
enabled proposals for a prototype testing system to be put
forward. The key features of the technique are as follows:

1- Five rolling transducers, pulser, and a signal analyser are
required.

2- Application of the digital filtering technique where the
received time signals from a scan carried out on a concrete beanm
are transformed to the frequency domain, then application of a
brick-wall filter on the FFT to leave a chosen frequency
bandwidth, and then IFFT of the filtered signal. The energy
trend of the scan after filtering is carried out.
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CHAPTER 1

INTRODUCTION
1l.1- GENERAL

Reinforced concrete for main structural bridge members, such as
girders and pilings, has been in use as a standard constructioﬂ
material since the earliest rural highway bridges. Prestressed
concrete, a comparatively recent innovation, has found increasing
use over the past 35 years or so. The widespread use of
prestressed concrete construction and the fact that instances
have been reported in which the prestressing steel has
deteriorated thereby critically affecting the structural strength
has placed increasing emphasis 6n the implementation of adequate,
routine inspection of these structures. Since present methods for
examining and ascertaining the condition of the reinforcing steel
are at best marginal and many times completely inadequate (1),
therefore this research was aimed at developing a basis for a
nondestructive test method for finding flaws caused by corrosion
within concrete and for detecting deterioration in the steel of
reinforced and prestressed concrete bridge members using stress
waves. Proposals for a prototype testing system are put forward

based on digital filtering technique at the end of this work.

Corrosion can arise in most parts of a bridge substructure or
superstructure and often results from the use of de-icing salts

in countries where subzero temperatures occur in winter.
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Substructure corrosion is often associated with leaking joints,
faulty drainage or salt spray from traffic. In reinforced
concrete bridges, corroding reinforcement has been found in
decks, soffits, beams, parapets and columns. In columns, piers,
beams, parapets and soffits, corrosion is usually of the type
designated as general; general corrosion occurs continually over
substantial areas of reinforcement with metal 1loss evenly
distributed over the circumference of the bar and the corrodiné
area. General corrosion often produces extensive rust staining
in the concrete as a consequence of the large total metal 1loss
and the properties of the corrosion product, i.e. hydrated

ferride oxide (Fezo .xHZO) (2).

3
Localized corrosion may occur in bridge decks and in substructure
concrete near leaking expansion joints. This is characterized
with occurrence of uncorroded and pitted reinforcement. The
substantial reduction in cross section of the bars can sometimes

be as high as 100%.

1.2- PRODUCTION OF WIRE AND STRAND

The production of prestressing wire started in the UK in the
early 1940s and the first prestressing strand was made in 1953

(3).

The stages of production are shown schematically in fig.1.1. The
raw material is hot-rolled carbon steel rod in diameters between

5.5 and 13.5mm. The object of the wire manufacturer is to heat
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treat and cold work this material to achieve a combination of
properties which will be most suitable for the purpose for which
the wire is to be used. This result is obtained by an appropriate

combination of three factors:

-The chemical composition of the steel, particularly the carbon
content.

-The heat treatment and quench given to the rod before drawing;
to achieve a metallurgical structure which will yield the best
possible combination of properties in the final product.

-The amount of cold work, that is the total reduction in area

from the rod or last heat treatment stage to the final wire size.

These factors are common to any carbon steel wire production, but
for prestressing wire there is an additional requirement of a

final treatment to enhance elastic properties.

Prestressing strand is manufactured by spinning together a number
of wires and the production of the wires is governed by the same
three factors, taking into account the properties which will
exist after (a) the mechanical deformation of the stranding
process and (b) the effect of the final treatment of the whole
strand. A point should be made that prestressing strand is not

made from prestressing wire.

1.2.1- Chemical composition of the Steel

The requirements of strength determine the composition of steel,

as far as the carbon content is concerned, which should be at
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least 0.6%. Alloying elements may be useful for certain desirable
properties. Manganese is naturally present in the ore and small
additions of this element can bring it to the desired 1level and
will enhance the strength of steel. Therefore, all prestressing
steel which usually contains about 0.7% of manganese should "be
classified as high-carbon, low-alloy steel, and steel containing
only carbon and a nominal percentage of manganese is referred to
as a carbon steel. Even with proper ingredients steels do nof
have the desired high strength in their annealed state, there are
two ways to increase their strength- heat treatment and cold
working, most high strength steels are made by combination of
these two processes. Steel recommended by British Standards (BS)

for prestressing wires has the following chemical composition:

carbon 0.72-0.93 %
manganese 0.42-1.1 %
phosphorus 0.04 max
sulphur 0.05 max

silicon 0.10-0.35 %

1.2.2- Heat Treatment-The Patenting Process

The initial heat treatment process is wuniversally known as
patenting. It consists in heating the rod to a sufficiently high
temperature to obtain a homogeneous mixture or solid solution of
the iron carbide and iron, described as austenite. When the steel
is cooled under controlled condition, the constituents of the
structure will separate from the austenite in a fine condition.

Although the manganese and residual alloy content have some
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effect on the structure, in relation to the sizes of material
considered here, it is sufficient to consider only the carbon
content. As shown in the simplified phase diagram (fig.1.2) as
the steel cools slowly ferrite (iron) first seperates from
austenite and at a temperature of about 720°C the remaining
austenite is transformed into pearlite, consisting of alternate
plates of iron and iron carbide. With a carbon content of about
0.86 per cent there is no ferrite at the grain boundaries, but aé
the carbon content falls increasing amounts of ferrite appear
until complete envelopes exist around the pearlite grains. The
thinner the plates of iron carbide the better is the strength and
the ductility in cold working. The cooling of the steel at an
appropriate rate is therefore a critical part of the patenting
process. A sufficiently rapid rate of small sizes of rod may be
achieved in air, when the proceés is known as air patenting. With
large size rods, used in the production of prestressing steel the
required structure is obtained by rapid cooling to a temperature
of about 500°C followed by a delay in further cooling until the
desired metallurgical transformation has occurred (3). This is
achieved by quenching in molten lead or molten salt baths. The

former is called lead patenting.

1.2.3- Wiredrawing

The third factor in achieving strength and desired properties is
the cold working process of wiredrawing. In this the rod is drawn
through a hard metal die (tungsten carbide), specially shaped to
squeeze the steel in a uniform manner down to a smaller size.

The traction of wiredrawing is provided by a capstan on to which



the wire is wound after leaving the die.

As already indicated, the tensile strength of the wire increases
signicantly as wiredrawing proceeds. An average relationship for
high carbon steels is given in table 1.1, and table 1.2 gives

the specifications for different wire and strand diameters.

The production so far descibed is generally applicable to anf
class of carbon steel wire; but there are some further aspects
specific to prestressing wire. The work which takes place in
wiredrawing generates a considerable amount of heat. The dies are
therefore contained in water-cooled 3jackets, the capstans on
which the wire is wound have internal water cooling and air
passes over the outside. The best combination of all mechanical
properties is obtained when the.wire is kept as cool as possiblé.
Wire is straightened by mechanical deformation or by a hot
stretching process. The straightness and final heat treatment

lead to high elastic properties and reduce relaxation.

For many uses under adverse conditions, carbon steel wire is
coated with zinc, either by running through a bath of molten zinc
or an electrolytic cell to provide a plated coating. Greased and
plastics coated tendons are finding increasing use in certain
applications. An adherent grease is applied to the wire or strand
and the whole finally covered with a plastic sheath by an

extrusion process.



1.2.4- Production of Bar

The raw material is steel in billet form. After inspection the
billets are reheated to a controlled temperature and hot rolled,
with the rolling conditions designed so that as the bar leaves
the last 1rolls the temperature is at the correct stage in the

cooling cycle to give a fine pearlite structure.

The bars are next cold worked by stretching to approximate e:qg.
90% of the characteristic 1load. The stretching machine is
equipped with a load cell and means of measuring the elongation.
Finally, the bars are inspected for surface finish and rolling
defects, and then they are machined at each end for a 1length

slighty greater than that required for the thread.
1.3- REVIEW OF TYPES OF DESIGN

The principles of reinforced and prestressed concrete design are
shown in fig.l1.3. Pre-stressed concrete bridge decks may be
divided into two basic categories: pre-tensioned and post-
tensioned. In each case the deck may be a variety of cross-
sectional shapes and those comprising post-tensioned structures

may include multiple spans.

Pre-tensioned beams are widely used throughout the world as
standard factory made pre-cast units in which the tendons are
stressed between fixed anchorages and the concrete beam is then
cast around them and allowed to harden before the external

stressing force is removed. As the tendons attempt to contract on
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removal of the external force, the concrete is compressed. 1In
this kind of prestressing, the tendons are mainly placed at the
bottom of the beam cross section, and additional steel
reinforcement is added to carry any shear or lateral tension
forces. Different shapes of pre-tensioned beams are used such as

rectangular, I, or T shapes.

In post-tensioned beams, ducts are cast into the concrete bean
following the required tendon profile, which depends on the
bending moment. When the concrete has hardened, tendons are
threaded through the ducts, tensioned by external jacks, and the
full tension force of the tendons is tensioned by external jacks.
The full tension force of the tendons is locked off at the end
anchorages, and then, usually cement grout is pumped into the
ducts to encase the stressed .tendon totally when the grout

hardens.

1.4~ FORMS OF CORROSION OF STEEL IN CONCRETE

1.4.1- Reports on Bridge Corrosion

Prestressed concrete is an extremely durable material. A survey
of some 14000 prestressed concrete bridges in the USA (4) showed
that only ten exhibited any evidence of steel tendon corrosion.
The half dozen or so isolated failures which first caused concern
about the susceptility of prestressing wire to stress corrosion
(hydrogen embrittlement) were reviewed (5) in 1965. It was
established that this type of failure occurred due to the

combination of tensile stress with a flaw in the steel in a
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corrosive environment. It was thought that, as the fracture is
of a progressive inter-crystalline type starting from micro-
cracking, the coarser grained quenched and tempered steels were
more susceptible than patented wires, or more generally pearlitic
steel. Another analysis of 63 cases of damage reported from

various countries (6), gave the following principal conclusions:

-Fracture of the tendon occurred in 55 cases, 40 of them being of
the brittle type.

-In 38 cases the wire fractured within one year, 28 of them
before concreting.

-In very few cases could damage be attributed to one cause alone,
the most corrosive substances were chlorides and sulphur
compounds.

-In 13 cases there was some deféct in the steel. Of these, two
were in wire tensioned through a die on site and four were

quenched and tempered steel which is not produced in the UK.

Out of 110 000 structures recorded in a survey for the FIP
Durability Commission (7), the incidents reported by the UK

included:

5 wire corrosion due to insufficient cover
50 end block failures
10 of corrosion due to incomplete grouting

20 due to frost damage.

The 42 cases of damage to Canadian bridges were all attributed to

de-icing salts.
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Vassie (8) carried out an investigation on the grouting of twelve
post-tensioned prestressed concrete bridges built between 1958
and 1977. Ten of these structures were examined in-situ and the
other two had been demolished. Voids were found in ten of the
bridges including the most recently built structure. It was
showed that some ducts were not completely sealed from the

atmosphere.

Other cases reported where corrosion was the cause of

deterioration are:

-Thana Creek, India: Thana creek is north of Bombay, it was built
between 1963 and 1972. The deck is precast prestressed concrete
T-beams, jointed longitudinally‘and transversely prestressed. The
beams are 35m long to give 362m spans, increased by using V-piers
in the navigation area. During an inspection of the bridge in
1981 it was noticed that some of the beams had developed
longitudinal cracks with spalling of the concrete in places. The
prestressing tendons had corroded and some wires had broken. It
was not possible to determine the residual strength of the beams
but strengthening and repair work was carried out as a precaution

using epoxy resin and external cables.

-Somerset, Watford, Bermuda: A bridge was built in 1967 as a
replacement for the existing steel superstructure. It consisted
of seven simply supported spans, maximum length 21.5m of precast
prestressed concrete T-beams with the flanges forming the road

slab. The beams were post-tensioned longitudinally using
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preformed steel-sheathed cables in a parabolic profile and
transversely by straight cables in the flanges. After about 15
years, the steel tendons and reinforcement of one span, where the
beams were continually splashed by sea water, had corroded very
badly and since it was not possible to determine how many tendons
were still intact, the bridge had to be closed to traffic. It was

eventually replaced completely.

-Suspension bridge, USA: A suspension bridge in the USA with a

main span of 488m carries both road and rail traffic. It was
opened in 1903. The main cables are formed from parallel 5mm
diameter high tensile steel wires, not galvanised but originally
canvas wrapped and infilled with a graphite o0il compound. By 1918
the wire had begun to rust and between 1918 and 1922 the canvas
was replaced by wire wrapping bﬁt corrosion has continued since.
At present the whole of the superstructure is in poor condition
amd although investigations have been carried out, the present
safe capacity of the 500mm approximate diameter main cables is

not known precisely.

-Braidley Raod Bridge, England: This is a post-tensioned concrete
box girder bridge built between 1970 and 1972 with the stressing

provided by 121-19 wires/28mm diameter tendons. These are
described as being external because they 1lie beside and not
within the decks of the nine longitudinal webs. Within a year of
the bridge being opened individual broken wires were discovered
and the deterioration subsequently accelerated 1leading to
complete failure of one 19 wire tendon. Metallographic

examination of fractured wires identified stress corrosion as the
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cause of failure.

-¥nsygwas Bridge, Wales (9): Most recently the sudden collapse,:
in Nov. 1985 of the ¥Ynsygwas bridge, South Wales, UK (built

1955), caused concern and emergency checks to be made of the 600
pre- or post-tensioned bridge structures built during the past 20
years in the UK. The main break was at mid span and was
attributed to corrosion by de-icing salt of the post-tesioniné
cables which linked together the nine precast I sections forming
the main longitudinal structural members. Each beam was post-

tensioned by 5 cables using the Freyssinet system of tensioning.

-Taff Fawr Bridge, Wales (9): Taff Fawr bridge, built 1960-1965
crosses the river Taff at height of 110 feet and has an overall
length of 470 feet. Constfuction of the bridge deck is
continuous over 3 spans. The deck is in the form of a multicell
box girder with precast webs and cast-in-situ top and bottom
slabs. Joints between the pre-cast units were prestressed
together by single 1 inch diameter strands. Strands were also
provided in the top of the deck to counteract hogging and in the
bottom of the deck to counteract sagging live loads. Severe
corrosion of the pre-stressing tendons due to the penetration of
the concrete cover by de-icing salt led to gross weakening of the
21 year old structure. Damage was so extensive that demolition of

the entire bridge including supporting piers was considered.

1.4.2- Corrosion

Corrosion is usually defined as the loss of metal by chemical or
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electrochemical reaction with its environment. Various types of
corrosion have been recognized and are classified in several
ways. A simple way is to classify corrosion is by the effect on

the metal, as general or localized.

-General Corrosion

This is the uniform diminution of a metal by chemical attack.
Such attack requires that ideally every atom in the exposed
surface be equally sensitive to the corrosive environment and

that the medium have uniform access to all surface atoms.

-Localized Corrosion

As the surface of metals and corrosive environments are seldom
homogeneous, the attack will usually not be uniform but will be
localized. For example in the corrosion of steel:

++ -

Anode: Fe > Fe + 2e

Fe is the iron atom, Fe'’ the iron ion and 2e” represents two
electrons which are freed. The iron ions pass into solution and
the electrons, the negative product of ionization, flow along the
metallic connection to the cathode until equilibrium is achieved
or the circuit is broken. Therefore there is loss of metal from

the anode. Two important reactions may occur at a cathode:

Cathode: 2HT + 2¢” —— > H

02 + 2H20 + 4 ———> 40H
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Both of these make use of the electrons and both render the

electrolyte more alkaline in the vicinity of the cathode.

The first reaction (fig.l.4.a) requires a supply of hydrogen ions
and therefore occurs mainly in an acid electrolyte. The hydrogen
jons H' are protons and can penetrate steel especially at high
temperatures or where the steel is under high tensile stress;
When they associate with electrons to form molecular hydrogen
there is an increase in volume with the tendency to disrupt or
blister the steel. This is the phenomenon known as hydrogen
embrittlement which is one particular form of stress corrosion, It
is a complex phenomenon and not fully understood (10). The
reaction can be written as:

Fe + 2HT —— > re*tt + 1

The second reaction (fig.1.4.b) which is perhaps the most common
reaction encountered in the rusting of steel occurs mainly in
alkaline conditions and is set up by a local concentration of
oxygen, for example, in a crevice or under a deposit on the
metal. This is known as an oxygen cell. Oxygen at a cathode
accelerates corrosion but oxygen at an anode tends to form an
insoluble 1layer of iron oxide (rust) which arrests corrosion.
This reaction can be written:

++

2Fe’ ' + 40H + %0, + (n-2)H,0 ———> Fe,0,nH,0

2 273

The metal surface is then said to be passivated. In the alkaline
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environment (pH about 12) provided by good dense concrete or
grout, embedded steel develops a passive layer which protects it

against corrosion.
Two diagrams are usually used to show the corrosion behaviour:

1) The Pourbaix Diagrams (fig.l1.5): The corrosion behaviour of a
metal depends on electrical potential and may be affected by
passivity, Pourbaix diagrams show how this behaviour depends - on

the potential E and pH together.

pPH may be regarded as a definition of environment, pH=7 is
neutral, pH<7 is increasingly acid, pH>7 is more alkaline, and
electrode potential as an indication of the circumstances of
exposure. More positive values éf electrode potential arise under
more oxidizing conditions or by contact with metals that are more
corrosion resistant. However, reducing conditions such as 1lack
of dissolved oxygen or contact with a more easily corroded metal
bring a change of potential in a negative condition. In the
highly alkaline environment of the steel/cement interface the
corresponding reactions of interest and their respective pH
dependences on solubility are (11):

> Fe(OH), + ut

FeoHT + H,0

log [FeOH' )= 4.63 - pH

> Fe(OH) , + ut

Fe(OH)2 + H20

log [Fe(OH)>]= 19.06 + pH
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2) Tafel Diagrams (fig.l1.6): In active cells, a net corrosion
current flows at each electrode surface. In this case potential-
current (often known as potential-log(i)) diagrams known as
Polarization diagrams or Tafel diagrams are used. Fig.1l.6

illustrates the typical behaviour of a metal.

The situations described above occur as a result of
inhomogeneities in the steel, the concrete or the grout or due té
the presence of chloride or other salts in solution. Chloride,
sulphide, sulphate and carbonate tend to lower the alkalinity of

the concrete (pH < 7) and make electrolyte action possible.
Other examples of localized corrosion in concrete:

-Stress differences may be sufficient to provide a potential
difference and in the presence of an electrolyte a cell is
produced.

-Similar conditions may exist because of a difference in
environment at adjacent zones in a length of steel, for example
liquid/air interface or even a 1liquid/solid interface. The
implications of this in a badly grouted duct are obvious.

-With steel under high stress the attack may be extremely
localized and probably because the stress opens the corrosion
pits, there may be very rapid penetration of the steel,
encouraged by a potential difference within the developing crack
due to stress differences and environment variation between top

and bottom (12).
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1.4.3- ses Reinforcement Corrosion i es

The causes of reinforcement corrosion can be subdivided into
chemical and physical effects. The most important substances
which depassivate steel in concrete are chloride salts and carbon

dioxide.
-Carbonation

Concrete in bridges is exposed to atmospheric carbon dioxide and
also near industrialized regions to sulphur dioxide. With water,
these form acidic gases which neutralize the alkalis in the
concrete from exposed surfaces. The neutralization reaction
lowers the concrete pH from about 13 to 9, and this depassivates
the steel in concrete affected éo that corrosion can proceed at.a
rate limited only by the access of moisture and/or oxygen through

the concrete matrix.
The reaction is:
Ca(OH), + CO, ———> CaCO, + H,0 (pH=9)

2 3

The rate of this reaction depends mainly on the permeability of

the concrete.
-Chlorides

The main source of the chloride found in bridges is rock salt

used for de-icing roads. Winds carrying chlorides at marine sites
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are another source. In some older concrete construction,
chlorides (calcium chlorides) were added as agent accelerating
hardening, particularly for precast units, but this now banned.
Reinforcement corrosion occurs when the passivation film over the
steel surface 1in destabilised by the presence of chloride ions,
which reduce its pH level. In addition, the concentration of
these chloride ions is 1likely to vary, thus producing
electropotential differences, the  Dbasis of an active
electrochemical cell. In this cell, the concrete acts as the
electrolyte, with current flowing from those parts of the steel
at highest potential to those 1lowest. The more anodic steel

corrodes, while the more cathodic does not.

The anodic (oxidation) part of corrosion takes the form of the
reaction

Fe ———> Fe T + 2~

Since the medium 1is exposed to the atmosphere it contains
dissolved oxygen. Water and seawater are nearly neutral, and

thus the cathodic (reduction) part of the reaction is:

Hzo + %02 + 2¢ ~—————> 20H

Remembering that chloride ions do not participate in the

reaction, the overall reaction is:

Fett + 2087 ——> Fe (OH),
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Ferrous hydroxide precipitates from solution. However this
compound is unstable in oxygenated solutions and is oxidized to

the ferric salts:
Fe(OH), + 1/2H,0 + 1/40, ———> Fe(OH),

And finally cracking and spalling of the concrete occurs which is
caused by hoop stresses due to the buildup of solid corrosion

products in the concrete adjacent to the metal surface (13).

-Macro-cells

A complication for steel components in concrete is that the steel
is situated in a non-uniform environment. For example, for steel
tendons in ducts, the ducts may be non-uniformly filled with
grout, hence inducing zones where different moisture and oxygen
levels can occur. For steel tendons embedded directly into pre-
tensioned slabs, the depth of carbonation or chloride penetration
may not be uniform across the whole slab. In these cases macro-
cells are easily set up where a small anodic area, where the
steel 1is preferentially oxidised, 1is driven by a much larger
cathodic area, where the oxygen reduction process predominates.
In these cases even though there is only limited oxygen reduction
or moisture available, the macro-cell effect can cause severe
corrosion in small areas. This is often observed as macro pitting
i.e. 1intensive corrosion in local areas on wire rods or tendons,
at the interface between different enviromental conditions. For
tendons in ducts the corrosion will occur at areas where there is

little or no grout, acting as anodes, with the oxygen reaction
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occurring in the areas which are fully grouted, acting as

cathode.

-Concrete Cracking

Cracks in concrete arise from numerous causes and include plastic
shrinkage a few hours after casting, long term thermal cracks and
shrinkage, 1loading in service, corrosion and alkali-aggregate
reactions. However, when cracks develop, the stress in the
concrete at the crack sides decreases to zero whilst the stress
in the reinforcement increases. 1In the case of cyclic 1loading,
this could initiate corrosion fatigue in the steel. Cracks in
concrete can increase the possibility of corrosion of embedded
steel, by acting as a path for ingress of atmospheric carbon
dioxide or marine/de-icing salté which may penetrate 1locally to
the steel surface. 1In addition, cracks can act as a local point

on the steel which could become anodic in a macro-cell.

-Stress Corrosion Cracking

Stress corrosion cracking of high strength steels has been
observed in many environments (9) including marine and industrial
atmospheres. Cracking and failure can occur very rapidly. It is
widely accepted that this type of cracking in steels results from
hydrogen embrittlement. The corrosion process can supply atomic

hydrogen as part of the cathodic reaction.

In the concrete environment, it appears that oxygen reduction is

the favoured cathodic reaction and hence the prestressing steel
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should not be subject to stress corrosion cracking, even when
passivity breaks down. However, there is some concern if aggresive
macro-cells develop since this may 1lead to 1local hydrogen
evolution. A risk of cracking may also occur with moisture
penetration to steel in areas where there is no alkalinity e.g.
with carbonated concrete, non-cementitious grout, or steel pot in

contact with concrete.

-Corrosion Fatique

Fatigue properties of steel can be significantly influenced by
corrosion. For high strength steels in aqueous conditions it is
normally accepted that hydrogen embrittlement is responsible for
lower fatigue 1life, therefore the same comments made concerning

stress corrosion cracking apply for corrosion fatigue.

-Related Physical Factors

The physical factors that increase the probability of corrosion
of reinforcement are porous concrete, 1low depth cover, 1leaking
joints, faulty drainage, absence of waterproofing membranes and
intensity of freeze-thaw cycles (14). All these facilitate
access of water, carbon dioxide and chlorides to the

reinforcement.
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1.5- OBJECTIVES AND SCOPE OF RESEARCH

1.5.1- Objectives

Concrete bridges form a vital part of the highway network in many
countries. These structures are subject to ever-increasing
loading with the rise 1in both traffic flow and maximum
permissible weights for commercial vehicles (15). In addition
the introduction of de-icing salts during cold spells has left  a
corrosive environment, therefore concrete, not surprisingly,
shows signs of defects and deterioration. Hence inspection is
required to identify cracking and corrosion of embedded steel in
highway structures. At the present time, there are no commercial
nondestructive methods which can detect the physical condition of

corroding steel components embedded in concrete.
The objectives of this research are:

-To study the wave propagation in concrete i.e.the attenuation of

signals in a such heterogeneous material as concrete.

-To study the attenuation of signals of bars embedded in

concrete.

-To estimate the energy reflected from a sound and corroded wires

embedded in concrete.

~To develop a computer model for the problem to predict the

signal amplitude after passing through concrete and wire.
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-To gain understanding of stress wave propagation in concrete

containing corroded reinforcement and flaws.

-To develop a method (testing technique and signal processing)
for finding corroded wires or strands or flaws within hardened
concrete which is based on the generation and reception of

ultrasonic signals.
1.5.2- Scope

Chapter 2 presents a review of the previous applications of
nondestructive techniques, specially stress wave propagation

techniques for evaluating concrete structures.

Chapter 3 presents a review of the basic principles of elastic
wave propagation. Values for wave speeds, reflection and
transmission coefficients are given for different interfaces or
boundaries, attenuation of waves in concrete is discussed, and
the wave physics of the sound field i.e. the sound beam are

reviewed.
Chapter 4 presents a literature survey about the past application
of signal processing in the field of NDT, and the techniques used

for signal processing.

Chapter 5 presents an examination of attenuation of different

frequency signals of rods embedded in concrete when a pulse is

applied to one end of a rod and received at the same end.
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Chapter 6 presents a study of the attenuation of sound in
concrete due to its composition i.e. , cement, water, sand, and

gravel.

Chapter 7 presents a theoretical approach and a model analysis is
given for the estimation of signal strength expected from a back-
wall echo, sound bar, and corrodded bar embedded in concrete wheﬁ
a pluse-echo system is used i.e. one transducer mounted on the

surface of the concrete used to transmit and receive the signal.

Chapter 8 presents a discussion and review of computer-based
numerical modelling and a description of the model developed. The
predictions are compared with experimental results for the
variations in detected echo ampiitude as the probes scan over a
water tank or a concrete beam containing steel components with

and without defects.

Chapter 9 gives information about materials and specimens, in
addition, descriptions about instruments used and computer

programs written for signal processing are included.

Chapter 10 presents experimental results of modelling tests to

examine different samples of steel rods in a water tank.

Chapter 11 presents the signal processing techniques used for
finding corroded wires or strands or flaws within hardened

concrete. A proposed system for testing is presented. A key
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feature of the technique is the application of the digital

filtering technique.

Chapter 12 gives summary, conclusions, and future work.
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Table 1.1- An Average Relation between the Increase in Tensile
Srength and the Reduction in Area (12).

Total reduction Increase in

in area of wWire tensile strength
40 % 18 %

60 30

70 36

80 51

94 100

Table 1.2- Specifications of Strands, Wire, and Bars (12).

Type Nominal Characteristic Characteristic
Dia. Tensile Strength Breaking Load
mm N/mm? Load kN
Drawn Strand 18 1700 380
Drawn strand 15.2 1820 300
Drawn strand 12.7 1870 209
Standard strand 15.2 1640 227
Standard strand 12.5 1750 165
Standard strand 9.3 1790 93.5
Wire 7 1570 60.4
5 1570 30.8
4 1720 21.7
3.25 1720 14.3
Bar 40 1000 1250
32 1000 800
25 1000 500
20 1000 325
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Fig.l.l- The stages of production of prestressing wires and bars (12).
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Concrete is much stronger in compression (typical uitimats compressive strengths
range between-26-80 N mm™ than in tension (2-4.5 N mm™3). Therefore steel
reinforcement is used 10 carTy the tensile stresses and concrets in the tensile zone is
aliowed %0 crack.

Reinforced concrete
Load .
A ‘ ‘ ‘ ‘ Strain
l {eve tension)
lﬁﬁ 7‘# X l
Concrete (racks  Renfercoment Strain distribution
through secrion

To make more efficient use of the concrete and enable sienaer sections and longer
spans to be buiit, an axisl compressive force is applied which puts the entire section into
¢compression. There are two ways of doing this:

(i} pre-tensioning — the concrete is cast around stressed steel wires which are released
after the concrete has hardened:
(i} post-tensioning — the concrete is cast around steel ducts through which steel wires,
strands or bars are passed: these are then stressed sfter the concrete has hardened. The
ducts are subsequently grouted with a mixture of cement and water; this is both to
" protect the steet against corrosion and to provide a structural bond between the strassed
steel and the concrete.

Prestressad concrete
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i —— -
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torce torce .. - Strain distribution
. througn section

In both reinforced and prestressed concrete additional conventional reinforcement is
required, for exampie, to resist shear stresses. in highly stressed areas, i.e. near the
anchorages in post-tensioned concrete, such reinforcement is generally ciosely spaced.

Pig.l.3- Principles of reinforced and prestressed concrete (15).
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NO N UE
2.1- ODU

The purpose of this chapter is to describe the scientific
principles upon which testing techniques, and especially

nondestructive testing methods, are based.

The basic principle used in detecting defects not visible to the
naked eye is that the defect must cause a change in the response
of the interrogating signal. Furthermore, the difference in
response between the defect and sound material must be large
enough to be recorded on thé instrumentation. Most of the
nondestructive testing techniques use various waveforms as the
interrogating signal. These waves are usually either
electromagnetic radiations or stress waves. The principal
characteristic of electromagnetic waves is that they travel
freely through a vacuum. Stress waves are transmitted from one
particle to another by direct contact between the particles.
Stress waves are sometimes termed elastic waves because it is the
elastic property of a material that controls the velocity of
stress waves through it. Other methods used in nondestructive
testing are magnetic, electrical, chemical, radiographic, and
surface inspection. All these techniques are reviewed in this
chapter, and their applications in concrete testing are given. A

detailed section is given about stress wave methods and a
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literature survey about their application in concrete is given

too.

2.2- MAGNETIC METHODS

The main application of magnetic methods in the testing of
concrete structures is in determining the position of
reinforcement. Although not strictly a technique for detectiné
defects or deterioration, the fact is that inadequate cover -is
often related with corrosion-induced deterioration, which means
that locating the position/depth of the reinforcing bars can be
important. There are several magnetic devices available that have
been designed to detect the position of reinforcement and measure
the depth of cover, these devices are generally known as

covermeters or pachometers.

Moore (16) evaluated the use of a rolling pachometer for
nondestructive determination of the cover over the reinforcing

steel on concrete bridge decks.

Brukorski and Karminski of the Institute for Building Technique
in Warsaw (17), used a magnetic device, called FEMETR, made in
the Institute, and were able to measure the diameter of the bar
to within 10 to 15%. The covers which such devices measure are

in the range of 0-75mm.

A magnetic technique was developed in the USA in the Southwest
Research Institute for detecting flaws in pre-tensioned and post-

tensioned steel in concrete bridges. A constant magnetic field is
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applied to the beam under test by means of a large, dc-excited
electromagnet and scanning along the beam with a magnetic field
sensor, parallel to the direction of prestressing steel. An
observed change in the field indicates a fracture or
discontinuity in the steel. Difficulties in signal
interpretations were reported, as signals from steel close to the
surface, such as stirrups, tended to mask responses from steel

deeper in the member.

Kusenberger and Birkelbach of the USA (1, 18) used the Magnetic
Field Disturbance system to detect deterioration in the steel of
prestressed concrete bridge members. Two general approaches to
flaw signal discrimination and enhancement were investigated
namely: 1) an array of magnetic field sensors to scan the
structural elements of interést, and 2) electronic signal
analysis to aid in the further discrimination and interpretation
of flaw signals. There were some difficulties with signal
recognition caused by st_irrups and hardware items, such as

chairs and tie wires.

Motooka and Okujima of Japan (19) derived a method of detecting
the location of a steel bar within the concrete from the concrete
surface by an electromagnetic impact driving method. The system
is a driving coil cemented on a bakelite plate. At the centre of
the bakelite plate a hole is made to insert a piezo-electric
crystal receiver. When the driving coil is charged, impulsive
electromagnetic flux is instantly radiated into the concrete from
the coil and its flux is interlinked with the steel bar. An

impulsive electromagnetic attraction force acts instantaneously
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between the coil and the bar. Through this attraction force, the
bar hits the concrete block and an impulsive sound wave is
radiated into the concrete and caught by the receiver. They
reported ability to locate bars buried in concrete at a depth of

less than 15cm below a concrete surface.

This method gives satisfactory results in lightly reinforced
members, such as bridge decks, but in heavily reinforced members,
the effect of deeper bars cannot be eliminated, and it - is

practically impossible to obtain reliable results.

2.3- ELECTROCHEMICAIL, METHODS OR IMPEDANCE MEASUREMENTS

Corrosion of reinforcement is an electrochemical process, the
electrolyte being the alkéline pore water within the
concrete/mortar matrix. Electrochemical methods therefore are
based on assessing the Kkinetics and mechanism of the anodic

(metal dissolution) and cathodic (oxygen reduction) reactions.

It should be noted that existing methods cannot be directly
applied to the inspection of tendons embedded in lined ducts
(galvanised steel or plastic) as the latter will act as a barrier
between an external electrode probe and the embedded tendon.
However, if, suitable access was arranged, e.g. by drilling into
the duct or providing access at time of construction, then most
of the techniques could be applied. 1In this section most of the
techniques used for evaluation of corrosion in concrete will be

reviewed.
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a) The Four-Electrode Method

Resistivity of concrete is one of the factors that controls the
rate of corrosion of steel in concrete. As the resistivity
increases, the corrosion currents decrease such that corrosion is
not of practical significance in dry concrete. It is important to
note that all measurements of the resistance of concrete must be

made with an ac meter in order to eliminate polarization effects.

Resistivity is normally measured by the four electrode method
(fig.2.1). Four contact points are placed in the concrete,
equally spaced in a straight 1line. An alternating current is
passed between the outer electrodes. The resulting potential
difference between the inner electrodes is measured and the

resistivity of the concrete calculated from the expression:
P= 6.28aE/I

where P=resistivity
a=electrode spacing
E=potential drop between P, and P,
I=current flow between C. and C

1 2
The major disadvantage of the method is that the value of
resistivity measured is dominated by the resistance of the
concrete near the surface whereas it is the resistivity of the
concrete at the 1level of the reinforcement that is the primary

interest.
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Moist concrete usually has a resistivity of the order of 10,000
ohm-cm whereas oven-dried concrete has a resistivity of about

100,000,000,000 ohm-cn. Vassié&Lecommended the following values: -

If the resistivity >12000 ohm-cm, corrosion is unlikely.
If the resistivity >5000 & <12000 ohm-cm, corrosion is possible.

If the resistivity <5000 ohm-cm, corrosion is almost certain.

These figures assume that the concrete contains sufficient
or carlbenaien—

chloride ions}_to initiate the corrosion reactions. oOther work

(20) suggested that corrosion is unlikely to occur in concrete

with a resistivity in excess of 20,000 ochm-cm and that

resistivities in the range 5,000 to 10,000 ohm-cm are needed to

support corrosion activity. The reasons for the different limits

are not clear.

b) Corrosion Potential Measurements

When steel corrodes in concrete, a potential difference exists
between the anodic half-cell areas and the cathodic half-cell
areas along the reinforcing bar. The potential of the corrosion
half cells can be measured by comparison with a standard
reference cell, which has a known constant value, and then iso-
potential maps are plotted. A copper-copper sulphate cell is
normally used because it is rugged, inexpensive, and reliable
(9). The potential difference between the steel reinforcement
and the reference cell is compared by connecting the two through
a voltmeter. This is achieved by connecting one lead of the

voltmeter to the reinforcing steel, and the other 1lead to the
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reference cell, enabling electrode potentials to be measured at
any location by moving the half cell over the concrete surface
(fig.2.2). It is necessary to check that a good connection has
been made to the reinforcement and that it is continuous. A
separate connection is required wherever the steel is not
continuous e.g. where expansion joints exist in a bridge. It is
known that the half-cell measurements for the copper-copper

sulphate cell could be interpreted as follows:

less negative than -0.2V -No corrosion
between -0.2V and 0.35V -Uncertain
more negative -0.35V -Corrosion is occuring

N.B. negative values because iron is more negative than copper in

the eletrochemical series.

If positive readings are obtained, it generally indicates that
there is insufficient moisture in the concrete and the readings
should not be considered valid. It is important to note that as
the measured potential is the gradation of the iso-potential
contours, a close spacing often indicateq4 a rapid change from a
corroding area to a passive area and provides evidence of an

active cell.

It is important to recognize that half-cell measurements indicate
the potential for corrosion at the time of'measurement, but donot
give information about the rate of corrosion. Corrosion rates of
steel in bridges are primarily controlled by the resistivity of

the concrete, the availability of oxygen at the steel surface and
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the depth of cover. It is possible therefore to have high

potential but low corrosion.

c) Linear Polarisation Resistance Method (LPRM)

The LPRM relies on the observation that the current response of a
corroding electrode is approximately linear in the free corrosion
potential region, i.e. within *20mV of Ecorr (9) .

The linear polarisation resistance method (21) is a technique for
corrosion ratio determination. The corroding material is
polarised a few millivolts AE (<20mV) away from its corrosion
potential and the observed current response AI is then used to
determine the polarisation resistance Rp= AE/AI, which is

inversely proportional to the corrosion current density, icorr

icorr= B/ (R,A)
where A is the area of steel and B is the constant of
proportionality which can be determined experimentally by

comparison with weight-loss data, or can be calculated from the

anodic and cathodic Tafel slopes (ba, bc):
B= b_b_/(2.3(b_+b_))

In order to obtain the estimated corrosion rate from the
polarisation resistance method measurement, the area of the steel
being polarised is required. Thus for application in real

structures, the data can normally be obtained on special probes
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embedded in the concrete. Any attempt to apply the technique
directly to the steel component, reinforcing or pretensionfgteel,
results in an unknown area of steel being polarised. Hence the

corrosion rate cannot be estimated.

d) Electrochemical Impedance Technique

Electrochemical (or ac) impedance techniques (also termed
frequency response analysis), in which the response of a test
electrode to a series of variable frequency impulses is
monitored, have become increasingly used for corrosion studies
over the past ten years following the introduction of digital

instrumentation (9).

In essence the technique uses 'digital correlation methods to
measure the variation of the cell current in response to an
applied sine wave potential perturbation of a known amplitude and
frequency, it then obtains the value of the complex impedance of
the cell at that frequency. Since the corroding interface
components behave as capacitor-resistor combinations, the
impedance is frequency dependent (9). The measurement process is
repeated over the required frequency range, 10kHz to 10MHz, in
order to provide a full impedance spectrum. Data is normally
obtained using a frequency response analyser with the data stored
and subsequently analysed using a micro-computer. Analysis of
data, normally in the form of Nyquist or complex plane plots of
real (resistive) components vs imaginary components (capacitive)
with frequency as a parameter, provides information related to

the various components of the test cell equivalent circuit



39
(fig.2.3). This circuit, referred as a ’‘Randles equivalent
circuit’, is used to relate the observed electrical phenomena to

the actual electrochemical corrosion processes (9).

Eletrochemical impedance techniques have been used to study the
dielectric properties of concrete (22). The technique has the
same requirement as the LPRM ish that the exact area of the steel

is required.
e) Gu Rin chnique

As was noted above it is difficult to apply LPRM or
electrochemical impedance techniques directly to 1large beam
specimens or actual structures because of the polarization.
Recent tests (22) based on previous suggestions (23, 24) have
demonstrated the feasibility of the use of a guard ring technique

to obtain polarisation measurements on the reinforcing steel.

The guard ring probe comprises a central probe and an outer ring
electrode (fig.2.4.a). Theseaﬂiinked by a potentiostatic
arrangement such that the electronic system operates in tandem
but the actual measurement is made on the central electrode; the
outer electrodes spreading the majority of the polarising signal
to the rest of the reinforcement structure. The measurement is
made over a small area of the steel by the central electrode
(typical area 10cm?) whilst the outer ring (typical area
1000cm?), operated simultaneously with the central ring,
polarises the reinforcement outside the test area. This converts

the illdefined impedance response with no guard ring into a
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recognised response (fig.2.4.b) (9). The response from the active
corrosion areas in a macro-corrosion cell on reinforcement is
more clearly defined and a charge transfer is observed from which

a corrosion rate can be estimated.

f) Electrochemical Noise (Potential and Curxent) Analysis
- Electrochemical Potential Noise

All corrosion processes involve stochastic or random events,
which can be observed as fluctuations in the corrosion potential
(25,26). These are manifest as 1low frequency (<1Hz), low
amplitude (<1mV), and random fluctuations. Where the corrosion
is 1localised (the result of film breakdown events as in chloride
induced pitting) then the electfochemical noise level increases.
The noise 1is characterised by a rapid or almost instantaneous
change in potential followed by an exponential recovery. This
self generated noise signal can be used to monitor the corrosion
processes and in the case of concrete can identify areas of
pitting type corrosion (27). The data is obtained by recording
the corrosion potential of the embedded steel, as measured
against a surface mounted reference probe. The data is collected
at regular intervals of between 1-5 sec, over a 15-80 min period.
The data is then analysed by either direct statistical analysis
(calculation of mean, standard deviation, trend, etc) or spectral

analysis.
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- Electrochemical Current Noise

Coupling current measurements, normally made between dissimilar
metals via a zero resistance ammeter and used to determine the
extent of galvanic corrosion, can also be made on steel
reinforcement (22). Here the coupling is made between the steel
and a polarisable electrode (e.g. platinum used as an oxygen
electrode) or a current 1limited galvanostat. A mean coupliné
current flow and the fluctuations or current noise can then be
measured. Analysis is essentially the same as for
electrochemical potential noise. The technique has been applied
only to laboratory test beams, but could be applied directly to

reinforcing steel in concrete.

2.4- CHEMICAIL METHODS

The principle of these tests applicable to concrete is to
determine the depth of carbonation and chloride ion content. Both
methods are used to check if the passivity of the reinforcement

have been broken.

The depth of carbonation can be measured by exposing a concrete
surface to a 2% solution of phenolphthalein in ethanol,
phenolphthalein is a pH indicator with a colour change at about
pH=10. The magenta areas represent uncarbonated concrete and the

colorless areas carbonated concrete.

The chloride-ion content of concrete is usually measured in the

laboratory using a wet chemical method of analysis.
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Gamma-radiography has been applied to bridges for indicating the
position and quantity of reinforcement in concrete and for
detecting voids in post-tensioning ducts. Gamma ray sources-
isotopes such as Cobalt 60, Caesium 137, and Iridium 192 are more
portabléﬁ?ghe high energy x-ray equipment. With a scintillation
counter in place of a photographic film, numerical measurements
of the amount of radiation transmitted can be used to determine
density. A system using this technique has been developed in
France for the inspection of cables in box girders, I-sections,

and slab bridges. This system is known as SCORPION (fig.2.5).

These radiographic techniques are restricted in the maximum
thickness of concrete structures which can be penetrated, about

0.6m with isotopes and 1.2m with linear acclerators (9).

2.6- SURFACE INSPECTION

Numerous techniques are available which rely on surface
measurements of strains, stresses, crack widths, and hardness to

indicate the condition of a structure.

Strains and crack widths are most commonly measured with acoustic

or Demec gauges (15).

Of several techniques for relating surface hardness to strength,
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the most popular is the Schmidt hammer, because it is cheap and

can be used by inexpert workers.

These techniques are not accurate, accuracy ranges between (15-
20%) (15), and require calibration for the concrete under test.
They can be used for comparing the quality of concrete in

different parts of a structure.
2.7- RADAR

Radar methods for inspection in concrete structures have been
investigated by Cantorr and Keeter (28, 29), and Alongi (30).
The technique are useful for detecting gross defects in the
concrete itself such as determination of voids, due to reflection
from open surfaces or horizontai cracks. Embedded steel causes

scatter and reflections.

The technique employed when radar is used has been the use of
pulse-echo methods. A very brief pulse of electromagnetic energy
(perhaps one nanosecond) is emitted from a radar transmitter.
This pulse propagates out from the transmitting antenna and at
any interface at which the dielectric properties of the medium
through which the pulse propagates change there will be partial
reflection and partial transmission of the electromagnetic
energy (fig.2.6). Therefore each interface gives rise to echoes
which can be picked by the same antenna. The time relationship
between echoes can be related to the position of these interfaces

and simple analysis of the shape of the wave forms which comprise
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the echoes can lead to deductions concerning parameters such as

density of the various media either side of an interface.
2.8- T OGRA

Thermography is a technique for measuring or imaging the infra-
red energy emitted from a structure. It can be a passive system
in which the structure’s infra-red emission is used with no
normal stimulus, or it can be an active system in which the
structure is initially stimulated with an active system such as
some form of thermal energy and the resultant pattern of infra-
red emission is then measured. The thermal image obtained can be
assessed 1in terms of the temperature of the structure with

extreme accuracy.

Use of thermography has been reported by Hillemeier (31) for
location of reinforcement in concrete structures. In this
technique the reinforcement is heated inductively and a thermal
image of the concrete structure taken by infra-red radiation
detectors/cameras. No connection is required to the embedded
steel, and the technique readily locates bars up to 100mm deep.
The image produced on the screen when scanning systems are used
is of a bright stripe parallel to the embedded steel. Whilst it
is 1likely that reductions in cross-sections due to corrosion or
broken wires would show increased resistance and hence generate
more heat under induced current, no work has been carried out to

investigate this (9).
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2.9- EDDY CURRENT METHODS

Investigations of eddy current methods to detect corrosion of
embedded steel members in concrete has been reported by Karpov
(32) in the USSR. The application was for inspection of steel
ties in pre-cast panels for buildings. The technique involves
constructing tomographs of the impedance with different voltages
and frequencies. It is claimed that the relative magnitudes of
resistive and reactive components change with different amounts
of corrosion of embedded steel, including 1loss of initial

protective metal coatings.

2.10- VIBRATION MONITORING TECHNIOQUES

Vibration analysis is a techniqﬁe in which some form of stimulus
is applied to a structure usually in the form of either simple
harmonic motion (sinusoidal motion) or in the form of an
impulsive force. This stimulus is then allowed to propagate
through the structure and is detected either at points remote
from its application or at the point of application after the
stimulus has ceased. This analysis can lead to a mathematical
model of the structure which will assist in interpretation of the
data. The measured data may be processed in one of two forms. The
first is to use the response data and compare it with a known
good pattern and hence detect the correlation between changes and
defects in the structure. The second technique is based on so-
called transfer function measurements in which the signal applied
to the structure under test is regarded as a input to a ’‘black

box’ and the output from the ‘black box’ is the signal picked up
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at some remote point on the structure. Techniques based on
Fourier and Laplace transforms can be employed to derive
parameters to describe mathematically the dynamics associated
with the ’‘black box’. In this way a transfer function equation
can be derived from the measured data and the parameters of this
equation can be used to correlate with changes or defects in the
structure. It is possible that a mathematical model of this
structure can be constructed prior to measurement and that the
mathematical model can be used to give guidance to methods: of

test.

In general, vibration monitoring has not been found useful for
detecting corrosion deterioration in steel rods and cables,
unless the damage is sufficiently severe to affect overall

structural response, as opposed to local component response.

In the SHRIMP technique reported by Savage and Hewlett (33) low
stress 1level vibrations are induced in the component, and
vibrational patterns recorded as accelerometers are moved to
different locations. Tests on concrete beams showed that

differences in reinforcement and prestress could be detected.

2.11- STRESS WAVE METHODS

2.11.1- Introduction

With the exception of visual inspection, the use of acoustic

methods is the oldest form of nondestructive testing . Striking
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an object with a hammer and listening to the ringing sound is a
common way of detecting the presence of internal voids, cracks or

delaminations (34).

In 1929, sSokolov first suggested the use of ultrasonic waves to
find defects in metal objects (35). However, it was not until
the introduction of pulse-echo flaw detectors in 1942 by
Firestone of US and Sproule of England (36) that significant
progress was made. Since that time, ultrasonic pulse-echo testing
of metals, plastics, and other homogeneous materials has
developed into an efficient, reliable, and versatile
nondestructive test method. The development fer less ideal
materials, such as concrete, has been hindered by the
difficulties inherent in obtaining and interpreting a signal

record from a hetrogeneous material.
2.11.2- Test Methods

There are a variety of techniques that are based on using stress
wave propagation for nondestructive testing. The primary
distinctions between the techniques are in the methods used for
generating and receiving the stress wave. Three methods that have

been used for evaluation of concrete are:
1-The through-transmission or pulse-velocity method.
2-Echo methods.

3-The resonance method.

These methods are discussed in the following section.
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2.11.3- Through-Transmission Method

In through-transmission or direct transmission method, one
measures the time it takes for a stress pulse to travel from a
transmitting transducer to a receiving transducer located on the
opposite side of a test object. From the measured travel time
and the known distance between transducers, an apparent pulse
velocity is calculated. The computed pulse velocity value can-be
used to draw inferences about the integrity of the medium. This
approach has its limitations: it requires two accessible surfaces

(fig.2.7.a).

2.11.4- Echo methods

In the echo methods a stress pulse is introduced into the test
medium at an accessible surface by a transmitter (crystal) or by
a mechanical impact (hammer). If a transmitter is wused, the
method 1is referred to as a pulse-echo technique, if mechanical
impact is used, the method is referred to as an impact-echo
technique. Two arragements for placing transducers may be used
in this case: 1) semi direct transmission where transmitter and
receiver are placed on adjacent concrete surfaces meeting at an
angle, usually 90° (fig.2.7.b); 2) indirect (sometimes called
pitch-catch or surface transmission) where transmitter and

receiver are placed on the same concrete surface (fig.2.7.c).

The pulse propagates through the medium and is reflected by

material defects or by interfaces between phases of different
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densities or elastic modulii. These reflected waves, or echoes,
are monitored by either the transmitter acting as a receiver, the
method is then called pulse-echo, or by another receiving
transducer coupled to the surface of the test object near the
pulse source, in this case the method is called pitch-catch. Thg
transducer output is displayed on an oscilloscope. Using the
time base of the display, the travel time of the pulse can be
determined. If the wave velocity in the medium is Xxnown, the
round trip travel time of each echo can be used to determine the

location of a defect or an interface.

2.11.5- Resonance Method

Resonance techniques are used to determine the thickness or
length of a test object. Contiﬁuous waves are introduced into a
test object by a transmitter or a mechanical oscillator. The
frequency of these waves 1is systematically varied until a
resonance condition is set up in a test object. Resonance occurs
when the driving frequency is equal to the frequency of the
fundamental mode of vibration of the test object which is
monitored by a receiving transducer 1located close to the
transmitter. When a resonance condition is achieved, there is a
significant increase in the amplitude of the measured response.
The fundamental mode of vibration is identified by noting the
frequency (f) at which this increase occurs. If the longitudinal
wave velocity (cl) is known, the thickness of the test object
(t), which equals one-half the wavelength of the propagating

waves, can be calculated (t= cl/2f).
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2.11.6- Past Applications

The three stress wave propagation methods discussed in the last
section have been used for detecting very large structural cracks
in concrete structures such as dams, for integrity testing
of concrete structures such as piles, for measuring the thickness
of plate elements such as highway slabs, and for several other
specialized applications. These applications are reviewed in the

following section.

-Pavement and Bridge Decks

Resonance and echo techniques have been developed to measure the
thickness of concrete pavements and to detect delaminations in
bridge decks. In the early .1960'5, Muenow (37) developed a
technique to measure pavement thickness which was based on
determining the frequency of the fundamental mode of vibration of
the slab in the thickness dimension. A transmitter was used to

excite resonances in the slabs.

Resonance methods have also been used to detect delaminations in
concrete bridge decks. A technique developed in 1973 by
researchers at Texas A&M University (38) used an oscillating
steel plunger to excite the characteristic vibrations of a
delaminated area. As the plunger oscillates at 60Hz, the
vibrations of the bridge deck were monitored by a receiving
transducer. The location and extent of delaminated areas could be
determined from the relative amplitude of the received signals.

The use of this technique has been limited by the fact that it
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cannot be used where concrete decks have asphaltic overlays

exceeding approximately 5cm.

In 1964, Bradfield and Gatfield (39) reported the development of
an echo technique for measuring the thickness of concrete
pavements. Using two 100kHz resonant transducers, 1l6cm tall, 10cﬁ
wide, and 25cm long, in a pitch catch arrangement, they were able
to measure the thickness of a 30cm concrete specimen with aﬁ
accuracy of 2%. The transducers were coupled to the concrete by a
large plastic block which required a smooth flat concrete surface
for good coupling. Difficulties were reported in obtaining
reflections from the bottom of rough textured pavement surfaces.
The reason of using a large diameter radiator is that it emits a
sound beam, the half-ahgle of this beam 1is governed by the
following equation: 4= asin(i.ZA/D), where A=wavelength and

D=diameter of the transducer, for the above transducers 9§=29°.

An echo system was developed by Mailer (40) to measure pavement
thickness by monitoring the travel time for an ultrasonic pulse
to propagate through the thickness of the concrete and return to
the receiving transducer at the top surface after being reflected
by the concrete pavement-subbase interface. A large transmitter
was needed to introduce sufficient acoustic energy into the
medium to overcome wave attenuation problems due to coarse-
grained aggregates and to obtain coherent reflections from rough
subbase interfaces. The transmitter was a hollow cylinder, with
a 46cm outer diameter, a 15cm inner diameter, and a 200kHz
resonant frequency. The receiving transducer was placed in the

centre of the transmitter.
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-Erosion Cavities Below Slabs and Behind Walls

In Russia (34) an acoustic resonance technique was used for
finding large erosion cavities behind concrete canal walls and
below reinforced concrete slabs on soil substrates. In the case
studies presented, the canal walls were 18 to 28cm thick and the
reinforced concrete slab was 10cm thick. The resonance technique
used was an adaptation of a standard technique in the USSR for
checking bonds in multilaminate plastic structures; this
technique is referred to as the method of free vibration.
Flexural modes of a wall or a slab were excited by the periodic
impact of an electromechanical vibrator operating at a frequency
of 16Hz. The response of the wall or slab was monitored by an
accelerometer, and a spectrai analyser was used to obtain the
frequency spectrum of the received signal. The presence of a
cavity was detected by monitoring the change in the amplitude of
the frequencies corresponding to the thickness of the slab. When
cavity was present, there was a noticeable increase in amplitude.

Cavities approximately 2m and larger were detected.

-Cracks and Corrosion of bars in concrete

Sansalone and Carino (34, 41) carried out experiments using the
impact echo method to determine the depth of vertical surface
opening cracks, the condition of honeycombed concrete and to
locate an ungrouted metal duct. An impactor with a 3mm diameter
spherical steel tip and 5.5g spring driven mass, with a broad

band displacement receiver were used. It was shown that the
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contact time duration of the impact device is an important
variable because it determines the size of the defect which can
be detected, the shorter the time the smaller the defect.
Experimental results showed that it was possible to distinguish
between the hollow and fully grouted duct, because the hollow
duct produces high amplitude reﬂ%ctions while the grouted ducts
cannot be detected because the thin interface is transparent to

propagating waves.

Damaj (42) used pulse-echo techniques to detect cracks in wires
spanning in air, water, and concrete. For application of this
method, one end of the wire must be accessible and have a smooth
surface for the transmitter and receiver. Using a S5MHz
transducer, well damped, manufactured at the Department of
Instrumentation at UMIST, he wés able to get the back reflectibn
or echo of a wire of 7mm diameter, 3m long, embedded in concrete.
He found that the intensity of ultrasound falls off with
increasing distance from the transducer as the energy is lost to
the surrounding concrete, and the back echo is damped or

attenuated.

The through-transmission method, where the velocity is measured,
is used extensively as a reliable indication of the overall
quality of concrete. This is because the wave velocity is
reduced by the presence of porosity, which affects strength, and
internal cracking, which is often associated with deterioration.
A number of qualitative scales have been published to relate
pulse-velocity measurements to the quality of concrete, examples

are given in table 2.1. It should be noted that measurements of
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pulse velocity through concrete are affected by the smoothness of
the concrete surface, concrete temperature, moisture content, mix
proportion, age of the concrete, and presence of the reinforcing
steel. Knab et Al (43) performed a laboratory study to quantify
the crack detection capabilities of ultrasonic through-
transmission measurements in concrete. Pulse velocity and
amplitude measurements were taken perpendicular to the crack
plane (in cracked concrete) and compared with measurementé
parallel to the crack plane (in uncracked concrete). A
sensitivity ratio was used to determine if the cracks could be
detected, the numerator of this ratio was the difference between
velocity or amplitude values in the cracked as compared to
uncracked concrete while the denominator represented the
variability of the velocity or amplitude values in both the
cracked and uncracked conérete. It was shown that the
sensitivity values could be used for greater crack depths which

could be reliably detected.

Chung (44) reported that fire damage of concrete can be assessed
approximately by the echo-method. Both the pulse velocity and
the compressive strength of concrete are reduced after a fire
attack, but the rate of reduction is not the same. Using the
indirect or surface transmission method, a transmitter is placed
on the concrete surface at a fixed point while the receiver is
placed at fixed increments of distance along a straight line.
The transit times measured are plotted as points on a graph
showing their relation to the distance separating the transmitter

and the receiver (fig.2.8). Thickness of the surface layer is
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calculated from:

t= X/2 / (tana-tang)/(tana+tang) = x/2 ./ (vs-vc)/(vs+vc)
where vs= the velocity in sound concrete

V.= the velocity in damaged concrete

refer to fig.2.8 for other symbols.

A recent paper in the IndianConcrete Journal (45) reported that a
number of tests have been carried out to examine prestressed
concrete bridges. One of these tests was an ultrasonic method
which was used to locate voids in cable ducts. It consists of
placing a transmitter and receiver on opposite sides of a slab
and measuring changes in velocity. Erroneous results are obtained
if voids are small compared to concrete thickness or where cables

shade each other.

Engineers in India (46) used an impact echo method to estimate
the depth and extent of large horizontal cracks that developed in
Koyna dam during 1967. Very low frequency stress wave (200-600Hz)
were introduced into the concrete by mechanical impact with a
free falling steel hammer. This range of frequencies allowed
detection of cracks on the order of 15m and larger. The energy
generated by the mechanical impact was sufficient to obtain
reflections from cracks located 100m away from the point. After
existing cracks were grouted, the impact-echo was used to assess
the degree of grout penetration. The assessement was made

qualitatively by comparing the echo amplitude in signal records
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obtained before grouting to those after grouting.

Since the early 1970’s, impact-echo and resonance techniques have
been widely used for integrity testing of concrete piles (34).
The behaviour of stress waves in slender rod-like structures,
such as piles, 1is well known. If a pulse is generated bf
mechanical impact at one end of the pile, the resulting wavefront
is initially spherical but quickly becomes planar as the pulse
propagates down the 1long slender pile. Plane wave reflection
occurs at the bottom surface, and the reflected wavefront travels
back up % the receiving transducer. Thus, the pile acts as a
waveguide. Because of the length of piles, long duration impacts

can be used. As a result, signal analysis is relatively simple.

Steinbach and Vey (47) were among the first to apply impact-echo
techniques to field evaluation of piles. A pulse was introduced a
concrete pile at the top surface by mechanical impact and
returning echoes were monitored by an accelerometer mounted on
the same surface. The signal record could then be used to detect
partial or complete discontinuities, such as voids, abrupt
changes in cross section, very weak concrete, and soil
intrusions, as well as the approximate 1location where such
irregularities existed. In the absence of major imperfections the
location of the bottom of a sound pile could be determined.
However, 1little specific information could be obtained about the
extent of defects or the relative soundness of concrete at the

location of an irregularity. The success of the method is
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dependent upon the damping characteristics of the surrounding
soil, a high degree of damping can severely weaken returning

echoes.

Work at Edinburgh University (48, 49) has involved experiments’op
concrete test beams and piles. The basic apparatus used was an
acoustic transducer mounted at one end of the test specimen to
monitor surface movement for display on the oscilloscope, an
electrical circuit which is routed through a hammer and pile head
to the external trigger input of the oscilloscope. It was shown
that by adding sequentially a series of signals obtained by
moving one transducer around on the pile head, the magnitude of
Rayleigh waves would be reduced, as these differ in phase and
amplitude at each reading, relative to the main echo signal. The
time domain signal was analysed by using the autocorrelatibn
function. By autocorrelating the input signal, the hammer
signal in this case, with the response of the pile, it was
possible to detect reflections from within the pile or the pile
base. Furthermore, frequency domain analysis was used. The
procedure is to obtain the time domain signals of both the hammer
impact, and the response of the pile via the accelerometer, these
two signals are then transformed into the frequency domain using
an FFT algorithm, the frequency domain from the accelerometer is
then divided by the frequency domain signal from the input
hammer. This is known as the frequency response function
(fig.2.9). From this graph the length of the pile or distance to

a defect can be calculated from the relationship:

L= cl/(ZAf)
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where L=distance to end of pile or defect
cl=longitudina1 sonic velocity through concrete

Af=frequency interval between resonances.

-Reactor Structures

In 1976, Sutherland and Kent (50) of Sandia Laboratories used-an
ultrasonic pulse-echo method to measure the thickness of concrete
reactor substructures subjected to the thermal energy of a
hypothetical core meltdown. Two transducers were used in the
pitch-catch mode. The relative position of a concrete-gas
interface subjected to a high heat flux from a plasma jet was
monitored as a function of time.to determine the erosion rate of

the concrete substructure.

-Refractory Concrete

Clayor and Ellingson (51) used an echo method to measure the
thickness of 30.5cm thick refractory concrete specimens. It was
found that for frequencies below 100kHz, the use of a single
transducer as both the transmitter and the receiver was
impractical because of the ringing of the transmitte;fgzgcured
the echo signal. Tests were also carried out using two
transducers in a pitch-catch arrangement, however, the
transmitting transducer generated strong Rayleigh-waves which

interfered with the reception of the echo signal by the receiving

transducer. To reduce R-wave interference, large diameter
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(17.8cm) transducers were constructed. As the response of a
transducer is an averaged phenomenon over the contact area, the
sensitivity of a larger diameter transducer to localized surface
disturbances (R-waves) was reduced. Furthermore, the large
dimaeter probe had a sound beam, the half-angle in this case was

about 16°.

-Surface Opening Cracks in Submerged Structures

Smith (52) demonstrated that Rayleigh waves can be used to detect
surface opening cracks in submerged concrete structures, such as
concrete tanks and offshore structures. Two 0.5Mhz, 25mm
diameter, 1longitudinal-wave or P-wave transducers were used as a
transmitter and receiver. When a transmitted P-wave strikes the
surface of a solid at a criticél angle (defined by Snell’s Law),
mode conversion occurs producing R-wave which propagates along
the solid-liquid interface. As the R-wave propagates, mode
conversion also occurs, producing a P-wave which radiates into
the 1liquid at the same critical angle and is picked up by the
receiving transducer. The distance between the transducers can be
adjusted to optimize the amplitude of the received signal. If the
path of the propagating R-wave is crossed by a crack, reflection
occurs and no signal will be picked up by the receiving
transducer. If a crack is favourably oriented (a crack at 90° to
the propagating wave is the best orientation, the P-wave produced
by mode conversion of the reflected R-wave will be picked up by
the transmitting transducer. Analysis of the received signals
obtained from a complete scan allowed the location of surface

opening cracks to be determined.



60

Forde and Birjandi of Edinburgh University (53, 54) used a hammer
to excite a 120 years old stone masonry bridge. A low frequency
signal (2Khz) was produced. The objective of the investigation
was to determine voiding in the bridge. The technique has proved

capable of identifying a large void at a specific location.
2.12- ACO I MISSION

This has been applied to both steel and concrete structures to
detect growth of defects, but it does require the system to be
connected continuously during long periods. By use of multiple
listening tranducers, it is poésible both to detect and 1locate
sources of emission of acoustic signals from within the material
and this is particularly useful for detecting the development of
cracking. In a programme of research at University College,
Swansea, Casey and Taylor (55) have used acoustic emission on
wire ropes of the type used in lifting and mechanical handling
equipment. They have shown that it is possible to detect
fractures of individual wires in cables of 1length up to 30m.
Leiard (56) has reported application of pulsed acoustic emission
techniques to masonry although this was effectively monitoring
the signal received from an external impact by using standard
acoustic emission methods of analysis. He monitored the acoustic
emission behaviour of a brick wall with and without defects,
using 13kHz resonant transducer, and reported significant

differences.
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Wang et al (57) have used the AE techniques to detect and
characterise concrete damage resulting from the reinforcing steel
corrosion. It was concluded that although some success has been
achieved with 1laboratory specimens, more experiments are
necessary to demonstrate that the system can be effectively
employed on full scale on service structures. Hartt et al (13)
have reported use of acoustic emission technique to detecé
corrosion induced damage in reinforced concrete. Essentially the
acoustic emission techniques has been used in these cases to
detect cracking of the concrete under the effect of expansion of
corroded embedded steel. The work was carried out on reinforced
concrete specimens with a single bar, monitored on a daily basis.
The techniques used included both event counting above a
threshold, and signal amplitudé analysis. Work by Dunn (58)
suggests the accumulative distribution of amplitude may be
charateristic of failure mechanisms, and the few results
presented suggest a good correlation between such counts and the
onset of cracking around reinforcing bars. In France, Robert and
Brachet-Rolland (59) have reportedfﬁse of acoustic emission to
detect fractures of individual wires in tensioned cables and
active cracks in concrete. The method has been used in practice
for suspension and cable-stayed bridges, but the authors indicate
the need for further research on interpretation of received

signals for pre-stressed concrete structures.

2.13- OTHER TECHNIQUES

Many other techniques are used for examining concrete structures.
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Some of these techniques are listed next, detailed information

could be found in the references given for each method.

a) Rebound and Penetration Methods: These methods are used mainly

to measure hardness of concrete (60).

b) Nuclear Methods: This is based on the measurement of moisture
content in-situ by neutron absorption and scattering techniques

(61) .

c) Detecting Cracks Using Fibre Optics: Rossi (62) proposed to

use the optical fibres a detectors of disorders (cracks, damage)
in the field of civil engineering. The operation of the device is
based on the finding that an opfical fibre embedded in a piece of
concrete breaks as soon as a crack propagating in the material
surrounding it reaches it, and that this break causes an almost
complete disappearance of the luminous signal transmitted by the

fibre.

d) Air Permeabilty Measurements: It is used to obtain an in-situ

assessement of the resistance of concrete to carbonation and to

penetration of other ions such as chloride (63, 64).

e) Visual Inspection: This is carried out to determine the type

and extent of deterioration of a structure (65).

f) Concrete cores: Drilling concrete cores from concrete

structures is a standard method for checking the performance and
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quality of concrete. This procedure is semi-destructive and only
a limited number of cores can be taken from one location. Tests
carried out on cores may include strength, porosity,

permeability, density, chloride depth (65).

2.14- SUMMARY

A review of the literature shows that stress wave methods have
been used successfully to detect thickness of concrete slabs and
to detect voids beneath them. Delaminations within bridge decks

and cracks within dams have been detected.

It appears from the survey that none of the techniques currently
available meets the requirements for a generally applicable
method to detect deterioration in high strength steel wires and

cable embedded and grouted in concrete.

Preliminary work undertaken at UMIST (9, 42) has suggested that a
development programme should be investigated using ultrasound,
namely, acoustic pulsing and impact-echo method. The research
requires theoretical and experimental work of the behaviour of

stress signals in reinforced and prestressed concrete.

Therefore, theoretical and experimental studies have been carried
out as a basis for developing a non-destructive testing system to
detect corrosion and cracks in high strength steel components

embedded in concrete.
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Table 2.1- Relation between sound velocity and quality of concrete -

Longitudinal Velocity Quality of concrete
Km/Sec

>4.6 Very Good

3.5-4.6 Good

3.0-3.5 Moderate - Questionable
2.0-3.0 Bad

<2.0 Very bad
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BACKGROUND TO WAVE PROPAGATION
IN SOLIDS

3.1- INTRODUCTION

The purpose of this chapter is to provide background information
on elastic wave propagation in solids and to study the losses due

to boundaries.

3.2- BASIC PRINCIPIES OF ELASTIC WAVE PROPAGATION

3.2.1- Wave Types

There are three primary modes of stress wave progapation through
isotropic, elastic media: dilatational, distortional, and

Rayleigh waves.

Dilational and distortional waves, commonly referred to as
compression and shear waves, or P- and S-waves, are characterized
by the direction of particle motion with respect to the direction
the wavefront is propagating. 1In a P-wave (known as longitudinal
or compressional waves), motion is parallel to the direction of
propagation (see fig.3.l1.a), in the S-wave, (known as shear or
transverse waves)motion is perpendicular to the direction of
propagation (fig.3.1.b). P-waves can propagate in all types of
media, S-waves can propagate only in media with shear stiffness,

i.e. solids. Where there 1is a solid/liquid or solid/gas
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interface, Rayleigh waves (R-waves) can propagate along the
interface. 1In an R-wave, particle motion is retrod%de elliptical
(fig.3.1.c). The amplitude of motion in the R-wave decreases
exponentially with distance away from a free boundary (66). The
shape of the P-, S-, and R- wavefronts depends upon thg
characteristics of the source that is used to generate the waves.
There are three idealized types of wavefronts: planar, spherical,
and cylindrical, e.g. when the stress waves are generated by a
point source applied normal to the top surface of a plate, the
resulting P-, S- wavefronts are spherical and the R-wavefront is

circular.

3.2.2~ Wave Velocity

The propagation of stress waveslthrough a heterogeneous bounded
solid, such as a structural concrete member, is a complex
phenomenon. However, a basic understanding of the relationship
between the physical properties of a material and the velocity of
wave propagation can be a acquired from the theory of wave

propagation in infinite isotropic elastic media.

In infinite elastic solids, The P-wave velocity c is a function
of Young’s modulus of elasticity, E, the mass density, ,, and

Poisson’s ratio, u,

c = J E(1-p)/p (1+4) (1-24) (ref.67)

In bounded solids, such as thin plates or long rods, the P-wave

velocity can vary depending on the dimensions of the solid
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relative to the component wavelength (A) of the propagating wave.
For rod-like structures, such as piles, the P-wave velocity is
independent of Poisson’s ratio if the rod diameter is much less
than the component wavelength () of the propagating wave. In

this case, ¢y is given by the following equation:

C1= 4 E/p

For a Poisson’s ratio of 0.2, a typical value in concrete, the: P-
wave velocity is 5 per cent higher in an infinite solid than in a
long thin rod.

The S-wave velocity, ¢ in an infinite solid is given by the

sl
following equation:

c,=J E/2p(1+p) =/ G/p

where G= shear modulus of elasticity.

A useful parameter is the ratio of S- to P~ wave speeds:

cg/cy=J (1-2u)/2(1-p)

For Poisson’s ratio of 0.2, the ratio of the S- and P- wave

velocity is 0.51.

Rayleigh waves propagate at a velocity, ¢ which can be

r!
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determined from the following approximate formula (67):

c,= (0.87+1.12u)/ (1+p) cg

For Poisson’s ratio of 0.2, the R-wave velocity is 92 per cent of

S-wave velocity.

P- and R- wave velocities are related by the following equation:

c,= (0.87+1.12u)/(1+p) J (1-2u)/2(1-p) ¢,

Thus, if Poisson’s ratio is known, the measured R-wave velocity
can be used to estimate the P-wave velocity. For Poisson’s ratio
of 0.2, the R-wave velocity is 56 per cent of the P-wave

velocity.

Wave velocity, c, and frequency, £, and wavelength, , are related

by the following equation:

c= £

“ofﬁ\le(j
Stress waves generated are‘pomposed of a range of frequencies,

therefore, they contain a number of different wavelengths.

3.3- REFLECTION AND REFRACTION

When a P- or S- wavefront is incident upon an interface between
dissimilar media, ’specular’ reflection occurs. The term specular

' L3 L] » 3 3 3 (3
refection is used since the reflection of stress waves is similar



76
to the reflection of 1light by a mirror. Stress waves can be
visualized as propagating along ray paths and the geometry of ray
reflection is analogous to that of light rays. Representative ray
paths are shown in fig.3.2. The path of the R-wave is denoted by
an R, and the paths of variously reflected P- and S- wave rays
are denoted by a P or an S. For example, the 2P- ray (or PP ray)
represents a P-ray incident upon and reflected by an interface.
The shape of the reflected wavefront can be determined by

considering the reflection of individual rays.

At a Dboundary between two different media only a portion of a
stress wave is reflected. The remainder of the wave penetrates
into the underlaying medium (wave refraction). The angle of
refraction, g, 1is a function of the angle of incidence, ¢, and
the ratio of wave velocities, cz/cl, in the different media, and

is given by Snell’s Law:

sing= c2/01 sing
where c,= sound velocity in medium 1

c,= sound velocity in medium 2.
Unlike 1light waves, stress waves can change their mode of
propagation when striking the surface of a solid at an oblique
angle. The incident P-wave can be partially reflected as both P-
and S- waves, depending on the angle of incidence. Since the Ss-
waves propagate at a lower velocity than P-waves, they will
reflect and refract at angles (determined using Snell’s Law) that
are less than the angles of reflection and refraction for P-

waves.
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The relative amplitudes of reflected waves depend upon the
mismatch in specific acoustic impedances at an interface, The
angle of incidence, the distance of an interface from the pulse
source, and the attenuation along the wave path. The influence'of

each of these factors is considered in the following discussion.

The position of an incident plane P-wave that is reflected at an
interface between two media of different densities or elastic
moduli depends on the specific acoustic impedances of each

medium. The specific acoustic impedance, 2, of a medium is:
Z= Clp

If we assume cy is approximately equal to / E/p then

2=/ Ep

Specific acoustic impedance values for P-waves in selected

materials are given in table 3.1.

The formula for acoustic impedance is also valid for S-waves if

the S-wave velocity is used to calculate it.

The amplitude of particle motion in a reflected ray, Ar, is

maximum when the angle of incidence of ray is normal to the
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interface and is determined from the following equation:
A= Ay (2,-2,)/(2,+2,)

where A;= the amplitude of motion in the incident ray.
Z1 and Z2 are the acoustic impedances in media 1 and 2

respectively.

To derive the coefficients of reflection and refraction for the
amplitude of a reflected and refracted wave for different
boundary conditions, two mathematical models are generally used.
The first is the plane wave model, the second is the spherical
wave propagation model (usually used in seismology) which is more
complicated to solve than the plane wave model. For the present
work only the plane wave case will be considered, coefficients of
reflection for spherical wave are discussed by Nickerson (68).
The following equations are for the case of 1longitudinal wave
incidence.

The equations for the case of solid-solid interface are:

S1

S2
R1 COSall-Rt Slna1t+T1 COSa21+Tt Sln02t=005011
R1 s:ma11+Rt cos«:lt-Tl s1na21+Tt 005a2t=—51na11

R1 lecOSZalt-Rt thSlnzalt'Tl Z21cosza21-Tt Zztsuxza2t

=-2.,C0s2a

11 1t

Rl thclt51n2a11/c11+Rt zltcoszalt+Tl Z2t°2t51n2“21/c21

-T, 2

t thOSZG

26=21¢C1¢5102a, /S,



The equations for the case of solid-liduid are:

S1

L1

Rl COSsa ll-Rt Slna 1t+Tl COSa 2 1=COSa 11

Rl Sin2°11/°11+Rt sin 2°1t/°1t=51n2°11/c11

R1 lecoszalt-Rt th51n2a1t-zzl=-zllcos2alt

The equations for the case of liquid-solid are:

L1

S2

Rl cosa,,+Ty c05a21+‘1‘t Sina,, =cosa,,
T1 s:|.n2a21/c21-Tt cos2a2t/czt=0

Rl le-Tzl 221C05202t-T2t 51n2a2t=-zll

The equations for the case liquid-liquid are give by:

oy

L 2R L2

Ry 2977Ty 257=-29,

R1 c05a11+T1 COSsa

-T

=COSa
1l

2 11

Where R, Rg¢: the coefficients of reflection for longitudinal
and transverse waves respectively
T, » Te: the coefficients of refraction for longitudinal and
transverse waves respectively
Z,y Z¢: the acoustic impedances for longitudinal and transverse
waves respectively,
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The equations for solid-vacuum interface are:

RtR

ot <% 1
™ v S1

Air

R, lec052alt-Rt thsina1t=-zllcosza1t
Ry lesinzalt/c112+Rt thcos2a1t/clt2=lesin2all/cll2

It should be noted that the indices used are: ‘1’ for incident or
first surface, ’2’ for the second material, and ‘1’ for P-wéve
(longitudinal), ’t’ for S-wave (transverse). In the above
equations the angles are related by the following relationship

(known as Snell’s Law):

51na11/cll= s1na1t/clt= sinazl/c21= Sln“zt/czt

Computer programs were written to plot the coefficients of
reflection and transmission for the cases steel/air,
concrete/air, concrete/water, water/concrete, steel/water,

water/steel, concrete/steel, and steel/concrete.

Fig.3.3 shows the coefficients of reflected waves against the
incident angle of 1longitudinal wave in case of steel/air

(fig.3.3.a) and concrete/air (fig.3.3.b).
Fig.3.4 shows the coefficients of reflected and transmitted waves
against the angle of incidence of longitudinal wave in the case

of steel/water (fig.3.4.a) and water/steel (fig.3.4.b).

Fig.3.5 shows the coefficients of reflected and transmitted waves
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against the angle of incidence of longitudinal wave in the case

of concrete/water (fig.3.5.a) and water/concrete (fig.3.5.b).

Fig.3.6 shows the coefficients of reflected and transmitted waves
against the angle of incidence of longitudinal wave in the case

of steel/concrete (fig.3.6.a) and concrete/steel (fig.3.6.b).

In the previous discussion it was assumed that reflection and
refraction of wavefronts occurred at planar interfaces between
two dissimilar media. This type of analysis is also applicable to

flaws or discontinuities within a medium.

The ability of stress wave propagation methods to detect flaws or
discontinuities (sensitivity) depends on the component
frequencies or wavelengths, in the propagating wave, and on the

size of the flaw or discontinuity.

A general rule is that waves will diffract or bend around the
edges of discontinuities if the size of the discontinuity is of
the same order or less than the component wavelengths in the
propagating wave. Therefore, to detect flaws of the order of
0.1m, it is necessary to introduce into the concrete (P-wave
velocity of 4000m/s) a stress pulse that contains frequencies
greater than approximately 20KkHz (wavelengths less than

approximately 0.1m).

3.3.1- Diffraction at a Crack Tip

Where a stress pulse is incident upon a crack tip (or the sharp
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edge of a discontinuity) diffracted waves are produced. Mode
conversion of the incident wave also occurs at the crack tip
producing a second diffracted wave (67). For example, a P-wave
incident upon a crack tip produces a diffracted P-wave, and a

diffracted S-wave.

3.3.2~- e n a i

As a wave propagates through a solid the acoustic pressure, and
thus the amplitude of particle motion decreases with path length

due to attenuation (scattering and absorption) and divergence.

The acoustic pressure (P) and the particle amplitude (A) are

connected to each other by the relation (67):

P= ZwA where w is the angular frequency= 2«f

Another important relation which relates the sound pressure and

the intensity of a wave:

J= P2/22

In a heterogeneous solid, scattering is the result of wave
reflection, refraction, diffraction, and mode conversion at each

interface between dissimilar media.

In ordinary concrete, the density and the elastic modulus of the
coarse aggregates are higher than those of the mortar. If the

wavelength of the propagating wave is less than the size of the
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aggregate, this mismatch in impedances causes scattering of the
incident wave as the waves undergo reflection and refraction from
each mortar-aggregate interface. For higher quality concrete
(higher density, and greater elastic modulus of mortar) the
specific acoustic impedance of the mortar approaches that of the
coarse aggregate, and scattering is reduced. Hence, in evaluation
of concrete, 1lower frequency waves should be used i.e. the

wavelength to aggregate size ratio must be increased i/ to

Dagg'
reduce the attenuation of wave energy due to scattering. However,
use of 1lower frequency waves reduces the sensitivity of the
propagating waves to small flaws. Thus, there is a limitation in

the flaw size, that can be detected within concrete.

Although attenuation of wave energy in heterogeneous solids is
primarily due to scattering, part of the wave energy is absorbed
and turned in heat, (hysteretic damping) (69). In solids,

damping is mainly caused by internal friction.

Attenuation also affects the frequency content of the pulse
propagating in a heterogeneous medium, which will be discussed
more in chapter 6. Pulses produced contain a range of
frequencies, and in a material such as concrete, the higher
frequency components of the propagating pulse will be
preferentially attenuated with the path length. As a result, the
frequency spectrum of the pulse is continuously shifted to 1lower
frequencies. Thus, both the sensitivity and the acoustic pressure

of a pulse decrease with path length.

For non-planar waves (e.g. spherical waves) reduction of the
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acoustic pressure also occurs due to spreading of the wavefront
as it propagates through the test medium (divergence) (67). For
a transducer producing a spherical wavefront, divergence causes
the pressure to vary as the inverse of the distance from the
source (67). Both incident and reflected waves undergq
attenuation and divergence, thus, the amplitude of the signal
decreases with total path length. The relative losses caused by
attenuation and divergence will depend upon the attenuation
coefficient of both the test medium and the frequency content -of
the propagating wave. Chapter 6 will deal with the attenuation of

sound in concrete.

3.4- TRANSDUCERS FOR__TRANSMITTING AND RECEIVING WAVES 1IN
ULTRASONICS

Sound waves are generated or received by a device called a
transducer, this converts energy from one form to another. There
are various types of transducers such as: electrostatic,
piezoelectric (crystal), electromagnetic transducers and others.
In this study only piezoelectric oscill_ators have been used. If
external mechanical pressure is applied to a piezoelectric
material, electric charges are produced on its surface, this is
called the direct piezoelectric effect. The second is the inverse
piezoelectric effect, which occurs when such material is placed
between two electrodes, when it changes its form producing

mechanical pressures, deformations, and oscillations.

A number of materials have been found to show the piezoelectric

effect such as lead zircontate titanate (P2T), barium titanate
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(BaTio3), quartz (Sioz), lead metaniobate (Pbszos) and others.

Table 3.2 gives constants of some piezoelectric materials.

In table 3.2, 935 is the piezoelectric pressure constant and is

related to the receiving voltage and the pressure by:

Ue=g33dP (ref.67)

where Ue is the receiving voltage, Volts
d is the thickness, in m= A/2= c/2f for longitudinal transducers
P 1is the pressure which produces the change in thickness, N/ m2

c is the velocity of sound in the crystal

Moreover, k33 (table 3.2) 1is the electromechanical coupling
coefficient factor which for a piezoelectric material is a
reference for the efficiency .of the conversion of electric
voltage into mechanical displcement and vice versa, and is given

by:

Ue/Us= k332 (ref.67)

where Ug is the transmitting voltage, Volts.

Most of the crystals used in this study were barium titanate,
from table 3.2 k33=0.45, and the transmitted voltage was 600V,
thus:

Ue=121.5V

For exapmle for 200kHz transducer, the thickness of the crystal
would be d=12.75mm, therefore the pressure which produces the

. . . o
change in thickness is: P=9.5 2 N/m2,
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After this introduction to the structure of ultrasonic
transducers, the sound field produced will now be defined.
Consider a piston source, i.e. an acoustic source which consists
of a surface moving backwards and forwards 1like a piston.
According to Huygen’s principle, each point of this surface acts
as an elementary source radiating elementary wavelets into the
medium in contact with it. These elementary wavelets interferé
with each other, resulting in the emerging acoustic wavefront

(70) .

a
In front of circular radiator a complicated interference pattern
is formed with pressure minima and maxima, this is called the
near field, and it extends from the source to the 1last

interference maxima and its length, N, can be expressed as:

N= (D%2-x2)/4) = D2/4x, if A<<D
where D is the diameter of the oscillator

A is the wavelength in the material.

At the end of the near field is the beginning of the far field,
the characteristic feature of which is that it is divergent, and
the half angle ¢ of the beam is given by:

sing= 1.22/D

The directional sound pressure in the far-field is given by:
P0= Jl(x)/x
where x= »Dsind/x, and Jl(x) is the Bessel function of the first

order, which can be approximated to the sine (71).
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Fig.3.7 shows the polar diagrams for d/x=2 and 4.

The acoustic pressure along the axis is given (67):
P= P_ sin(x/) (/ RZ+x2 . =x))
where P, is the the initial pressure

X is the axial distance from the transducer

R is the radius of the radiator.

At large distance x, this relation can be approximated to:

P= Po xD2/4) 1/x%, for x>>D2/4.

A computer program was written to plot the pressure against the
distance in the far-field along the axis. Fig.3.8 illustrates

the result for f=5MHz and D=20mm.

For A/D>1, the angle increases to 90°, Roderick (55) showed the
characteristic of an oscillator of this type. Fig.3.9 shows the
far-field characteristic for this case. It consists of an almost
spherical portion for longitudinal waves and a lobed section for
transverse waves, whichkalso associated with strong surface

waves radiated simultaneously by a small oscillator.
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Table 3.1~ Specific acoustic impedances

Material Density P-wave velocity Specific acoustic
Kg/m3 velocity, m/s impedance, Kg/(m?.sec)
Air % 1.205 343 0.413 ¢
Concrete 2300 3000-4500 6.9-10.4. to
Granite 2750 5500-6100 15.1-16.8 ¢
Limestone 2690 2800-7000 7.50-18.8 /o€
Marble 2650 3700-6900 9.80-18.3 /¢
Quartzite 2620 5600~-6100 14.7-16.0.19¢
Soils 1400-2150 200- 2000 0.28-4.30 /0¢
Steel 7850 5940 46.6. 10¢
Water 1000 1480 1.48 ro*

* The mass density of concrete depends on the mix proportions and
the specific gravities of the mix ingredients. The given density
is for an average, normal weight concrete.

Table 3.2- Constants of some piezoelectric materials (67)

Lead Zircontate Barium Titanate Quartz
Titanate
Density (Kg/m>) 7500 5400 2650
Acoustic Velocity (m/s) 4000 5100 5740
Acoustic Impedance 30E+6 27E+6 15.2E6
(N.s/m?)
k (Electro-mechanical 0.6-0.7 0.45 0.1
ngfficient of Coupling)
g (Piezoelectric Pre-
sidre constant),V.m/N  20-40E-3 14-21E-3 57E-3
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UES U (0] SSING
4.1- INT 10[

The emergence of digital signal processing as a major discipline
began in the mid 1960s when high speed digital computers became

widely available for serious research and development (72).

In digital signal processing, we deal with signals which operate

in discrete-time, a discrete-time is a sequence of numbers.

For the purpose of this research, a package for signal processing
was developed using the BASIC language on the 9000 series

HEWLETT-PACKARD computer.

The analysis of the signals captured when testing the steel

embedded in concrete, was divided into two parts:

1-Time domain analysis.

2-Frequency domain analysis.

The time domain analysis involves operations on a specific time
record or combinations of records. If analysis is to be made on
only one part of the data, rather than the full 1024 bytes, the
window program option can be used which provides the means of
isolating a specific segment of the record. The arithmetic

operations contain a 1list of processing functions such as
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squaring, differentiation, phase shifting, root mean square
(RMS), and energy statistics, these operations need only one
record of data. However, other processing requires more than one -
signal and is carried out on groups of signals, such as adding,

subtracting, multiplying, dividing, and signal cross-correlation.

The frequency domain analysis includes the real, the imaginary,
the magnitude, and the phase components of the spectrum. The
window facility in the frequency domain is similar to the window
facility which operates in the time domain, but in this is
refered to the amplitude spectra. The inverse Fourier transform
(IFFT) retransforms a frequency spectrum to its equivalent time
record. The arithmetic operations perform calculations which are
referenced to the amplitude components of a given spectrum. Hence
the amplitude chosen may be linear, logarithmic, or a self-
referenced scaling. Squaring can also be carried out to give the
power spectrum, in addition to spectrum integration. Moreover,
cross-correlation, subtraction, adding, dividing, and
multiplication are performed on groups of signals. A filter
design facility has been included too. The method computed was
the brick-wall filter which is performed by removing bands of
harmonics, such filter could be lowpass, band pass, or band stop
filter. Subsequently after performing filtering, IFFT on the
edited spectrum can be calculated. The digital filtering
technique proved to be important in identifying defects in

concrete. This will be discussed in detail in chapter 11.

In chapter 9, more detail..ed information about the package will

be given. After finding that spectral analysis is needed for
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development of a method using ultrasonic techniques to detect
corrosion/cracks in steel embedded in concrete, it was decided in
the last year of the research that a waveform analyser was needed -
which was bought, a description of the analyser and its

operations is given in chapter 9.

In this chapter, a literature survey about the past application
of signal processing in the field of non-destructive testing will
be reviewed, with the mathematical approach of operations carried

out in the program.
4.2- PAST APPLICA S PROCESSING
a- De Characterizatio

A new approach to flaw characterization was suggested by Gericke
(73) in 1963. He used a broadband ultrasonic pulse and found
that the spectrum (Fourier Transform of the signal) of the echo
from a void is altered by the geometry of the void. Whaley and
Cook (74) and Whaley and Adler (75) have adapted the spectral
analysis technique to an immersed systen, introduced a
multitransducer system, and developed a model to measure size and
orientation of circular reflectors in water (simulating planar
flaws in solids) from the scattered spectral distribution. Major
variations of the reflected spectrum as a function of the
incident angle were observed (fig.4.1 shows one of the results).
The frequency spectrum of the reflected signal was also sensitive
to the size of the reflector. It was concluded that the variation

of the frequency spectra with angle and reflector size can be
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explained by the frequency and angular dependence of scalar wave
diffraction by circular obstacles. Tittman et al (78) designed
an experimental system for measurements of ultrasonic wave
scattering from simulated defects in solids. Both angular and
frequency dependence of the scattered energy were analysed from
these simulated defects (fig.4.2). Another experimental
technique was used by Adler and Lewis (79) to study broadband
pulse spectra from simulated defects in titanium samples. Both
longitudinal and shear wave scattered amplitude were studied. It
was found that the phase spectra for scattered longitudinal waves
from spherical cavities shows size dependence. Bifulco and
Sachse (76, 77) studied the frequency dependence of broadband
ultrasonic pulses scattered from cylindrical fluid-filled
cavities in a solid, and related the frequency spectrum to the

diameter of the cavities (fig.4.3).

b- Adhesive Bonds

Laminates of metal and polymer (adhesive bonds) have been studied
for a number of years by utilizing ultrasonic techniques. The
strength of the bond is of primary importance and so many of the
investigations have been aimed at deducing this property from
non-destructive ultrasonic measurements. For instance, Chang et
al (80) measured transmission spectra for several single layers
of various thickness and three-layer sandwiches of aluminiun,
adhesive, and air. Resonance behaviour was noted in the spectra.
For the single layers, the spectral structure was simple, with
the peaks equally spaced, but the transmission spectra of the

laminates were considerably more complex.
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Quentin et al (81) have investigated backscattering of

ultrasonic waves for both one dimensionally and two dimensionally
periodic surfaces i.e. rough surfaces. Scattering from perfect
and flawed gratings gave the expected modulated frequency
spectra. The modulation was quite uniform for the perfect gratiné
but increased in complexity for gratings with an increasing

number of imperfections.

d- Surface Breaking Cracks

The interactions of ultrasonic waves and surface-breaking cracks

have been studied by a number of investigators.

Silk (82) noted that the interackion of surface waves and
surface-breaking defects is wavelength dependent. When the
wavelength of the wultrasound is much greater than the defect
depth, 1little energy is reflected or delayed by the crack.
Conversely, for the case of very small wavelengths the ultrasonic
follows the surface of the crack. Reflections can occur at each
corner or along the rough surface of the crack. If transit time
measurements are made for surface waves passing across a defect,
the time can be expected to change with the frequency of the
wave. The change in transit time (relative to the transit time
across an uncracked surface) is plotted versus frequency for
three crack depths (fig.4.4). The depth of the surface-breaking

crack can be inferred from the slope of the curve.

Wa
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Fitting and Adler (83) have shown that the lateral extent (depth)
and the depth of the crack may be measured from the frequency and
angular dependence of interactions of ultrasonic surface waves

with the crack.

e- Strength-Related properties

Ultrasonic spectral analysis techniques have been used ' in
attempts to determine the strength of composite materials. Stone
and Clarke (84) described a technique for determining the void
content of carbon-fibre-reinforced plastics from ultrasonic
attenuation measurements. They found a correlation between
attenuation and interlaminar shear strength. They noted
attenuation increased with frequency, fig.4.5 shows ﬁhe
attenuation against frequency at various percentage of voids

contents.

Jones, Elvery, and others (69, 85, 86, 87, 88) have found a good
correlation between concrete strength and ultrasonic pulse

velocity, a typical correlation is illustrated in fig.4.6.

f- Detection and Characterization of Porosity

Thompson et al (89) developed an ultrasonic measurement technique
which is based on ultrasonic backscatter measurements. Glass was
chosen as a model sample material. The time domain windowed

results were Fourier transformed into an amplitude-frequency
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description, and were then deconvolved with the transducer
response function. Then a comparison of a theoretical
backscattered spectrum based on Born’s approximate solution to -
the wave equation was made with the experiment results. They

showed that the two results compare favourably.

g- Cracks in Concrete Piles

Forde and Chan (48, 90) carried out experiments to detect cr&cks
in piles using an impact-echo method. The results were
interpreted in the time domain and the frequency domain. They
demonstrated that the reflection from a crack could be detected
by the auto-correlation function otherwise would not be detected
by visual inspection in the time domain. The frequency domain

analysis confirmed the time domain analysis.

h- Detection of Cracks in Masonry Structures

Forde and Birjandi (53, 91) used sonic techniques to detect large
voids or cracks and to measure thickness of masonry structures.
Auto-correlation and cross-correlation functions were used to
locate the presence of voids and cracks. Frequency domain
functions and particularly cepstrum was used to determine the
hidden depth of a structure such as determining the thickness of

a bridge abutment.

i- Cracks and Voids in Concrete

Sansalone et al (34, 41) used an impact echo method to detect
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voids in concrete. They interpreted the signal in time and
frequency domains. Time domain was used to calculate the arrival
of longitudinal waves, moreover in the frequency domain, the
depth of reflecting interfaces was easier to determine from the

dominant peaks in the frequency spectra than the time domain.

j- Detection of Flaws in Reinforced Steel

Kusenberger and Birkelbach (1, 18) used the magnetic field
disturbance technique together with signal processing techniques
to detect flaws in reinforcing steel in bridge members. The
techniques explored were the Fast Fourier Transform,

differencing, and correlation.

4.3- TIME DOMAIN FUNCTIONS

The time domain functions used in the current work are squaring,
differentiation, phase shifting or delay, root mean square RMS,
and energy statistics, with one record interpreted. However if
two signals were studied adding and eventually averaging (if
needed), subtracting, multiplying, dividing, and signal

correlation can be performed.

4.3.1- Squaring

The algorithm is the point-by-point square of data in the same
trace. The mathematical definition of the function is as follows:
M(t)= £(t)? for t=1,2,...,n

where n 1is the number of points in the trace and f(t) is the
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amplitude of the signal at t.

4.3.2- Differentiation

The mathematical definition of the function is as follows:

£/(t)= [£(t+1l)-f(t)]/dt for t=1,2,...,n

where dt is the period or time-increment.

4.3.3- Phase Shifting or Delay

The algorithm is to add or subtract points i.e. to shift the

signal to the right or to the left.

4.3.4- RMS, Enerqy, and Mean Calculations

The RMS is the square root of the average value of the squares of
the y-values in the trace:

t=n
RMS= 1/n } f£(t)?

t=1
The energy calculates the sum of the squares of the y-values and
multiplies by the period:

t=n
ENGY= t } £(t)?
t=1

The mean is the average value of the n-points in the signal is:
t=n

Mean= 1/n }J f(t)
t=1
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4.3.5~ tio Sub i i o (o) Grou

of Signals

Addition is performed by point-by-point addition in two sets or

more of signals, for two signals:

£(t)=£,(t) + £,(t) for t=1,2,...,n

Eventually after carrying out addition averaging could ‘be

achieved as follows:

£(t)=[£,(t) + £,(t) + £,(t)]1/3 for t=1,2,...,n

see next section about the reason for averaging.

Subtraction is carried out by point-by-point subtraction on two

records:

£(t)=f,(t) - £,(t) for t=1,2,...,n

Mutiplication is done by point-by-point multiplication on two

records:

f(t)=f1(t)f2(t) for t=1,2,...,n

Division is applied by the division of point-by-point in two

records:

f£(t)=f, (t)/£,(t) for t=1,2,...,n
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4.3.6- Signal Averaging or Noise Reduction

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 echo. It may be, for instance, electromagnetic or thermal,

and it may be random or non-random, coherent or incoherent.

During this research the averaging process was applied in the

time domain only.

Two noise problems are encountered during the ultrasonic
inspection of reinforced concrete. The first arises from both the
amplification and measuring system. The second is when the
signal is scattered by the coarse aggregate (max. diameter of
aggregates used about 20mm, wavelength is equal 20mm if 200kHz
tranducer is used) present in concrete which obscured the echoes

reflected from the steel components.

In the first case, the noise 1levels 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 invariant, temporal signal averaging can be performed
which very dramatically improves the S/N (signal-to-noise) ratio.
Fig.4.7 shows how the averaging techniques improves the S/N
ratio. Since the noise is random, averaging the signals in time
will cause the ratio of output signal power to noise power to

approach infinity, since the noise amplitudes being equally
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likely to be positive or negative, approach zero on the average.

Expressed in RMS terms, this improvement is given as:
SNb/SNa= n/2 (ref.92)
where SNb= S/N before averaging
SN = S/N after averaging
n= number of averages
Hence, a very weak signal having an RMS S/N of unity, or 0dB, can

be improved to 40dB by taking 200 averages.

The second case, which is more important, is where the signal
degradation is due to the backscatter produced by the aggregates.
In quality it is termed coherent noise, since it is temporally
invariant and is correlated Qith the output (interference from
the mains is also non-random and temporally invariant given a
fixed measuring point -since it is cyclical- but it is not
coherent since it  in no way, correlates with the shape of the
output pulse in this case). It is theorftically possible to
reduce the effects of signal back-scatter by spatial averaging.
Since the distribution of aggregates within the concrete is
random, and the position of steel components is constant with
respect to the surface, signals taken at different points in the
concrete parallel to the steel should , when averaged, provide an
improvement in the ratio between the echo from the steel and the
echo from the aggregates. This same procedure has been used
before, Newhouse and Ferguson (93) reported that to enhance the
S/N ratio when testing cracks near a weld, the transducer is

scanned along the weld and the echo signals are averaged during
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the scan, the averaged clutter signals being random tend to
cancel, whereas the signals from a crack add to produce a strong
output. However, because of the transducer ringing, surface
wave, and the highly heterogeneous material such as concrete,
this technique had offered no improvement in the ratio between

the echo from the steel and the echo from the aggregates.

4.3.7- Correlation

There are several different uses for the correlation function.
Two important uses are to determine the statistical properties
pertaining to the similarity of two data, and to determine the

time delays between repeated events in a data set.

An example of the first usé is 1in evaluation of the power
spectral density of a process (92). In the second application,
there are many examples in the fields of ultrasonics, geophysics,
and radar. In all these cases, a pulse is sent out by a
transducer or a hammer and a modified version of the pulse is
returned some time later. Since the return signal may be
computed by amplitude and phase changes as well as the addition
of noise, the time of the return echo could be difficult to
detect. The correlation function is used to locate the echo in
the noise.

The expression for the discrete time domain correlation is:

t=n
Y(£)=§ £ (£)f, (t+T)

where fl(t)=first input signal, fz(t)=second input signal

n=length required, and T=offset or delay.
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Auto-correlation is a special case of the cross-correlation where
the signal to be correlated against is the same as the input
signal. Mathematically, this means fz(t)=f1(t). The auto-

correlation function is equal to the power spectral density.

In practice the correlation function is scaled by a factor:
f= 1/ /{Ssz}
where
t=n
S,= L £ (t) £,(t)
x £, 1 1
t=n
s,= §=1 £,(t) £,(t)
The relevant application¢ of auto-correlation are:

1- To detect echoes or reflections in the signal For example

from a void or crack, at a time delay of T in the signal, the
auto-correlation function will have a peak at T. The coefficient

Y(T) is clearly a measure of the relative strength of the echo.

2- To detect periodic signals hidden in a random noise The

reason for this is that the auto-correlation function of a
periodic signal is also a periodic function with a periodic delay
time of T, 2T, 3T and so on. However the interfering background
noise has an auto-correlation function which tends to zero with
increasing delay time, and therefore, the periodic signal can be

detected.
Fig.4.8 shows an example of this technique.

Moreover, the relevant applications of cross-correlation
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functions are the following:

1- Determination of signal reflectijon delays If a signal is

transmitted between two transducers i.e. transmitter (the input
pulse) and a receiver (the captured pulse), the cross-correlation
function between the input pulse delayed to a position T where
the return echo is expected, will peak at the time delay
corresponding to the transmission time T between the input ana

the output.

2- Identjification of transmission paths If there are several

transmission paths between the transmitter and the receiver,
there will be several maxima and minima peaks in the function and
each peak corresponds to a transmission path. The magnitude of
the peak is an identification of the relative strength of the

transmission path.

Fig.4.9 shows an example of the cross-correlation technique.

4.4- FREQUENCY DOMAIN ANALYSIS

The frequency domain functions used in this research are FFT
(Fast Fourier Transform) and IFFT (Inverse Fast Fourier

Transform) .

The calculations of addition, subtraction, multiplication,
division, squaring, and energy are similar to those of the time
domain, the only difference is that the y-values or the amplitude

are now the magnitude of the spectra and the x-increment or
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period is the sampling frequency.
4.4.1- t Fo s s ve

In recent years, digital electronics have seen a dramatic
development (Lynn), and there has been a corresponding growth of
interest in discrete-time Fourier techniques. It is now
commonplace to use digital computers for the Fourier analysis of

signals.

The discrete Fourier transform operates on a set of samples of
the time-domain signal (taken at equally spaced intervals dt).
It gives a set of frequency-domain coefficients (at equally
spaced frequency df) (72) :

N
F(kdf)=dt } f(ndt) exp(-j2= kdf ndt)
n=1

N
f(ndt)=df § F(kdf) exp(+j2x kdf ndt)
k=1

where N= the number of samples
k, n= the frequency and time domain indices
they take the values 1,2,...,N
f(ndt)= the set of discrete-time samples
F(kdf)= the set of fourier coefficients
Additionally time-record length= Ndt
frequency sampling interval= df= 1/ (Ndt)

When the Fourier transform is performed, the output will be
complex

the real part is
N

Re(F(k))=1/N } f£f(n) cos(2xnk/N)
n=1

and the imaginary part is
N

Im(F(X))=1/N ¥ £f(n) sin(2xnk/N)
n=1
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Phase and magnitude are calculated from:

Mag (F(k))= / Re?(F(k))+Im? (F(K))
Phas(F(k) )= Im(F(k)/Re(F(k)

Highly efficient computer algorithms for estimating the Discrete
Fourier Transform (DFT) have been developed since the middlg
1960’s (72), these are known as Fast Fourier Transforms (FFT).
By careful ordering and structuring of the required numerical
computations, FFT algorithms aim to eliminate the redundancy in
the DFT. Basically, this is done by dividing up, or decimating
the sample sequence f(n) into subsequences whose transforms are
easier and quicker to compute. The process of decimation is
repeated until only two-point transforms remain. In this way the
overall transform may be reduced to a succession of simple
weightings and additions of carefully ordered sample values.
Decimation may be also performed in the frequency-domain rather
than the time-domain. The development of FFT algorithms can
found in several books (72, 94, 95), and will not be covered
here. It should noted that the term FFT refers to any algorithm
which reduces the number of operations to less than N2, most
commonly the sample size is restricted to a power of two (radix

2).

Aliased spectra are normally undesirable effects caused by
undersampling data. The theoretical sampling rate should be 2
times the highest frequency component in the signal. In practice,
the sample rate is taken minimum 3 to 4 times the highest
frequency component. For example, if we have a signal with a
100kHz component, the sample period should be a maximum of 3us, a

factor of at least 3 times.
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The thrust of this technique, FFT, 1is to characterize the
frequency spectra associated with various signal types, embedded
in the received signal, such as simulated flaws and embedded
steel, and to determine if there are any unique spectral

characteristics associated with each.

Fig.4.10 shows a time record, its FFT , and its phase.

4.5- DIGITAL FILTERS

Signals may be contaminated by interference or noise of some
origin such as, for example, 50Hz mains hum (94). Interference
can be removed or at least attenuated by an appropriate filtering
process. An important feature of the use of filtering in this
research was the elimination of.frequencies outside some spectral

band prior to further analysis.

The total signal that arrives at the receiver will include low-
frequency components of large amplitude and relatively 1little
information and high-frequency components, that do change
according to the variations in the material composition through
which they propagate and surfaces at which they are reflected,
but whose energy is very often weaker than their low-frequency
counterparts. For this reason, analysis of the total signal has
yielded sometimes to a limited success since the frequencies of
interest were completely buried in noise. What was needed was a
filter which removes the 1lower portions of the spectra. This
technique proved to be very important in identifying those parts

of the signal which are affected by the presence of corrosion
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and other defects present in the hardened concrete. This will be

shown in chapter 11.
A brick-wall filter was therefore computed.
4.5.1- Brick-Wa ilte

The method is carried out by removing bands of harmonics from thé
frequency spectra i.e. the removed harmonics are replaced by
zeroes. Then, the resultant spectra is Inverse Fourier
Transformed (IFFT) to the time domain for the remaining
harmonics. It is worth mentioning that this kind of filtering

could be low-pass, band-pass, high-pass, or band-stop filter.

Fig.4.11 shows the original time record, its spectrum, the

filtered spectrum, and the IFFT of the latter.

4.6- SUMMARY

The use of the methods outlined earlier in this chapter have been
investigated and applied to two pre-tensioned beams and to a
number of laboratory specimens (a description of specimens used

in this research will be given in a later chapter).

The Fast Fourier Transform was used to characterize the frequency
spectra associated with the signal of interest, and then the
technique was used to charaterize the spectra associated with
various signal types (simulated flaws, corrosion, embedded

steel,...), to determine if there are unique spectra associated
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with each. It was found that when steel is present in concrete
the frequency spectra of the signal contains higher harmonics
than that of a signal with plain concrete. More discussion about

this result will be given later.

Following the above argument, digital filters were applied to
remove bands of harmonics, such as the low frequency components
and keep the high frequency components; the output record froﬁ
the filter was IFFT’d to time domain, and then an energy trend
plot of the filtered data from scan was carried out. The
application of this technique proved to be very important in
identifying corroded components and flaws in concrete. This

technique will be discussed in detail in chapter 11.

Differencing, multiplication, dividing, and addition were
performed point-by-point of signals from different scan signals.
The thrust of this technique is to enhance any flaws, and/or
steel presence signals with respect to those with no steel

embedded and/or artefacts.

Correlation techniques have been used, which can be regarded as a
process similar to using a signal shape of interest as a template
and sliding it along a scan record to determine if the template
is a good match to any given region in the scan record. A good
match between the template signal and a portion of the scan
record indicates the possibility that the source typical of the
template-type signal is present in the beam at a 1location
corresponding to the matching location in the scan record. The

thrust of this technique is to assess quantitatively the degree
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of similarity between a selected signal (sometimes a signal is
produced to represent the portion coming from a sound, corroded,
or cracked wire embedded in concrete) and those signals taken
previously and stored on a disk. Different shapes of correlator
signals were used to try identify and assess the degree “of
strength of the reflected echo from the steel embedded in
concrete. It is necessary to point out that the correlation
techniques wvere found to be of 1little value since the
constituents of the concrete (cement, sand, and gravel) scatter

the signal and exhibit no periodicity.

Finally, after establishing that signal processing techniques can
provide powerful tools for signal enhancement and recognition, it
was found possible to have access to a waveform analyser, which
was used in the final stage of this research. The analyser was
the ANALOGIC Model 6100, a 9-bit analyser, which performs many of
the functions mentioned in this chapter, in seconds, and moreover
other functions not mentioned such as trend, zoom czt, and many
other features. A description about the machine is given in the

chapter of Experimental Details.
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5.1- INTRODUCTION

In this chapter, a discussion is presented on the phenomenon - of
attenuation of waves in rods depending on the surrounding medium.
Zakadi and Takizawa (97) suggested that the phenomenon of decay
of a vibrating system seems to be mainly due to the emission of
sound waves into the surrounding medium and not to the friction

in the vibrating system.

In previous work carried out by the author (42), a pulse-echo
wlas
system was used in which a pulse applied to one end of a wire in

air, water, and concrete.

It will be shown in the present work that the attenuation of the
signal in rods embedded in concrete is so severe that the
application of this method has to be restricted to short rods.
Furthermore, the application of this method to testing for cracks
in cables in a bridge would require access to one end of the wire
which means exposure of an anchorage which is not always

possible.

In this chapter, experimental results and theoretical work found

in the literature will be compared.
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Two equations were found in the literature (98, 99) which give
the attenuation in bars. The first for a bar embedded in a solid,

and the second for a bar in air.
The experimental work is divided in two parts:

1-Experiments carried out previously where a pulse-echo system
was used. From these experiments, the attenuation of high
frequency waves of bars in air, water, and concrete were

calculated.

2-Experiments carried out during the present reasearch, where the
transmission method was used for bars embedded in concrete and

where low frequency transducers were used.

5.2- VARIATIONS OF ULTRASONIC PULSE VELOCITIES IN CYLINDRICAL Ro!

In a thin rod, three types of wave can occur: longitudinal,
torsional or transverse (fig.5.1). In transverse vibrations, the
centre of gravity of the rod is vibrating (string vibrations).

The propagation velocity of longitudinal rod waves is:

c=J E/p

where E= the Young’s modulus

p= the density

Q
[

the velocity.

The torsional wave velocity is equal to the velocity of shear
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waves in the bulk medium.

Tu and Brennan (100) carried out experiments which were concerned
with the variations of ultrasonic pulse velocity, using
cylindrical rods spanned in air of aluminium alloy, brass,
copper, and steel, using both the pulse-echo and pulse
transmission methods for pulsed longitudinal and shear waves. I;
was found that for longitudinal waves, the measured velocity not
only depends upon the elastic constants of the medium but also-on
the ratio between the radius (r) of the rod and the wavelength
(). When (x/)) is very small, the measured velocity
approximates to the modulus velocity /E/, where , is the density.

For larger values of (r/1), the measured velocity approaches the

bulk velocity / (1+2us)/p where 1 and u are the Lame elastic
constants. When (xr/\) approximétes unity, the velocity drops and
seems to equal the Rayleigh surface wave velocity. It was also
found that the velocity dispersion effect was not observable when

pulsed shear waves were used.

For a steel reinforcing bar in air, it has been shown (101) that
the velocity is likely to be 5.75km/s for bars of 30mm diameter
or dgreater, reducing 1linearly to 5.05km/s for bars of émm
diameter. These values are reduced when the bars are embedded in

concrete, depending upon the pulse velocity within the concrete.

Chung (102) attempted to derive an empirical formula for the
effective pulse velocity in the composite material. He found that
the effective pulse velocity was mathematically related to the

diameter of the bar and the difference between the pulse
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velocities in steel and concrete, and proposed an empirically
based general relationship for longitudinal bars:

Cgy= 5.9-10.4(5.9-v_)/D

st
where Ve is the velocity of longitudinal wave in concrete in km/s.

D is the diameter of bars in mm.

The validity of this formula is subject to a 1lower 1limit of D

i.e. D>10mm.

However, Bungey (10l1) carried out an experimental investigation
to get the effect of bars spanned longitudinally on the velocity
of sound in concrete, and compared his results with Chung (102).
Fig.5.2 shows his result where the combined effects of Vo and bar
diameter are illustrated. It wés found that the influence of the
reinforcement is greatest when vc/vs is smallest, as for large
diameter bars in concrete having a low pulse velocity, but for
diamters below 10mm the value of vc/vs changes rapidly with Ve
and bar diameter. Bars below 6mm diameter cannot normally be

detected.

It is worth mentioning that the experiments carried out by Chung
and Bungey were done using the through-transmission method ai'
54kHz transducers where the wavelength in concrete is 75mm for
4km/s longitudinal velocity and 102mm in steel for 5.5km/s

longitudinal velocity.
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5.3- A A N OF W. IN BARS

It was established during previous work carried out by the author
(42) that the signal is attenuated due to the surrounding medium

for a bar embedded in concrete, or water.

During the present research, a literature survey was carried out
to find any work related to the attenuation of cylindricals bars

embedded in a mediun.

Two papers were found. The first paper is written by Paquet(98)
where he derived a theoretical formula for the attenuation of
sound in a cylindrical solid embedded in a solid medium. He gives

an equation as follows:

a=(r/48)lu /2\)(cg./ (2x£x?)), Np/m

where Bo is Lame constant for the surrounding medium (concrete)
r is radius of the bar inm
Cop is velocity of sound in the cylinder im m/s

f is the frequency in Hz.
For a steel bar embedded in concrete, this equation becomes:

a= 6.86/(fr2), Np/m

a= 60/ (fr2), dB/m

It should be noted that the above equation should be applied for

low frequency waves.
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The second paper was by McSkimin (99) and it deals with high freque

waves in rods spanned in air. The equation derived was:
a= 0.00545c_, (1-L?)/(2x£fr?), Np/m

where L is the absolute value of the reflection coefficient=Ar/Ai
(refer to chapter 3), and depends on the angle of incidence at
the interface between bar and the surrounding medium, which is in

this case air.
For a steel bar this equation is

a= 4.38(1-L2)/(fr?), Np/m

a= 38(1-L%)/(fr?), dB/m

It is important to note that this equation should be restricted
to high frequency and to diameter of a bar greater than the
wavelength.

This equation, as ‘it has been noted before was derived for the
case of a rod in air, and will be applied for the case of a rod
in water, but for the case of a bar in concrete, the experimental

results will only be given for high frequency application.

It can be seen from the two equations that the attenaution is
inversely proportional to the square of the radius of the bar,
which means that for long, fine wires the attenaution will be so

severe that it will be difficult to detect the return echo. It
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should be noted that for prestressed concrete, wires are
typically of 7mm diameter and less, unless bars are used where

diameters range up to 40mm.
5.4~ ERIMEN INVESTIG

Experiments were carried out using both pulse-echo and transit-

time methods to evaluate the two equations mentioned earlier.

5.4.1- High Frequency Testing

These tests were carried out in the previous research (42) to
check if a pulse-echo system could be applied at one end of the
wire and cracks could be detected where a reflected echo occurs,

see fig.5.3 for the system used.

The probes used had the following (nominal) peak frequencies:

Frequency Diameter
(MHZ) (mm)

1 20

2.25 6.3

5 12

a- Materials and Methods

=In air: A 7mm diameter wire spanned in air was tested (7mm
diameter wire because it is widely used in prestressing concrete)

included lengths of 0.9, 1.6, 3, and 4.5mn.
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-In water: A 7mm diameter wire spanned in a bath of water,
specially built, was tested, using lengths of 0.9, 1.6, 3, and -

4.5m.

-In concrete: A series of 7mm diameter wires spanned in concrete
beams (blocks of concrete were cast of 125x125xLmm, where L is
the length of the beam) were tested, using lengths of 0.9, 1.6,

and 3m.

b- Methods of Analysis

A pulse-echo system was used for this analysis, where a pulse was
applied to one end of the wire, and the same transducer received
the echo after travelling twice the 1length of the wire. The

signal was averaged over 100 samples to reduce the noise.

Velocity and attenuation analysis were carried out. Table 5.1
shows the average velocity and attenuation of the four samples
(0.9, 1.6, 3, 4.5m) in air and water, but for the concrete case
the results were the averages for the two specimens (0.9, 1.6m)
where the echo in the 3m specimen was hardly recognised, so this
result was rejected. Fig.5.4 shows the result for 0.9m length in

air, water, and concrete using 2.25MHz transducer.

Velocity measurements were carried out by dividing twice the
length of the wire (2L) over the time between the ingoing pulse
and the received echo (t):

c= 21/t
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Attenuation measurements were calculated by dividing the peak
amplitude of the received echo over the peak amplitude of the .
input signal. But attenuation coefficients are usually given in

dB/m, hence

a= 20 logAr/Ai

where a is the attenuation in dB/m.
AL is the amplitude of the received echo.

A, is the amplitude of the ingoing pulse.

c- Theoretical Values
McSkimin’s equation is:
a= 38(1-L2)/(frz), dB/m

To calculate L, we need to find first the angle of incidence at
which the rays strike the boundary. This angle equals (180°
minus the angle of divergence at the beginning of the far field),

therefore:

§= 90°- sin"1(1.2c/£D)
where c is the velocity
f is the frequency
D is the diameter of the radiator

¢ is the angle of incidence.
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As mentioned, the above equation shall be used for two cases,
wire in air and wire in water. Using the equations of chapter 3,

the coefficients of reflections were calculated for these cases.

Table 5.2 shows the values of the attenuation coefficients for
the frequencies mentioned earlier for a wire of 7mm diameter

using the above formula.
d- Discussion

Measured values, for the air and water cases, were of the same
order as the calculated values as one might reasonably expect in
view of the approximate analysis used. The difference could be
explained by the approximation assumed when deriving this
equation. However, for a concréte bar (an important prestressing
component), the attenuation coefficient is about 21dB/m. Since
the minimum span in a bridge is 10m (sometimes 20m and greater
span prestressed bridges are built), if the pulse-echo system is
used, this means a 20m minimum path length, which in turn means
420dB loss of the input signal. In practicolterms it is therefore
impossible to recover the echo, unless a crack is present in the
steel near the end where the transducer is positioned, where an
echo could be reflected back before the signal 1is totally

attenuated.

5.4.2- Low-Frequency Testing

The objectives were to determine the effect that different

lengths of concrete have on the signal strength of ultrasound
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waveforms that have been introduced through the wire

reinforcement and to compare the results with Paquet’s equation.

a- Materials and Methods

Concrete cylinders of 150mm diameter, all with . 7mm wire
reinforcement, using lengths of 0.15, 0.25, 0.5, and 1m were

cast.

The transducers used in these experiments had 150kHz (nominal)

peak frequency.

The transit-time method was adopted, where one transducer
(transmitter) was coupled to one end of the wire and another
(receiver) with the same nominal frequency coupled to the other

end. Each signal collected was averaged 128 times.

b- Modes of Analysis

A Pundit pulser was used to excite the 150kHz transducer
(transmitter). To achieve consistency of the measurements good
acoustic coupling 1is essential between the transducers and the
wire. To effect a good contact between the wire and the
transducers, the wire ends had to be filed square and flat. A
grease couplant was used to reduce the energy losses at the
contact between transducer and wire. Furthermore, to assure good
contact, and the same applied pressure between transducer and

wire during testing, a holder was designed and used (42).
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The transit time method was used (see fig.5.5), as no commercial
system was found available which uses low-frequency transducers
in a pulse-echo system. The problem of using the commercial low- -
frequency transducers is the ringing time i.e. pulse width of the
input signal, for instance for the transducers used in this study
the ringing time is 3msec until the input signal . is fully
decayed. This 1long duration input pulse implies that the return
echo from times up to this order will be embedded in the input

signal, i.e. it would be difficult to detect or extract it.

Table 5.3 shows the experimental results over the different

lengths. It includes the velocity and attenuation measurements.
The velocity values were calculated from the following equation:
c= 1/t

where 1 is the length of the wire embedded in concrete

t is the time of flight

Attenuation coefficients were calculated from the following

equation:
a= 20 log(RMSr/RMSi), dB

where RMS is the root-mean square of the received signal

RMS , is the root-mean square of the input signal.

To calculate RMS, of the input signal, the two transducers were

immersed in water, and placed 3mm apart (water was used because
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the signal suffers very low attenuation 9.31E-9 dB/m). The signal

captured using this set-up was used to calculate RMSi.

The RMS,, was calculated after transmission through the stated

length embedded in concrete.
Fig.5.6 shows some of the results.

As can be seen from table 5.3, the attenuation coefficients are
not consistent or approximately equal which suggests that the

attenuation coefficient is length dependent.

By using Paquet’s equation, the theoretical value of attenuation

for r=0.0035mm and £=134000Hz is 36.55dB/m.

c—- Discussion

By comparing the values of attenuation measured by experiment of
a bar of 0.15, 0.25, 0.5, and 1m lengths embedded in concrete
(average 40.5dB/m) with the calculated value from Paquet’s
equation (36.55 dB/m), the result is found to be highly
satisfactory and the slight inaccuracy errors could be from the

assumptions used in derivation the equation.

As can be seen from table 5.3, the experimental attenuation
coefficients varied with the 1length of the wire embedded in
concrete (it is worth mentioning that the concrete mix was the
same for all cylinders). It was therefore decided to investigate

the theoretical effect of changes in the length of the wire
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embedded in the concrete sample on attenuation of signal

strength.
The assumptions made were:

-The compressive strength of concrete samples were equal, the
cube strength of the mix was 40N/mm2 at 28 days, and the pulse
velocity was 4.2km/s. This condition was assumed to neglect any

contribution of the concrete in the derived equation.
-The attenuation of the signal is logarithmic i.e.

a= a+b logx
where a and b are constants
X is wire length embedded in concrete

a is attenuation in dB.

Using a regression analysis package yields to:
a= 56+13logx

Fig.5.7 shows the attenuation against distance.

It should be noted that this equation should only be used for
low-frequency testing and for wires embedded in concrete with

high compressive strength.

5.5- MECHANICAL ANALYSIS

This section is included to show the mechanical configurations of

a bar in air or in concrete, and is not going to be taken into
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more detail other than what it is mentioned.
a- Wire in Air

Fig.5.8 shows the mechanical configuration of a bar in air. The

resonant frequency for a such configuration is:

f= 1/2x /R/M

where R= spring stiffness/meter= SE/L
M= linear mass of the wire/meter= Sp
S= cross-section of the wire
E= modulus of elasticity of the wire
p= density

c= longitudinal velocity= /E/p
Replacing the above values in the equation yields to:
f= c/2x J1/L

For a steel wire of 1m length in air, we have £=923 Hz

b- Wire Embedded in Concrete

Fig.5.9 shows the machanical configuration of a bar embedded in

concrete. In this case, the damping is due to:

- Viscous damping.
- Mass of the bar.

- Friction or vertical reaction around the wire.
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In this case, it can be taken as an approximation that the

resonant frequency is equal to (103):

= 2 .42

W Wo d
where W°= JR/M
d= a/2M

R= spring stiffness/meter= SE/L

M= linear mass of the wire/meter= Sp

S= cross-section of the wire

E= modulus of elasticity of the wire

p= density

a= attenuation per unit 1length, or in mechanical terms
viscous damping

r= friction or vertical reaction around the wire per unit

length.

An approximation could be assumed (103) that the resonant

frequency is equal to the resonant frequency of a wire in air.

- 2
W Wo

5.6- SUMMARY

This chapter has examined attenuation of different frequency

signals of rods embedded in concrete.

Theoretical and experimental comparisons have been found to be

satisfactory.
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It was established from the experimental work that high frequnecy
attenuation (between 1MHz and 5MHz) is around 22dB/m, and for low

frequency attenuation (200kHz and 300kHz) is around 42dB/m.

As access to the ends of wires in a prestressed bridge is often
not possible, the application of these methods i.e. pulse-echo
and transit-time, in crack detection is restricted to laboratory
beams (span <2m). Fig.5.10 shows the detection of a crack in é
wire embedded in concrete (the concrete beam was 1m long, the
wire diameter 7mm with a 2mm saw-cut at 640mm from one end, using
a 2.25MHz pulse-echo system. The figure shows the echo from the

crack and from the other end.

Further studies are therefore necessary regarding the condition
of steel embedded in concrete, ﬁsing a method of testing which is
applied to the outside, i.e. the surface, of the concrete. The
following two chapters will cover the attenuation of sound in
concrete and the expected amount of energy reflected by a wire

embedded in concrete.
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Table 5.1- Experimental results of high frequency (? mm dia. wire)

Medium Frequency Velocity Attenuation
MHz km/s dB/m
Air 1 5.36 4
Air 2.25 5.41 4.25
Air 5 5.52 4.3
Water 1 5.32 6
water 2.25 5.3 6.8
water 5 5.41 6.5
Concrete 1 5.3 21
Concrete 2.25 5.3 22
Concrete 5 5.4 22

Table 5.2~ Attenuation coefficients using McSkimin’s Eq.Cinm»dmuﬂhﬁ

Medium Frequency Attenuation
MHz dB/m

Air 1 2.9

Air 2.25 1.36

Air 5 0.4

Water 1 3

Water 2.25 1.37

Water 5 0.4

Table 5.3- Transmission Characteristics, Wire-to-Wire in Concrete

Wire Velocity RMS RMS, a
Length, m km/s v T vt dB/m
0.15 6.097 0.011 0.497 =33.10
0.25 5.605 0.157 0.497 -39.85
0.5 5.176 0.0397 0.497 -43.88
1.0 4.917 0.00274 0.497 -45.16
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Fig.5.6- Some examples when a pulse is applied at one end and received

at the other of a wire embedded in concrete.
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6.1- INTRODUCTION

The application of ultrasonic methods, i.e. pulse methods (pitch-
catch, pulse-echo), to concrete is largely concerned with the
observations of a pulse transmitted either directly through the
concrete or along its surface. Hence an approximate assessment of
the ratio of the amplitude of the received signal to the initial
pulse is often extremely useful in interpreting measurements
obtained on concrete, this rétio being referred to as the
attenuation coefficient. Previous work by Facaoaru on Non-
destructive testing of concrete in Romania (104) showed that the
attenuation changes with the maximum size of aggregate. He
plotted the attenuation against the strength of concrete, fig.6.1
shows his result. It was reported too that by measuring the
attenuation, an estimation of the strength of the concrete could
be evaluated. Moreover Serabian (105) showed the attenuation
changes due to the age of concrete against frequency (see

fig.6.2)
6.2- AT ION OF ULTRASONIC WAVES CONCRETE

Concrete when hardened contains the following constituents:

cement, fine aggregate (diameter < 0.6mm), and coarse aggregate
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" (diameter between 1.18mm and 20mm), and each of these have
different acoustic impedances (see chapter 3 for the different

coefficients).

Thus, when a signal is propagated through concrete, its strength
will weaken. This results from two causes: a)scattering and
b)absorption. These can both be combined by the concept of

attenuation.

Total losses due to scattering and absorption may be incorporated

in the linear attenuation coefficient:

a(f) = as(f) + aa(f)
where ag includes all losses from scattering
@, includes the losses from any mechanisms producing
absorption.

In concrete the major contribution to the scattering coefficient
is grain boundary scattering, and the largest absorption loss is

that due to thermal conductivity.

6.2.1- Scattering

The scattering results from the fact that the concrete is not
homogeneous. It contains boundaries on which the acoustic
impedance changes suddenly because two materials of different
density, elastic modulus, and sound velocity meet at these
interfaces. Such inhomogeneities in concrete include:

-Crystallites of different structure and composition, i.e.
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cement+sand+gravel.
-The compaction process in concrete, often causing anistropy (but
the effect is usually small); the pulse velocity in the direction
of compaction is rarely more than a few percent below that in the

directions at right angles (69).

In a material such as concrete, with very coarse grain compared
with the wavelength the scatter can be argued geometrically: wheﬂ
a wave strikes a boundary, say mortar-gravel, at an oblique
angle, the wave 1is plit into various reflected and transmitted
wave types. Thus the initial signal is constantly divided into
partial waves which along their long and complex paths are slowly

converted into heat (absorption, see next section).

The magnitude of the scattering 1loss is dependent on the
relationship of ultrasonic wavelength to the dimensions and the

impedance of inhomogeneities.

Table 6.1 lists the predominant scattering mechanism for a given
wavelength (1) to average grain diameter D, as well as the

functional dependence of attenuation upon frequency.

Table 6.1- Mechanisms involved in the scattering of ultrasonic
waves (106)

Wavelength to Mechanism Frequency
Grain diameter Dependence on
range Attenuation

>> D Rayleigh Vfg or D3¢t

= D Stochastic Df

<< D Diffusion 1/D

V= average grain volume, D= averge grain diameter
f= frequency

For scatterers much larger than the ultrasonic wavelength, the
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losses are caused by specular reflections which change the
direction of the ultrasound incident on the boundary. The
attenuation depends on the mean free path distance between grain
boundaries, so as the grain size increases relative to the

wavelength the losses decrease.

As the wavelength approaches the dimensions of the
discontinuities, the interactions become complex, a combination
of specular of reflection and diffraction, and for this range,
the attenuation coefficient is proportional to the product of the

grain size and the square of the frequency.

In the last case where the boundaries are much smaller than the
wavelength, energy is scattered isotropically, and the amplitude
of the scattered waves depends not on shape but only on the

volume of the scatterer.

In this research, when testing was carried out on the surface,
the maximum frequency used was 500kHz, which gives a wavelength
of 8mm for 4 Km/sec 1longitudinal velocity, and the minimum
frequency used was 45kHz, which gives a wavelength of 89mm for
the same velocity. The average diameter of aggregates is about
10mm, where one can expect the scattering to be either
stochastic, where A=D, or 5zfjfejk where )-5>D, depending on the

frequency.

6.2.2- Absorption

The second cause of attenuation is absorption, which is a direct
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conversion of sound energy into heat. Several processes can be
responsible, which, for the case of concrete, are visco-

elasticity and heat conduction.

As an ultrasound wave travels through a material the viscosity of
the material tends to opppose the motion of the particles
disturbed by the wave, and absorption of energy occurs. Energy
lost in this manner is converted into heat. The absorptioﬂ

coefficient representing losses due to viscosity is given by:
a (£)= A c/c_? 2xft?/(1+(2nf)2t?) (ref.107)

where A= constant depends on the material
C, €= the velocity at the frequency of interest and the
velocity as the frequency of the ultrasound
approaches zero, respectively.

(4/3)n/p e 2

coefficient of viscosity

t

n

Po= density.

In concrete, visco-elasticity has a much less important effect on

the attenuation than does heterogeneity and scattering (69).

The other factor governing absorption is heat conduction. When an
ultrasonic wave passes through a medium an increase in
temperature will be produced at points where the material is in
compression (106). The heat will flow from the high-temperature

regions into regions of lower temperature.
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Thermal conductivity leads to an absorption coefficient given by

(for solids) (107):

an(£)= (27£)2/(2p4c%) [x+2n+(Ky/CL) (K =K;)/ (K +20) ]

where x, n = the compressional and shear viscosities.

’
K Ki = the adiabatic and isothermal Lame constants.

¥h

Cv

al

coefficient of thermal heating.

specific heat of the material at constant volume.

This coefficient may usually be neglected as it is small compared

to the losses from scattering effect due to grain diameter.

6.2.3- mma

From the above, the attenuation is then divided into absorption

coefficient and scatter coefficient, thus:

We will assume that for concrete, for the absorption coefficient
we have:

a = le

where c, is a constant unaffected by grain size and anisotropy.
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and for the scatter coefficient, depending on the ratio of grain

size to wavelength there are three possibilities (see table 6.1):

cz/D , Where C, is a constant dependent on grain size.
Thus, the attenuation coefficient (there are three
possibilities) will be:
_ 4
a= C1f+C2f or
C1f+czf2 or (6.1)

c,£4C,/D
6.3~ EXPERIMENTAL ATT TION AN

Two groups of experiments were performed:

a-The first group was carried oﬁt on a number of concrete mixes
and sample 1lengths in order to quantify the effects of signal
scattering and attenuation at different frequency levels.

b-The second group was carried out on bfocks of the same mix with
with different 1lengths in order to establish a relationship

between attenuation and frequency for high strength concrete.

Computer
Trigger } 1
Pulser Analyser | Plotter

J - AMP

—L Concrete Specimen :]

Fig.6.3
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6.3.1- on imen

Fig.6.3 shows the configuration used in these experiments. Two
wide-band transducers with a nominal centre frequency of S500kHz
were coupled to either end 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 receiver, was connected

directly to the input of a digital storage oscilloscope.

After the time records were acquired, they were transferred to
computer and subsquently analysed using the package on the

Hewlett-Packard computer.

The specimens were cylinders of 50mm in diameter and ranged in

length from 200mm to 500mm, in 100mm increments.

Three mixes were investigated for this experimentation, mix 1
contained no aggregate just sand and cement only, mix 2 was
composed of aggregates of diameter 1less than 10mm, mix 3
contained aggregates with a diameter less than 20mm. The
designed strength for the mixes with aggregates was 30N/mm2?, see

table 8.1 for the proportions used in these specimens.

a- Analysis

Table 6.2 contains information relating to the first 512 us of
the received signal. In the time domain, this information
includes the propagation velocity which is the compressional wave

velocity. 1In the frequency domain, the signal strength at three
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various frequency bands has been calculated, using absolute
voltage amplitude from 1linear spectra. The frequencies are
120kHz, 40kHz, and 10kHz. THe attenuation coefficient given in
this table was calculated from

a= 20 logArf/A dB

if’
where A e is the amplitude at a frequency of the received signal

Aif is the amplitude at the same frequency of the input
signal (this was calculated from the signal which was

recorded when the two transducers are 3mm apart and

immersed in water)

In order that these experiments provided reliable attenuation
loss stggtics, the effects of divergence loss were minimised by
the appropriate choice of sampie dimensions. Unlike attenuation
loss, divergence loss is related to the beam-spread function of

the transducer/medium combination, and is given by:

Pa= Po Jl(nDsino/A)/(nDsino/A)

where @ is the angle with the acoustic axis
P, is the pressure at the axis
I, is the Bessel function of the first order
D is the diameter of the probe

2 is the wavelength

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.
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b- Discussion

For mix 1, where the wavelength for f=120kHz (~40mm) is much
greater than the average grain diameter (<0. 6mm), the scattering
is due to Rayleigh type where A>>D , and thus affects the higher
frequency components more severely. Hence mix one , which
contained only sand and cement, with particles less than 0. 6émm
in diameter, gave rise to the most severe attenuation in relation

to frequency.
From eq.6.1 we have
a= C. f + C f4

1 2

For mix 2 and 3, where the wavelength for f=120kHz («=30mm) is of
the same order of size as the average grain diameter, the
scattering is stochastic, sometimes called phase scattering. This
is less severe than Rayleigh scattering, being proprotional to
f2. However, for the longer wavelengths, this aggregate would
also be a source of Rayleigh scattering. The absolute attenuation
figures shou1d¥%igher for mix 2 and 3 than mix 1, because they

are a source of Rayleigh and stochastic scattering.
From eq.6.1, we have

—J 2
a le + sz

By a using the regression analysis package, we derive the
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following equation, taking into account the absorption

coefficient:
a= 0.0508f + 0.1f2, £ in kHz and a in dB/m.

Fig.6.4 shows the attenuation against the frequency using this
equation.

It should be emphasized that the last equation should only ‘be
used in a concrete of strength around 30N/mm2, and where the
input wavelength of the signal is roughly equal to the mean

aggregate size.

From table 6.1, it can be seen, that as the frequency increases,
the attenuation does not inérease rapidly as expected in each
mix. It was decided, therefore, to investigate the matter. It was
found that when the cylinders were cut (they were cast in 1 metre
length and cut later) to the required 1lengths, the cut had
produced damage to the ends (especially to the weak specimens,
cement+sand) i.e. there were cracks at théj?ace , which meant
that additional scattering occured at the face. It was decided,
therefore, to carry out another set of experiments with high
strength concrete and cast in blocks, and not to accept the
results of the last experiments as accurate (they could be used

as a rough approximation for attenuation for such mixes).

6.3.2- Group Two Experiments

Fig.6.3 shows the configuration used in these experiments. Two
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wide band transducers with a nominal centre frequency of 700kHz
were coupled to either end of a solid concrete block using a

medium grade grease.

One transducer was excited to a resonance by a 600V spike and the
other, acting as a receiver, was connected directly to' the input

of a digital oscilloscope.

After the data was acquired, it was transferred to, and
subsequently analysed on, the computer.

The specimens were blocks of 150x150x150mm3, 150x150x455mm3, and

150x150x997mm3.

The mix investigated has an average cube compressive strength
after 28 days %/ 45N/mm2?, see table 8.1 for composition

proportions.
a- Ana is

These experiments were carried out to try to establish a
relationship between frequency and attenuation for high strength

concrete.

After capturing the signal it was transformed to the frequency
domain by Fourier analysis. Then the signal strength at 10kHz,
40kHz, and 120kHz was calculated. The method of calculation is
similar to that mentioned earlier for group one. Table 6.3

represents the average attenuation 1loss coefficients at those
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frequencies over the three specimens under investigation.

b- Dj .

From table 6.3, it can be seen that the higher frequehcy
components are highly attenuated compared with the lower
frequency components. In this study the maximum frequency which
was possible to detect in concrete was 700kHz, however,
frequencies above 700kHz would be expected to suffer severe

attenuation in concrete, and rarely used.

Between frequencies 700kHz and 300kHz, stochastic scattering
occrs where A=D, anfl for frequencies lower than 300kHz, diffusion

scattering occurs.

If we assume the attenuation coefficient will take the following

form:

a = le + C.f?2

2

By regression analysis, the derived equation is:

a = 0.1844f + 0.001f2 (dB/m)

where f in kHz.

This equation should be used for high strengths concrete and for

frequencies up to 700kHz.

Fig.6.5 shows the attenuation against frequency.
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6.4- SUMMARY

These groups of experiments were performed on a number of concrete
mixes and sample 1lengths in order to quantify the effects of

signal scattering and attenuation at different frequency levels.

The general conclusion which could be drawn from this study is
that as the frequency increases, the attenuation increases
rapidly. These results have important implications for any final
interrogation systemn, i.e. pitch-catch or pulse-echo.
Furthermore, it shows how to differentiate between signal
attenuation through absorption, and signal attenuation through
scatter. Rayleigh scattering results in a general weakening of
the signal through thermal convérsion, but phase and diffusion
scattering, whilst 1less severe, give rise to coherent noise at
the receiver transducer because each scattering interface
produces an echo which is embedded withchho produced by any
internal object, say steel wire or strand. It therefore follows
that if a method should be found to obviate the effects of
coherent signal noise, which does affect the shorter wavelengths
much more than the 1long ones, the use of signal processing
techniques to try to extract the echo from the subject of
investigation if high frequency system could be a choice. If such
a system is used, the digital filtering technique should be
applied to filter out the unwanted part of the signal. Consider
an ultrasonic pulse containing frequencies up to several hundred
kHz travelling through concrete containing inclusions such as

small voids and steel cables. The high frequency components are
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attenuated more severely due to the heterogeneous nature of the
concrete, as has been demonstrated in this chapter, 1leaving the
low-frequency to be dominant. This is undesirable, because it is
mainly the higher frequencies which contain information regarding
the internal composition of the structure and condition of thg
embedded components. Therefore it will be important to filter out
the unwanted signal, for example to remove the lower portions of
the frequency domain spectrum. This argument will be discusseé

in detail in chapter 11.

Finally, in order that these experiments provide reliable
attenuation 1loss st%?tics, the effects of divergence loss which
was neglected in this study, should be taken into account when
considering the signal-to-noise characteristics of a system, and

the total signal loss, ay in dB, is given by:

2= ag tag toeg
where e = scatter coefficient
@, = absorption coefficient
o= this attenuation is a function of sound frequency,
probe to specimen contact, type of probe, dimensions
of specimen, divergence loss (beam spread).

a, = total attenuation coefficient.



Table 6.2- Attenuation Analysis Results

for Group One

168

Length Velocity Attenuation at Frequency dB

mm m/sec 120kHz 40kHz 10kHz
mixl 200 3636.3 -8 -6 -6
mix1 300 3571.4 -16 -11 -14
mixl 400 3478.8 =24 -23 -23
mix1 500 3496.5 -43 -41 -40
mix2 200 4545.5 -6 -5 -5
mix2 300 4225.4 -13 =12 -18
mix2 400 3669.7 -31 =31 -34
mix2 500 3311.3 -44 -43 -42
mix3 200 4651.2 -10 -12 -13
mix3 300 3947.4 -21 =30 -31
mix3 400 3333.3 -40 -43 -44
mix3 500 3472.2 -50 -52 =55

Table 6.3- Attenuution Coefficients for Group Two

Frequency Average Attenuation
kHz coefficients, dB/m
10 =35

40 =50

75 -65

120 -70

200 -90

700 -200
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ACO C

BARS BEDD N CON

7.1- INTRODUCTION

The scattering of a wave by an obstacle in its path is a topic:-of
particular interest in the study of wave propagation in optics,

acoustics, and electromagnetics.

In chapter 5, it was established that attenuation associated with
the propagation of a wave travelling along the length of a steel
bar encased in concrete was too severe to allow the applicatibn
of the pulse echo method in this instance. For this reason the
approach that was adopted involved the mounting of transducers on
the surface of the concrete directly above the steel components
in an area where defects in the reinforcing were suspected to be.
It is necessary, therefore, to derive a theoretical approach to
calculate the expected strength of the reflected echoes from a
sound bar, and a corroded one embedded in concrete, and compare

the result with the strength of the back-wall echo.

For a bar embedded in concrete, no published theory has
been identified. It is therefore intended in this chapter to
describe the behaviour of solid cylindrical reflectors embedded
in concrete with the help of simple geometrical derivations,

without having to use extensive calculations, in order to give an
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approximate picture of the dependence of the echo amplitude on
the diameter of the bar, the distance from the probe, the
frequency of this probe, and the roughness of the corroded
surface of the bar. The waves were assumed to be plane during the

derivation.

Attempts were made to cross-correlate the captured signal from a

sound wire embedded in concrete with that derived theoretically.

7.2- SIGNAL IOSSES

An ultrasound beam introduced into a medium will lose energy with
distance as a result of beam divergence (known as divergence
loss), and as a result of attenuation loss which encompasses the
phenomena of scatter and absorpfion. When the wave encounters an
acoustic interface, the pressure reflected will depend upon the

ratio of acoustic impedances and the angle of incidence.
A transducer of diameter D, and resonance f with a wavelength
A=c/f in a given medium will radiate with a half angle ¢ given
by:

N
= sin ~(1.2x/D), rad.
This radiation pattern is applicable only in the far field, or
Fraunhofer region. The length of the near field, or Fresnel

region is given by D2/4).

The pressure at any given point in the far-field is dependent
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upon the angle that point subtends to the acoustical axis, 4, and
the distance, x. The polar-pressure relationship (off-axis
pressure) is expressed asi Sw page &% f syminefe:

P,= P, Jl(xDsina/A)/(stino/A)

6

where Jl is a Bessel function of the first order, ¢ is expressed

in radians, and P, is the pressure at ¢=0.

The distance-pressure (pressure on-axis) relationship is governed

by the expression:
= i J”_‘___—T"_
Px P° sin(»/x [/ D2/4+x X))
This equation can be approximated by:
Px= Po nD%2/4x 1/x, for x>>D2/42)

This effectively is the equation which describes the divergence

loss.

An ultrasonic wave travelling through a medium of acoustic
impedance 2, and normally incident on a medium of acoustic
impedance Zz, will be partially reflected. The proportion of the

signal reflected is given by:
Pr1= Po (2172,)/(2,+32,)

The above equation is applicable only to compressional waves at
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normal incidence. At other angles, mode conversion occurs to
shear components reflected and refracted at the boundary. At
angles other than normal incidence, the reflected coefficients

should be calculated using the equations given in chapter 3.

In addition to the signal 1losses, given so far, there are
attenuation 1losses, due to scattering and absorption, to

consider. It is usual to express the attenuation loss as:

Pa= Po exp (~ax)

where a= the coefficient of attenuation, derived in chapter 6.

X
I

distance travelled by the signal in the material.

7.3- ESTI G TTENU. ON F =W ECHO

Fig.7.1 shows the configuration used to develop a model to
estimate the signal 1losses with regard to a pulsed acoustic

system used on concrete.

. l--—Ll T,R (D

Fig.7cl i ° . ° *+ . ° . i

In this configuration or model, a pulse-echo system will be used

S
x—

i.e. one transducer is used to transmit and receive.

This model is going to be used to calculate signal losses in four
different configurations; four transducers were used: 200, 300,

400, and 500kHz. The echo strength in each case was calculated
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at depths (x) of 60 to 420mm in 20mm intervals. 1In all cases the

transducer diamter (D) was fixed at 30mm.

For a back-wall echo, the attenuation suffered will be of the
form (and taking into account that one radiator is acting as a

transmitter and receiver in the same time) :(scc peg 3 sv,‘:s""“‘e‘)

a- Dueﬁdistance-pressure

= 2
P = P_ xD?/4) 1/2x

b- Due to the interface material/air
Pr=Px R
where R is the coefficient of reflection, in this case concrete-

air at normal incidence=1.
c- Due to scattering and absorption
Pa= Pr exp (-2ax)
where a is the coefficient of attenuation, calculated from the
equation derived in chapter 6 for high strength concrete.
Then, total attenuation for this case will become:

P./P_= R nD?/4x 1/2X exp(-2aXx) (7.1)

fig.7.2 shows the variation of attenuation against distance for

the frequencies mentioned earlier.
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704-

EMBEDDED IN CONCRETE

Fig.7.3

Fig.7.3 shows the set-up used in this model to estimate the

signal reflected from a bar encased in concrete.
As mentioned before, a pulse-echo system will be used.

The model is used to calculate reflected signal including losses
in four different configurations: four transducers were used 200,
300, 400, and 500kHz. The strength of the reflected echo from the
bar embedded at depths (x) 60 to 420mm, 20mm intervals, was
calculated for each case. In all cases the transducer diameter
(D) was fixed at 30mm, and the diameter of the bar, Db, at 10mm

and 20mm.

For a sound bar embedded in concrete, the returned signal will be

the product of:

a- Due distance-pressure
= 2
P,= P nD?/4x 1/2x
b- To calculate the amount of energy reflected from a bar
embedded in concrete an equation based on geometric optics which

uses light rays which can be drawn as straight lines was used.
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If a plane wave strikes the curved interface between two
materials (concrete and steel), e.g. on a cylindrical surface
only the ray incident at right angles can pass through or be
reflected with no angular change. The lateral rays are refracted
or reflected at an angle, which is greater the further. they are
from the axial ray, dispersion occurs, viz. the acoustic pressure
decreases, as in the case of the similar optical phenomené

produced by dispersing convex lens.

Krautkrammer (67) gave the resultant acoustic pressure for a

dispersing lens which has a sound velocity c, embedded in a

medium where the sound velocity is (cl):

P="P R/ E_J(E_+x)
where R= coefficient of reflection for concrete/steel at normal

incidence= (plcl-pzcz)/(plcl+p2c2)= -0.617.

fc= I Db/(z (l-cz/cl) ) l .

c- Due to scattering and absorption

Pa= Pr exp(-2ax)

Hence the total signal losses equation will be of the form:

P,/P_= R nD?/4x 1/2x% J £/ (£,¥%)  exp(-2aXx) (7.2)

Figs.7.4, 7.5, and 7.6 show the variation of attenuation against
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depth of bar in concrete, diameter of the bar, and diameter of

the probe for a range of frequencies respectively.

When corrosion occurs in steel components embedded in concrete,
pitting and spalling occur which lead to the surface being rough,
and this roughness affects the reflection and scattering
characteristics of a wave. For example, the reflection
characteristics of a wave over such a surface are different from
the characteristics over a smooth surface. A wave incident on a
rough surface is not only reflected in a specular direction but
is also scattered in all directions. For example, in biological
media, rough interfaces between different organs and tissues
affect propagation and scattering characteristics of a wave

(108).

In rough surface scattering, it is important to recognize that
the roughness of a surface should be considered relative to the

wavelength and the direction of wave propagation and scattering.

Consider a wave incident on a rough surface as shown in fig.7.7.
If the surface is completely smooth, two rays are specularly
reflected, the reflected rays are in phase, and the reflection
angle is equal to the incident angle, 8- If the surface becomes
rough, the two rays are no 1longer in phase, and the phase
difference A4 is given by:

Af= 2kh cosai, where k=2n/x
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If this phase difference is negligible compared to 2x, then the
surface may be regarded as smooth (108). If the phase difference
is significant, then the specular reflection is reduced due to
interference and a part of the wave is scattered in all
directions. Rayleigh used a criterion that a surface may be
considered rough or smooth depending on whether the phase
difference is greater or smaller than /2. In term of h, the

Rayleigh criterion is:

h< or > A/(8cosoi), where h is the standard deviation of the

rough surface.

Suppose that a wave is radiated from a transmitter and is
incident on a surface, if the surface is smooth, the reflected
wave is identical to the transmitted wave originated at the image
point except for the reflection coefficient. However, if the
surface is slightly rough, this reflected wave gets attenuated
slightly due to scattering and the power corresponding to this
decrease of the reflected power is scattered in all directions.
This reflected power is sometimes called the specular (coherent)
component, and the scattered power is called the diffuse
(incoherent) component. If the surface becomes very rough, the
specular (coherent) component almost disappears (108), and the

diffuse (incoherent) component dominates.

There are two general approaches to rough surface scattering
problems: the perturbation technique, and the Kirchhoff

approximation. The perturbation technique applies to a surface
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which is slightly rough and whose surface slope is generally
smaller than unity. The Kirchhoff approximation technique is
applicable to a surface whose radius of curvature is much greater

than the wavelength.

It is not intended in this study to give detailed mathematical
analysis of these two approaches (detailed analysis could be

found in 108, 109, 110, and many others).

For the case of a corroded bar in concrete, the Kirchhoff
approximation will be used. Beckmann and Spizzichino have shown
that, within the Kirchhoff approximation, the scattering may be
divided into coherent and incoherent parts. Both parts contain
an exponential dependence on the root mean square amplitude of
the roughness, h. It has been shown (110) that the coherent
scattering dominates at low frequency, up to kh=0.5. Therefore,
by using the 1low frequency approximation and backscattering
geometry, it can be shown that all scattering from the surface is

coherent, in this case:
Itotal/Isound= exp(-(cosai+sinoi)2k2h2)= exp(-4k2h?)

since (cosoi+sinoi)2 =4 for backscattering and normal incidence
(bear in mind that a pulse-echo system is used). 1In this
equation Isound is the intensity scattered from a smooth surfaced
bar of the same size as the rough surface, and h is the root-mean

square roughness.



181

The low-frequency approximation is wvalid for:
4k2h? <=1 where k=2r/2A

Since the intensity is proportional to the square of the sound

pressure, one obtains:

= —4dk?2
Ptotal/Psound J exp(-4k*h?) .

Then the total 1losses equation for a corroded bar at depth (x)

from the surface, and (h) roughness is:

Ptot/Po= R nD2/4) 1/2x exp(-2aXx) j*fc/(fc+x) Jexp(-4k2h?) (7.3)

The model is used to calculate signal losses in four different
configurations: 200, 300, 400, and 500kHz. The strength of the
reflected echo from the corroded bar at depths (x) 60 to 420mm,
in 20mm intervals, was calculated. In all cases the transducer
diameter was fixed at 30mm, and the diameter of the bar at 10mm.

The rms of the height of roughness was taken equal to 1 and

l1.6mm.

To check the validation of low-frequency approximation assumed,
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we have:
f=500kHz, A=8mm , h<0.7mm
£f=400kHz, X=10mm, h<0.8mm

f=300kHz, 2=13.33mm, hs<l.lmm

£f=200kHz, A=20mn, h<l.6mm

The two chosen values for h are 1 and 1.6mm which are around the

above values.

Figs.7.9 and 7.10 show the variation of attenuation against
distance of the bar in concrete from surface for the frequencies

mentioned earlier, for h=1 and 1.6mm respectively.

Fig.7.11 shows the variation of attenuation against frequency
(100kHz~-500kHz) for a sound bar and a corroded bar (the amplitude
of the pitted surface was taken equal to 1.6mm) embedded in

concrete.
7.6—- DISCUSSION

In the last three sections, equations 7.1, 7.2, and 7.3 were
derived to estimate the signal returned from a back-wall echo,
sound bar, and from a corroded bar embedded in concrete when
transducers are mounted on the surface of the concrete. These
equations were used to give an approximate picture of the
variation of the losses and pressure against depth, diameter of
bar, roughness of the corroded bar, and the frequency of the

transducer.
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From the theoretical study carried out so far in this chapter, it

was established that:

-The echoes reflected from a sound bar and a corroded bar simila:
in dimensions to the sound bar embedded in concrete at the same
position are frequency dependent, i.e. the attenuation for a
particular frequency is different for each case , i.e. the
attenuation for a corroded bar is greater than that for a sound

bar, and the difference is frequency dependent (see fig.7.11).

-As the height of the roughness of the corroded bar encased in
concrete increases, the losses increase compared to the smooth

bar, due to scattering (see figs.7.9, 7.10, and 7.11).

-As the frequency increases, in general, the attenuation of the
received signal increases. This is due to attenuantion from
scattering and absorption su.ffered by the signal when it passes

in concrete, discussed in chapter 6 (see figs.7.2, 7.4, 7.9)

-As the bar is more deep in concrete, the signal losses strength,

due to greater path length hence more attenuation (see fig.7.9).

-As the diameter of the bar embedded in concrete increases, the

reflected echo will be stronger (see fig.7.5).

-As the probe diameter increases, the reflected echo strength

from a bar increases (see fig.7.6).
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7.7- COMPAR]ISON WITH EXPERIMENTS

In the theoretical part of this chapter, a model using pulse-echo
system was assumed to estimate the strength of the reflected
signal from a bar embedded in concrete. As no commercially
available system at present exists for low-frequency pulse-echo
testing of reinforced concrete, it was therefore decided to use a
pitch-catch system for a bar spanned in a water tank, where thé
transducers are close enough (1lcm) to be considered as pulse-
echo. The set-up was two transducers of 125kHz resonant frequency
and 25mm diameter, distant 1lcm, mounted on a water tank, the
water depth was 280mm, the bar was spanned at 100mm from the top.
A range of diameters was used to check the validity of the model.
The diameters were:3, 5, 12, 25, 32mm bars. It is worth
mentioning that the attenuatién loss due to absorption and
scattering, i.e. the coefficient a, was neglected (this
coeffi.cient is very small in water). A range of diameters was
used to check the validity of the model. The diameters were:3,

5, 12, 25, 32mm bars.

Fig.7.12 shows the results. The solid line shows the result of
the model, and the dashed 1line shows the result of the

experiment.

It can be seen from fig.7.12 that the model and the experiment
compare favourably, for example, for the 32mm bar the reflected
signal will be attenuated by 20.8 dB using the model and by 22.7
dB from the experiment, the difference is 2 dB, which cannot be

better. However for the 3mm bar, the loss is 30.8 from the model
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and 38.4 from the experiment, gives an 8 dB difference which is
still small. The reason that the model gives good result for the
32mm diameter bar is that the diameter of the bar is more than
twice the wavelength (in this case was 12mm) because the equation
used to calculate the signal reflected from the bar was deriVed
from geometrical optics and this equation should be used where
the wavelength is very small compared with the dimensions of the
bar, however where this is not applicable i.e. the wavelength is
no longer small compared to the bar diameter, the results are

more or less rough approximations.

Therefore the general conclusion from this comparison is that the
model gives satisfactory results when compared with experiments
to predict the strength of the reflected echo from a bar embedded

in a medium, be it water or concrete.

7.8- SUMMARY

In this chapter, a theoretical approach and a model analysis have
been given for the estimation of signal strength expected from a
back-wall, sound bar, and corroded bar embedded in concrete when

the transducers are mounted at the surface.

Water experiments were used to check the validity of the model.

The comparison showed good agreement with the experiments.

The general conclusion that could be drawn from this study in
this chapter that the reflected signals from a sound bar and a

corroded one are frequency dependent which means that if a 200kHz
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transducer is used the strength of the received signal from a
sound bar at that frequency will be different and higher from that
of a corroded bar with the same dimensions. It was established .
toco that as the transducer diameter increases, the strength of
the received signal will increase for the same set-up,
Furthermore, as the diameter of the bar increases, the strength
of the received echo will increase. Another point which was
established is that as the frequency increases, the signai
strength reflected from a bar, sound or corroded, decreases
dramatically. And the most important point was that the
attenuation for corroded bar was greater than that for a sound
bar, but the difference depends on frequency i.e. if we can
identify the signal in different frequency bands it should be
possible to tell whether the bar is corroded, e.g. see fig.7.11
for sound and corroded bar, the ratio of attenuation at 400kHz to

that at 100kHz equal to 1.256.

Following the above argument, i.e. that it is possible to
identify sound steel components from corroded steel components
embedded in concrete by comparing their frequency spectra, a
filter should be applied on the signal to remove bands of
frequencies and leave the parts where it is easier to recognize

the corroded components.
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Fig.7.7- Incident wave on a rough surface.
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CHAPTER 8

COMPUTER MODEL USING RAY ACOUSTICS
8.1- INTRODUCTION

Over the past twenty years there has been a revolution in both
the range and the availability of computers, both in research and
industry. This change has enabled the construction of models- of

the phenomena upon which NDT techniques are based (115).

The development of computer models for the study of these
phenomena has to a large extent been achieved by the application
of methods which received their development in other fields of
study such as geophysics and seismology, where both acoustic and
elastic waves and their interaction with structures were

investigated (11s6).

What is computer modelling? Computer modelling provides
representations of systems, in a mathematical form, which should
respond in such a way as to provide the variation of parameters,
in response to change which is observed in the corresponding

physical system (115).

In this chapter a current review of computer-based numerical
modelling is given and the model developed, which predicts the
variations in detected echo amplitude as the probes (used in a
pitch-catch mode) scan over a water tank or a concrete beam

containing steel components with and without defects. The model
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allows the building in of an attenuation coefficient (the ratio
of the current energy of the received signal to its initial
value) dependent on the material through which the rays pass, and

this was used to compare the results with the experiments.

8.2- REV SO 0] COM N

UL IC WAV SOLIDS

Bond (115) reviewed this matter particularly in relation to
problems involving pulsed elastic wave systems for ultrasonic
wave propagation and scattering. He described three main methods
of modelling, namely, usage of finite-difference methods to solve
equations of motion described by differential equations, the
application of finite element methods in NDT, and the use of ray
tracing which is a widely used form of analysis and has been
applied in the present study. In addition Bond gave a review of
other methods such as mass-particle models and transducer

wavefields.

Vary (117) used computer synthesis to simulate thin couplant and
bond-layer effects associated with broad-band ultrasonic
tranducers. It was shown that these thin layers in the acoustic
path can produce distortions in ultrasonic signals and that these

distortions become apparent and serious in the frequency regime.

In a recent book ‘Mathematical Modelling in NDT’, edited by
Blackmore and Georgiou (116), several papers can be found about
mathematical models and how to validate a model . The following

is a summmary of some of the papers given in this book.
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Coffey in this book illustrates the features of a system model of
an ultrasonic examination which should contain a quantitative -
description of the probe, the radiated pulse and beam, the
scanning of the probe, the component’s geometry, the attenuation
of the material, scattering off the defect and reception of the
signals. The aim of such a model is to predict the amplitude and

pulse shape of signals detected in a scan over the component.

In the same book, Firth explains the role of mathematical
modelling in validation i.e. the model must be checked, verified,
and should be appropriate to the geometry, the flaw, and the

probe being used.

Bond et al applied the finite-difference modelling to the
scattering phenomena. Willis on the other hand, reviewed the
approaches used in scattering from rough surfaces i.e.
perturbation and Kirchoff’s approximation methods. Chapman
describes a model of ultrasonic NDT which predicts the variations
in detected echo amplitude as a probe or probes scan over a metal
component containing a single smooth planar crack, his model
simulates the geometry of the component, the scanning pattern of
the probes, the transmitted probe beam, the scattering of the
transmitted probe beam by the defect, and the detection of the
scattered ultrasound by the receiving probe. Finally Silk et al
modelled an ultrasonic transducer in order to understand
transducer operation and properties and secondly to provide a
means of optimising transducer design to a particular inspection

task.
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8.3- APPLICATION OF THE RAY THEORY

A program was written during a previous study (42) by the author
to show the path of rays in a wire embedded in an infinite solid
body (in this case concrete), when a transducer is applied at one
end as a transmitter and as a receiver at the other. Following
this, a second program was written to evaluate the response of
such a model when a pulse is transmitted and received using the
transit-time technique (42). The severe attenuation of the
signal for wires embedded in concrete precluded practical use of

this arrangement over lengths up to 3m.

In the present research, the approach that was adopted in testing
for broken or corroded wireé or strands embedded in concrete,
involved the mounting of transducers on the surface of the
concrete directly above the steel components using the pitch-
catch method. It was therefore decided to model this system

using the ray method.

A computer program was written using Fortran to predict the
amplitude of the received signal for the mentioned configuration
using the transit-time method. Furthermore, the program was
written to cover cases of a bar embedded in concrete or immersed
in water. For these cases the modifications were the
coefficients of reflections, the velocities, and the attenuation
coefficient. The model was developed on the main frame at the

University of Manchester.
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In this model, an attempt was made to represent in one package or
program most of the variables present. The model contains a

quantitative description of:

1- The probe: The crystal of the probe was assumed to be
circular, as all the tranducers used in the experiments had
circular piezoelements. The diameter and the frequency of the
probe were included as input data i.e. they can be changed eacﬁ
run. The transmitter and the receiver probes were assumed-to

have the same properties i.e. diameter and frequency.

2- The radiated pulse: The input signal was assumed to be a sine
of four cycles with constant amplitude or exponentially decayed,
although this could be changed easily. In real life, the shape
of the input signal is usuélly unknown especially if low-
frequency undamped transducers are used (similar to many of the
transducers used in this study) and having a long decay duration
(about 400 usec). It was therefore difficult to compute the
shape of this pulse and the sine wave was used as a basic
component which could if necessary be combined by Fourier

analysis to give other input waveforms.

3- The distance between transmitter and receiver on the surface

of the material tested was included as input data.

4- The component’s geometry: The model operated using a beam of
rectangular cross-section. The dimensions of the cross-section

could be input or fixed for each run.
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5- The position of the transducer relative to the centre of the
cross-section: The centres of the transmitter and the receiver
were assumed to have equal edge distances i.e. the standard case

used in the experiment.

6- Bar dimension and its position: The model is built for one baf
running parallel and in 1line with the transmitter and the
receiver. The position and the diameter are input by the usef
(the position of the bar from the top surface). It should -be
noted that the model is for bars of circular cross-section and

does not directly represent the geometry of strands.

7- Corroded or cracked bar: After the user input the position,
the program asked if the bar was sound, corroded, or cracked. The
position of the cracked or the corroded part was assumed to be in
the middle between the transmitter and the receiver. If it was
corroded the input data in this case was the height of the
roughness of the corroded bar (this was tackled as described in
chapter 7). However, if it was cracked the bar was assumed to be
fully cracked i.e. no continuity, and the input data in this case

was the width of this discontinuity or crack.

8- The attenuation in the material: The attenuation due to
scattering and absorption suffered by a signal when passing
through concrete was included as a coefficient. This coefficient
was derived from experimental results and it is frequency

dependent (it was described in chapter 6).

9- The velocities and densities: The velocities of longitudinal



202
and shear waves for steel, concrete, or water (longitudinal wave
only) could be changed easily as these were included as input
data. Moreover to calculate the coefficients of reflections (see
chapter 3) the equations require the densities of the two media
i.e. concrete/steel or water/steel, which are included "as

variables.

10- Sensitivity (y-axis) of the received signal: This could be
changed easily depending on the strength of the amplitude of the

received signal.

11- Output of the program: The program could be used to scan over
a beam ‘model’ where sound, cracked and corroded bar was present.
The output of the program was the amplitude and pulse shape of
the received signal i.e. time-domain signal. Moreover, a plot of
the cross-section of the beam showing the transmitter and bar

position was given.

The assumptions made during the building of the computer model

were:

1- Ultrasonic probe: No piezoelectric properties or crystal

dimensions are included.

2- It was assumed that the probe does not transmit Rayleigh or
transverse waves although this is not true for low-frequency
small radiators. This was established from experiments for these

kind of transducers.
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3- The component’s surface geometry was assumed to be smooth,

although this is not the case for concrete.

4- No losses due to electrical coupling to the flaw detector or
oscilloscope (long cables from receiver to oscilloscope may in

practice to attenuate the signal).

5- The medium, in this case concrete which is heterogeneous;
where the signal is propagating was assumed to be homogeneous
i.e. no scattering due to aggregates or porous (voids) medium. As
mentioned earlier this attenuation effect due to scattering and

absorption was included as a coefficient.

6- It was assumed that a perfect bond was present between the
surface of the sound bar and ﬁhe surrounding concrete. However
when a corroded bar was present, the contribution of this defect
was included as a coefficient loss, although this was not the
case as scattering occurs. Moreover when a cracked bar was

present it was assumed that the bar was fully cracked.

7- Mode-conversion was not modelled, only the coefficient of
reflection of longitudinal wave was considered (when a
longitudinal wave is incident on an interface concrete/steel
longitudinal and transverse waves are reflected in addition to
refracted longitudinal and transverse waves). Only 1longitudianl
waves are traced which are important to our case and arrive
earlier than shear waves. Shear and Rayleigh (surface) waves

were not considered.
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8- The coupling between transducer-concrete surface was assumed
to be perfect i.e. no distortions by couplant thickness caused by

acoustic impedance effects.
8.4~ ACOU cs

As an alternative to the considerations of the equations of
motion, waves can be considered in terms of wavefronts and rays.
In this case, rules similar to those for geometrical optics are

followed.

The reflection of plane compressional waves at the free surface
of a homogeneous and isotropic material is the simplest problen.
Assume that the free boundary of such a medium is a plane, then
for an incident 1longitudinal wave, in general, a reflected
longitudinal and shear waves are generated. This conversion of
energy between various wave types by interfaces, defects, and
other targets is called mode-conversion. However when a
longitudinal wave is incident at an interface between two solid
media, longitudinal and shear waves will be produced in both. For
this system four boundary conditions should be satisfied and
these are the requirements for the continuity of two components
of both displacement and stress across the interface i.e. normal
and shearing stresses, and displacements in the x- and y-
directions (refer to chapter 3 for the equations involved which
enable the calculations of the resulting wavefield amplitudes for
the two cases i.e. free boundary and interface between two

solids).
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8.5- GOVERNING EQUATIONS

A series of configurations, each involving the transmission of a
signal and receiving it using the transit time method or pitch-
catch technique, was modelled in order to predict the variations
in detected echo amplitude for the following cases: a)- water, b)
concrete beam, c¢) water containing steel bar, d) reinforced
concrete beam, e) corroded reinforcement in concrete beam, f)

cracked reinforcement in concrete beam.

The output composite waveform is synthesized by array addition of
corresponding time-domain elements, and the result is exhibited

graphically, this will be explained in the next section.

In this section, simple forms of the equations involved in the

system are given.

When a wave travels through a medium the sound pressure will

decrease due to:
a- Polar-Pressure relationship:
It is taken in the model as:

Pe/Po= sin(xDsinéd/x)/(xDsinéd /) (8.1)

where

¢ is the angle with the vertical axis

D is the diameter of the probe, A is the wavelength

P, is the initial pressure, and P, is the directional pressure.
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b- Distance-Pressure relationship

It is expressed in the program as:

P,= sin(x/x (/ 'D?2/4+x%xZ ~Xx)] (8.2)

where x 1is the distance from transducer to the point where the
pressure is calculated.

c- Coefficients of Reflection:

As it was mentioned the 1longitudinal waves are only traced
although it is assumed that mode-conversion occurs (concrete

medium case).

For the concrete-air interface the coefficient of reflection is

(67):

o .
o Solid

Air

2 1 1 -
(ct/cl) 51n2a1 51n2at cos’Zat

2 i .
(ct/cl) 51n2al s:.r12at+coszzat

Where c; and c are velocities of longitudinal and shear waves

t
respectively
@, and @, are longitudinal and shear angles after
reflection respectively and are related by: cl/ct=sina1/sinat
For the case water-air interface total reflection was assumed

l.el Rl=1.
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For the case of water-solid, in this case water-steel interface,

no reflected shear wave occurs because water does not support

shear forces, the equations used were (67):

water

Solid

R1= 1/N [(ct/cl)2sin2alsin2at+c052Zat-chosal/(ZSCOSa)]
T1= 1/N [2c052at]
Tt= 1/N [-2(ct/cl)2sin2a

t]

where N=(ct/cl)2sin2alsin2at+cos22at+zwc05a1/(ZSCOSa)

and where
wPwC and ZS=pSCl are the acoustic impedances in
water and steel respectively, where P and rg are the
densities of water and steel respectively,
c; and c, are the longitudinal and shear velocities 1in
steel respectively, and c is the longitudinal velocity in water,
ay and ay are the angles of longitudinal and shear waves in
steel respectively, and a is the longitudinal angle in

water, and related by cl/sina1=ct/sinat=c/sina.

For the case of concrete/steel interface four equations should be
solved to get this coefficient (a routine was written to solve

the equations in the computer program).
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Solid 1

Solid 2

The four equations are:
R1 COSall-Rt 51na1t+'1‘1 cos<x21+Tt 51na2t=COSall
1 51na11+Rt COSalt-Tl sina21+Tt cosa,, =-sina,,
1 211°°52“1t'Rt th51n2°1t-Tl ZleOSZazl- Tt Zzt51n2a2t

=-lecosza1t

R1 thc1t51n2all/cll+Rt thcosza1t+Tl Zztczts1n2a21/c21

--Tt Zztcosza2t=zltc1t51n2all/c11
Indices 1 and 2 refer to media 1 and 2 respectively, for example
if a longitudinal wave is passing through concrete and later
strikes a steel boundary in this case indice 1 will refer to

concrete and 2 to steel.

Where R1 and R, are the coefficient of reflections for longitudinal

and shear waves respectively

T, and T, are the coefficient of refraction for longitudinal

1 t
and shear waves respectively
2,=pc, is the acoustic impedance of longitudinal wave

2,=pPC, is the acoustic impedance of shear wave

The reflected and refracted angles are related by:

cll/s:ma11=021/51na21=c1t/51na1t=c2t/s:ma2t
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d- Loss due to Corrosion

As mentioned the loss of reflected signal due to corrosion was
taken as a coefficient applied to that part of the ray group
incident on the bar. It was assumed that the surface of the bar
had a roughness height h and the signal is scattered due to this
roughness. The following equation was given and discussed in

chapter 7:

P_= Jexp(-4k2h?) where k=2x/)\ (8.3)

e- Attenuation Coefficient

For the concrete model, the attenuation coefficient which inludes
the losses from absorption and scattering was assumed to be
(equation derived from experiments and included in chapter 6):

a =0.1844f + 0.001f2 (dB/m), f is the frequency in kHz (8.4)
For the <case of the water model the attenuation was not
considered i.e. neglige¢.ble which is approximately the case in
practice.

8.6- APPROACH

The parameters examined using the model were as follows:

1- Transducer frequency and the spacing between radiator and

receiver.
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2-Bar size, depth, and condition i.e. sound, corroded or cracked.

In the following, it will be shown how the echo amplitude is

derived from the back-wall and the bar.

8.6.1- Estimation of the Amplitude of the Back-Wall Echo

The transducers-specimen configuration illustrated.in fig.8.1 is

taken as a model for the case of no reinforcement.

b Freq, D r Freq, D
< 2S —>

Water or Concrete

25= Spacing between the centres of the transmitter and the receiver
H= Depth of the specimen
Freq, D= the frequency and the diameter of the probes respectively

Fig.8.1

In this case the echo will be similar to a flat backwall of a
test object. 1In this case the sound is reflected straight back
at an angle equal to the incidence (if we take a centre ray to
represent the path length , see fig.8.1) and the radiator acting
as receiver measures the sound pressure obviously at distance L,

and therefore can be written as:

P/Po= R Pa PL exp(-al)
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where R is the coefficient of reflection of longitudinal wave for
water/air or concrete/air
¢ is the angle of incidence on the interface= tan-l(S/H)

L is the path length= 2(/ H2+S? )
a is the attenuation coefficient
P is the initial pressure

P, is the axial pressure

Pa is the pressure losses due to divergence

8.6.2- Estimation of the Amplitude of the Bar Echo

In this case it is not possible to derive directly the echo
amplitude reflected from the bar embedded in a material, in this
case water or concrete, because the bar cross-section is much
smaller than that of the sound beam (in contrast to a back-wall
echo). The problem is to find the area which contributes to the
strength of the echo reflected when a cone of rays strikes the
surface of the bar. We believe that this area is an ellipse which
will be demonstrated next, and the minor and major distances will

be found.
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Transmitter Receiver “
.l Freq, D 2 Freq, D
<= | ————— 2s ->

]
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—(Bar) d

the depth of the bar in the specimen, d= the diameter of the bar

(a)

Freq, D

|
[
!
l
!
1
17' y
|
\! B
VIR /e
|
b Bar embedded
in concrete or
water
(b)

Fig.8.2
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We will take two sections. The first is a section through the
bar (fig.8.2.a), where we assume two rays, each one gets to the
receiver at one of its edges, form a straight line, and this 1line
will be the major distance and will be equal to A= D/2 when
reflected from the surface of the bar. Now if we take the second
section which is perpendicular to the bar and through the cross-
section (fig.8.2.b), we are looking to the two rays which are aré ;
reflected to the edges of the receiver, and hence the minor
distance which is denoted by B (fig.8.2.b) could be derived, and
this was calculated by numerical analysis in the program which is
dependent on the the depth of the bar, the bar diameter, the

transducer diameter.

Therefore the area of the ellipse , the reflected area, can be
written as:
Ar= nAB/4

The pressure measured by the receiver will be:

P/P= R P, P, P

a back-wall echo.

exp(-alL) Ar/At for Ar/At<l, i.e. not bigger than

where R is the coefficient of reflection of longitudinal wave for
water/steel or concrete/steel

¢ is the angle of incidence on the interface= tan—l(S/x)

L is the path length= 2(/ x?+S2), a is the attenuation coefficient

P_ is the initial pressure, P, is the axial pressure

L
P, is the pressure losses due to divergence
P_ is the pressure losses due to corrosion if present

Ar is the area of the ellipse, and At is the area of the transducer
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It should be noted that the refracted signal at the interface
concrete/bar when the longitudinal wave was incident on the bar

was neglected because it was found to be very small.
8.6.3- The C truction of e Time

The input waveform was assumed to be a sine wave of 4 cycles

normalized to 1 and is used as a source signal.

From the two sections above, we have two signals one coming from
the bar and the other from the base. For each the predicted
amplitude is multiplied by the starting signal to give the

waveform expected.

The signal from the bar precedes the echo from the base by a time
difference depending on the path length. The composite signal
therefore is formed by plotting a time-domain amplitude (time viz

amplitude) for the two waveforms each displaced by a delay time.
8.7- RESULTS

The results presented are restricted to a few experiments which
were carried out on the same geometry of specimens used in the
experimental work to illustrate the effect of the frequency on
the condition of the bar of different diameters. As mentioned
the difference between the model and the experiments will be
carried out by comparing the attenuation coefficients calculated

from the two outputs. It will be shown that good agreement
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exists between the model and the experiments carried out.

8.7.1- Materijal with No Embedded/ Immersed Steel Bars

The two media modelled were: concrete and water. The output of
the program in general will be shown, and then comparison with

experimental results will be examined.

a- Water Model

As mentioned earlier, the attenuation due to absorption which is
frequency dependent was neglected, and it was assumed that total
reflection at the boundary (water/air) occurred. The losses are

therefore very small, and are mainly due to divergence.
The configurations used in the experimental work were:

Frequencies used: 125 kHz with 25mm diameter transducers.
Transducer spacings: 10, 50, 100, 200mm.

Water depth: 280mm.

The same configuration were used in the model. Fig.8.3 shows the
output of the program for a transducer spacing of 50mm and

frequency 125kHz.

To compare the two results i.e. the model and the experiments, a

plot (fig.8.4) of the attenuation against transducer spacings was
o

derived‘ the frequency used. The result shows the output of the

program to underpredict experimental results but the model shows
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the correct trend.

b- Concrete Beam Model

In this case, attenuation due to scattering and absorption which
are frequency dependent was included using the equation (8.4).
In addition the 1losses due to reflection at the boundary
concrete/air were taken into account. 1In this section it will bé
shown that the attenuation of the signal increases with

frequency, and spacing between transmitter and receiver.
The configurations used in the model were:

Frequencies used: 150, 300, 500 kHz, all with 25 mm diam. transducer
spacing: 10, 50, 100, 200mm.

Concrete depth: 150mm.
The configurations used in the experiments were:

Frequencies used: 150 kHz with 25mm diameter transducer.
spacing: 10, 50, 100, 200mm.

Concrete depth: 150mm.

Fig.8.5 shows the output of the ray tracing model program for

transducer spacing of 50mm and frequency 150kHz.

Again to compare the two results i.e. the model and the
experiments, a plot of the attenuation against transducer

spacings will be used for the different frequencies used is shown
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at fig.8.6. Part of the reason for differences could be due to
the assumed attenuation coefficient (due to scattering and
absorption), and due to the interference of Rayleigh wave
neglected in the model but present in the experiments, however
the result is not far from the experimental result with the
approximation assumed. Moreover, fig.8.7 shows the attenuation
of the reflected signal from the base for different frequencies.
It can be seen that as the frequency increases the attenuation

increases, and increases further with transducer spacing.

8.7.2- Beam with Reinforcement

The configurations modelled were:

-Sound bar immersed in water.
-Sound bar embedded in concrete.
—-Corroded bar embedded in concrete.

-Cracked bar embedded in concrete.

However because the scattering due to aggregates and the Rayleigh
(surface) wave were not modelled, the comparison with experiment
has not been carried out because it was not possible to seperate
out the echo reflected from the bar which was convolved with the
Rayleigh wave and with reflections from aggregates (because of
the difference of acoustic impedances at the interface
aggregates/mortar). For this reason additional signal processing
techniques were developed for the experimental research, however
the model is still a great benefit for the present study because

it will illustrate how the expected strength of the part of the
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signal reflected from a bar embedded in concrete changes with

frequency and surface condition i.e. corrosion.

a- So =] W.

The configurations used in the experimental work were:

Frequencies used: 125 kHz with 25mm diameter transducer.
Transducer spacings: 10, 50, 100mm.

Water depth: 280mm.

Bar diameter: 3, 5, 12, 25, 32mm.

Bar depth: 100, 200mm.

The same configurations were used in the experiments.

Fig.8.8.a shows the model output for 10mm transducer spacing with
125kHz frequency with a bar of 5mm diameter and 100mm deep in
water and fig.8.8.b shows the output of 12mm diamter bar with the
other variables fixed as fig.8.8.a. It can be seen very clearly

that the echo strength from the bar increases with bar diameter.

Fig.8.9.a to 8.9.4 show the attenuation against spacing of
transducers, from the experiments and the model for the bars
used. It can be seen that agreement between experiment and model
is reasonable for close spacing, but diverges with increased
spacing for all bar sizes. This is probably due to simplifying
assumptions in the model about pressure distribution of the beam

or effect of reflected area.
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Fig.8.10 shows the attenuation against diameter of the bar. This
result again shows the output of the program to over predict

experimental results but the model shows the correct trends.

Fig.8.11 shows predicted effects of the model against bar depth

for two bar depths.

The general conclusions are:

1- As the bar size increases, the echo reflected is stronger.

2- As the spacing between transducers increases, the echo
reflected is weaker.

3- As the bar is placed deeper in water, the echo reflected

becomes weaker.

b- Sound Bar Embedded in Concrete

As mentioned before results will be restricted to the computer

model.

The configurations used in the model were:

Frequencies used: 150, 300, 500 kHz, with 25mm diam. transducers.
spacing: 10, 50, 100, 200mm.

Concrete depth: 150mm.

Bar diameter: 3, 5, 12, 25, 32mm.

Bar depth: 70, 90mm.

Fig.8.12.a shows the model output for 100mm transducers spacing
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with 150kHz frequency with a bar of 5mm diameter and 70mm deep in
concrete, Fig.8.12.b shows the output with the same variables but
with 300kHz frequency, and fig.8.12.c with 500kHz frequency. It
can be seen very clearly that the echo strength from the bar and

from the base decrease with frequency significantly.

Fig.8.13 shows the variation of the attenuation against the

spacings of the transducers for the different frequencies used.

Fig.8.14 shows the attenuation against spacing of the transducers
for the different bars used for 150 (fig.8.14.a) and 300kHz

(fig.8.14.b).

Fig.8.15 shows the variation of the attenuation against the
diameter of the bar embedded in concrete for the different

frequencies used.

Fig.8.16 shows the variation of the attenuation against the

frequency for the different bar sizes used.

Fig.8.17 shows the attenuation against bar diameter for the

depths of the bar in concrete i.e. 70 and 90mm.

As it can be seen from the results as the frequency increases the
strength of the signal decreases significantly (figs.8.12 and
8.13). Moreover if the spacing between transmitter and receiver
increases the received signal loses strength to a greater extent
at higher frequencies (figs.8.14 and 8.15). Furthermore if the

bar depth in concrete increases the echo from bar is weaker
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(fig.8.17). However, if the bar diameter increases the echo

strength from the bar increases (figs.8.15 and 8.16).

c- Corroded Bar Embedded jin Concrete

In this case two factors affect the results: the roughness height

and the frequency used.
The configurations used in the model were:

Frequencies used: 150, 300, 500 kHz with diam. 25mm transducers.
spacing: 10, 50, 100, 200.

Concrete depth: 150mm.

Bar diameter: 3, 5, 12, 25, 32mm.

Bar depth: 70mm.

Roughness height: 1, 1.6mn.
Fig.8.18 shows the model output for a sound bar and a corroded
bar of 1lmm roughness height of 12mm diameter bar and 70mm depth

a
in concrete with 150kHz t““‘*““s'spaced 50mm.

Fig.8.19 shows the attenuation against bar diameter for sound and

corroded bar of lmm roughness height for the frequencies used.

Fig.8.20 shows the attenuation against frequency for sound,

corroded bars of roughness height of 1 and 1.6 respectively.

By studying the results above one can deduce the following
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conclusions:

1- When the roughness height increases the signal reflected from
the bar loses strength due to scattering to a greater extent for

higher frequencies (fig.8.19).

2- As the frequency increases the reflected signal from the bar
becomes difficult to detect due to scattering and absorptioﬁ
factor (fig.8.12) and due to the scattering produced by the
roughness of the bar surface which is frequency dependent as was
shown previously (fig.8.20). Therefore the spectrum of the
reflected signal from a sound bar will be different from that a

corroded bar as the latter is frequency dependent.

The important point deduced Ais that the attenuation for a
corroded bar is greater than that for a sound bar but the
difference depends on frequency, therefore if the signal could be
identified in different frequency bands it should be possible to
tell whether the bar is corroded, e.g. see fig.8.20 for sound and
corroded bars, if we take the ratio of attenuation at 350kHz to
that at 150kHz for the bar of 1.6mm surface roughness we get that

this ratio is about 1.7.

d- Cracked Bar Embedded in Concrete

As mentioned the bar was modelled to be fully cracked i.e. not
continuous. The factor which affects the result is the width of
the crack. The crack is assumed to be in the mid distance

between the transmitter and the receiver. The reflected area
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which was taken before as an ellipse will now be the area of the

ellipse minus the cracked area.

Fig 8.21 shows the output of the model for a sound bar and a bar

with 5mm, and 10mm crack width.

The conclusion deduced is that as the crack width increases the
signal reflected from the bar reduces because the reflected area

gets smaller.

It should be mentioned that in the presence of a sharp crack or
edge, diffraction may occur which is not taken into account in
the present model, although any diffracted signal would be

expected to be small.

8.8~ CONCLUSIONS

Computer synthesis has been used to simulate the effect of the
frequency range used in the experiment on the signals received
from reinforcement embedded in concrete. It was shown that the
the signals received from sound and corroded bars are frequency
dependent which represents a major factor when an ultrasonic

system is derived for detecting such faults.
Selected examples were given to illustrate the effect of a
corroded and a cracked bar on the received signal. The results

support the following conclusions:

1- As the frequency increases the strength of the received signal
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decreases, in general. This was supported by experiments.

2- As the diameter of the bar embedded in concrete increases the

echo reflected increases.

3- As the depth of the bar increases in concrete the signal

expected will be weaker.

4- As the spacing between the receiver and transmitter increases

the echo reflected from the reinforcement gets weaker.

5- As the roughness height of the corroded bar increases the
signal compared to a sound bar decreases significantly, i.e. the
attenaution from a corroded bar is greater than that for a sound

bar.

6- It was shown that the signal from a corroded bar is frequency

dependent.

7- The signal from a fully cracked bar embedded in concrete is

weaker from a signal reflected from a sound bar.

8- The model gave reasonable agreement when the loss coefficients

from the experiment and the model were compared.

Therefore it should be possible to identify sound components from
corroded components embedded in concrete by comparing their
frequency spectra, if a filter could be applied on the signal to

remove bands of frequencies and 1leave the parts where it is
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easier to recognize the corroded components. Therefore it was
decided at a later stage to use digital filtering techniques
where it was possible to identify embedded corroded components in

concrete.

The use of computer-simulated experimentation has . clarified
questions concerning the attenuation of signals due to scattering
and absorption in concrete, corroded and cracked bars used in thé
reinforcement of concrete. Additional work is needed to model
the input signal to have similar shape as the signal from the
transducer used in the experiment, to model the concrete as a
medium with aggregates and cement, and to include other variables
neglected in this model such as surface and shear waves. This
should enable better comparison between experiment and the model
where it would be possible to éompare the time-domain signals

directly without the need to calculate the loss coefficients.
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WATER _MODEL.
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CONCRETE MODEL.
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VATER MODEL, VIRE
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Fig.8.16

M]dﬂ] nnalgsiS: The variation of attenuation

against frequency Sor different bar diameter.
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Fig.8.17
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CONCRETE MODEL, VIRE THROUGH.
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Fig.8.18

CONCRETE MODEL, WIRE THROUGH.
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TRANSD. PROP. «F= 150. 00 kHz
DIA= 25.00 mm
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BAR POS. FROM TOP= 70.00 mm

ROUGHNESS= 1. 640 mm
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CHAPTER 9
EXPERIMENTAL DETAILS

9.1- INTRODUCTION

In this chapter, information about materials and specimens is
given. Moreover, descriptions about instruments used and computer

programs written for signal processing are included.

9.2~ MATE L

a- Aggregates

Two kinds of natural coarse aggregates were used; crushed and

uncrushed.

The maximum nominal size for the crushed gravel was 20mm. The
relative density of the gravel was 2600 Kg/m3. The percentage of

moisture content was assumed as 0%.

The other coarse aggregate used was uncrushed with a maximum
nominal size of 15mm diameter. The relative density of the gravel
was 2660 Kg/m3. The percentage of the moisture content was

assumed again as 0%.

The fine aggregate used for all mixes was river sand with a
specific gravity of 2600 Kg/m3. The percentage of moisture

content of the sand was always determined before its addition to
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the mix, and an adjustment was made in the weights of the free

water and the fine aggregate going into the mix.

b- Cement

The cements used in the batches of the concrete mixes were Rapid

Hardening Portland Cement and Ordinary Portland Cement.

The Rapid Hardening Portland Cement was chosen because of its
increased use in the construction industry these days. It is very
similar in composition to the Ordinary Portland Cement. As its
name implies, it develops strength more rapidly and is sometimes
called high early strength cement. This kind of cement is used
where a rapid strength development is required i.e. when formwork
is to be removed early for re-use, or where sufficient strength
for further construction is wanted as quickly as practicable. It
is characterised by a higher fineness and C,S content than O.P.C.

The requirements of soundness and chemical composition are the

same as for the Ordinary Portland Cement.

The Ordinary Portland Cement is by far the most common cement in
use. It is suitable for use in general concrete construction when
there is no exposure to sulphate in the soil or in ground water.
Over the years there have been some changes in the
characteristics of the 0.P.C. with respect to the fineness and
the C3S content. As a consequence O.P.C. concretes tend to have

a higher 28 days strength.
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c- Water

It is widely known that there is an influence of both the quality
and the gquantity of the water in the mix on the strength of the
resulting concrete. The quality of the water is covered in many
specifications by a clause stating that this should be fit for
drinking. The water used for mixing and curing on this research
came straight from the public supply tap, so no problem related

to dissolved solids was observed.
d- Wj Stra

High tensile steel is the most common material used for
prestressing wires to provide the tensile forces in prestressed
concrete. High-tensile steel can be produced by a number of
different approaches (see chapter 1). The wires and strands used
in the experiments were British made. The steel was of the 0.7-
0.8% carbon type. The bars used were 40 and 30mm in diameter, the
wires were 7mm in diameter, and the strands were 7-wires each of

5mm diameter.

9.3- TEST SPECIMENS

a- Cubes

The cube specimens were cast in steel moulds, generally 150mm
cube. A set of 6 cubes was cast for each one of the mixes. These

cubes were used mainly to get the ultrasonic velocity and the

cubic characteristic strength of the mix.
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b- Cylinders

The standard cylinders are 150mm diameter by 300mm long. A set of
2 cylinders was cast for some of the mixes. These were used again

to get the ultrasonic velocity and the characteristic strength.

c- Prisms or Beams

The dimensions of the prisms cast in all the experiments were
150x150x1000mm>. Different reinforcements were used in prisms to
try to observe the effect of the diameter on the signal. In some
reinforced blocks, chloride was added to the mix in a proportion
of 0.1% of the weight of the cement used. In order to 1let the
chloride react with the steel components which 1leads to
corrosion, these blocks were tested one year after establishing
the presence of corrosion. Other set of prisms were reinforced
with continuous strands or in selected cases cut strands. Ducted
blocks were cast too, these included cases with an empty duct, a
grouted duct with no strand, and a grouted duct with strand. It
should@%oted that when steel components are present they were

positioned in the middle of the section of the prism.
In summary, the following blocks were cast:

Case (specimen) Reinforcement Number
of Specimens
1-Concrete Only - 2

2-Concrete+Bar One 30mm Bar 1
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Case (specimen) Reinforcement Number

of Specimens

3-Concrete+Bar One 40mm Bar 1l
4-Concrete+Strand One 7x5mm Strand 2
5-Conrete+Cut Strand in the middle One 7x5mm Strand 2
6-Concrete+Strand+Chloride One 7x5mm Strand 2
7-Concrete+Empty Duct - 1
8-Concrete+Grouted Duct - 1
9-Concrete+Grouted Duct with Strand One 7x5mm Strand 1
10-As 9 but Cut in Strand Midway One 7x5mm Strand 1
l11~-Mortar (Cement+Sand) - 1
l12-Mortar+Strand One 7x5mm Strand 1
13-As 12 with Chloride Added One 7x5mm Strand 1
14-As 12 with Cut in Strand Midway One 7x5mm Strand 1
d- Slabs

Two slabs of 150x800x800mm3 were cast. One of them was cast with
very high strength concrete, and the other was of the same mix
but was not compacted well, and a 200mm diameter disk of 10mm in
thickness of polystyrene was inserted in the middle of the slab
(when concrete is compacted, the void amount is reduced hence the
density is higher and strength is increased). These two specimens
were used to try to establish the influence of 1low strength

concrete and the presence of voids on the signal.

e- Cracked Bridge Beam

This beam is a T-beam of 92000mm in length with a flange width of
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495mm. The .Letom is pretensioned along its 1length by ten
(7x5mm) strands, each tensioned to 115kN (see fig.9.1). This
beam was cracked in the mid span due to handling and was stored

outside for over one year.

The potential mapping technique (see chapter 2) was carried out
to try to establish if any corrosion was occuring in the bridge
beam. Potential mapping (half-cell mapping) requires that a
suitable reference electrode be placed on the concrete surface
and the potential difference between the reference electrode and
the embedded steel measured via a digital voltmeter (dvm), this
requires an electrical connection be made to the embedded steel.
By obtaining potential readings at a number of 1locations, the

corrosion hazard for the bridge can then be assessed.

In the test on the bridge beam, a standard calomel electrode
(SCE) was used. Normally in field investigations either
copper/copper sulfate (Cu/CuSO4) or silver/silver chloride
(Ag/AgCl) reference electrodes would be used. In all cases the
measured potential to any reference electrode can be related to
the other by simple conversion factors. The potentials in the
bridge range from +71 to -75 mV(SCE) i.e. from approximately zero
to =150 mv Cu/CuSO4. These potentials are indicative of passive

conditions occurring throughout the bridge beam.

f~ Large Scale Test Beanm

The beam was fabricated within the department using an existing

steel mould 5000mm long, 150mm wide and 300mm deep. Special end
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plates were fabricated with openings to guide the prestessing

tendons. Plates 9.1 and 9.2 show the beam during construction.

The tendons used were supplied by the British Ropes Bridon Wire
division and were 15.7mm Super Prestressing strand, relaxation
class 2 to BS 5896/3:1980. The strand end grips were supplied by

CCL systems as was the stressing jack and pump sytem.

The beam was cast with different defects such as voids, cuts, and
chloride around some strands. Fig.9.2 shows the details of
internal reinforcement, defect locations, and prestressing forces

in each strand.

Concrete for the beam was designed to have a characteristic
strength of 40N/mm2. The concrete had a slump of 75mm (see table

9.1 for mix proportions).

After ten months, the potential mapping technique was carried out
to check if corrosion was taking place in the contaminated areas
where salt had been added. The potentials ranged from 100mV to -

100mV Cu/CuSO, where no salt was present, and from -250mV to -

4

300mV Cu/CusSo where it was present, indicating that corrosion

4
was taking place.

9.4- MIXING

The object of mixing is to coat the surface of all aggregate
particles with cement paste, and to blend all the ingredients of

conrete into a uniform mass. The mixer consists essentially of a
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circular pan rotating about its axis, with two sets of paddles
rotating about a vertical axis not coincident with the axis of
the pan. They are particularly efficient with stiff and cohesive
mixes, and in order to have a sufficient interchange of materials
between different parts of the chamber, a minimum mixing  time

of 4 minutes was given until an uniform concrete was produced.

9.5- IYPE OF MIXES

In this study, four different concrete mixes were used. The basic

characteristics are shown in table 9.1.

9.6- COMPACTION

The process of compacting the concrete consists essentially of
the elimination of entrapped air. The oldest method is by
ramming the surface of concrete to remove the air and force the
particles into a closer configuration. The modern method is the
use of a vibration process to compact the test specimens. A
vibrating table was used in this study. It provided a reliable

means of compaction.

9.7- CURING

Curing consists of controlling the temperature and the moisture
movement from and into the concrete i.e. the hydration of the
cement. After casting the specimens they were stored undisturbed
for 3 days at a temperature 18-22°C. At the end of this period,

some of the moulds were stripped and were further cured in water
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at 19-21°C until the age of testing.

9.8- WORKABILITY

It is very important that the consistency of the mix be such that
the concrete can be transported, placed and finished sufficiently
easily and without segregation. A concrete satisfying these
conditions is said to be workable. The desired workability in any
case would depend on the means of compaction available. In this
work the slump test was used as a physical measurement to provide
information about the workability of the different concrete

mixes.

9.9~ TECHNIQUES USED IN TESTING

Three techniques were investigated in this study.

a- The_ Impact Technique

Fig.9.3.c illustrates the impulse-excitation technique. This
technique is often used at frequencies 1lower than 30KkHz
(A=134mm) . A hammer or mechanical-type impactor is used to excite
the wave in the concrete. The thickness may be determined from
the time delay of the echo if the sound velocity in the material

is known.

In this research a hammer with 3mm steel tip was used to excite
the concrete and a 50kHz resonant frequency transducer was used

to receive the signal. Fig.9.4 shows a signal received on a
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corfrete surface with strand present and its spectrum.

The problem with this technique is that the wavelength >100mm is
much greater than the diameter of steel wires, strands or bars
(max. diameter 40mm) which means no reflection will occur from
steel components embedded in concrete which are under
investigation. Furthermore, the presence of Rayleigh waves which
was as expected high, interfaces with the reception of the

desired echoes from steel components and back-wall.

This technique could only be used for large and deep structures
such as dams and where voids are expected to be large in

comparison to the wavelength.

This method was studied fully with different diameter tips and
impact forces. Only the thickness of the specimen was measured,
no information about the steel components was detected.
Therefore, this technique of inspection was discarded in this

study.

b- Pulse-Echo Technique

In this technique, fig.9.3.a a short burst of ultrasound wave is
sent into the material, and is reflected as echoes from cracks,
voids, or boundaries. The return echo is then amplified and
displayed on a CRO, showing the amplitude of the signal and the
time of travel. If the velocity in the material is known, then
the thickness could be calculated. As has been mentioned, no

commercially available system presently exists for low-frequency
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pulse-echo testing of concrete, it was therefore decided to build
our own pulse-echo system. The problem encountered in low-
frequency pulse-echo systems is mainly due to the ringing of the
transducer when excited especially low frequency transducers. To
overcome this problem three transducers of 400kHz resonant
frequencies were specially built in DIAS at UMIST with heavy
damping, and a 500kHz resonant frequency transducer was hired
from Steinkamp, UK Branch, which was designed as a pulse-echo
transducer. Two of the three transducers built in DIAS were
tungsten-loaded epoxy backed, and the third was epoxy-putty

backed.

Two pulsers were built for the purpose of exciting low-frequency
transducers to be used in a pulse-echo system. The two pulsers

were built with the help of CAPCIS.

The first pulser was a low-voltage pulser, 15V spike, with a rise
time of 40nsec, with excitation period of 350nsec and variable
pulse repetition frequency of 10, 15, and 100 Hz, and with built-

in amplifier of 40dB gain. The circuit is shown in fig.9.s5.

The second pulser was a high-voltage pulser, 450V spike, with a
rise time of 20nsec, with excitation period of 100nsec and pulse
repetition frequency of 100 Hz, and with built-in amplifier of

40dB gain.

The purpose of manufacturing the high-voltage pulser which gives
a high energy output of the transducer is because of the losses

expected in concrete.



257

b.1- output Characterization of the transducers in air

In this series of experiments, the transducers were connected to
the pulsers and their responses to the drive pulse were recorded
and analysed. Note that these responses are not echoes. but the
ringing of the transducers produced immediately after the drive
pulse is received. In these tests, the transducers were free-

standing in air.

Fig.9.6 represents the output of 500kHz transducer with its
associated frequency spectrum. The input pulse width can be seen
to extend to about 100 us, which is unacceptable for our purposes
(we require a dead zone of approx. 30 us or less to detect a

reflection from strand at 60mm deep in concrete).

The ringing of the tungsten-loaded epoxy transducer extends to
around 40 us, which is a considerable improvement on the above.
Fig.9.7 shows the output and its frequency spectrum. The epoxy-
putty backed transducer, whose output is given in fig.9.8, is
less damped than the tungsten backed but is still better than the

500kHz probe. It gave a ringing time of about 60 us.

The above experiments were carried out using the low-voltage
pulser. However, when the high-voltage pulser was used, the

ringing times for the transducers were increased.
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b.2- Output Characterization in concrete

The low-voltage pulser and the 400kHz transducers were used to
try to receive the echo from the base of a concrete cube of
150%150x150mm>. The expected echo would be received at 75 as.
But no echo was received. Therefore, smaller dimension cubes

were used 100x100x100mm3, but no echoes were received either.

When the high voltage pulser was used with the specially built
transducers, the ringing time as mentioned before was too long to
be able to detect the reflected echo i.e. any echo would be

embedded in the input pulse.

It is worth mentioning that the more the transducer is backed or
damped, the more its sensitivity is decreased, which means if the
reflected intensity is small, and the transducer is not sensitive
enough or very well damped, the echo will not be detected, which

could happen when using these transducers which are well damped.

b.3- Discussion

In terms of ringing characteristics, the tungsten-loaded epoxy
backed transducer gave shorter pulse-width. However, because it
is well damped, the reflected echo from concrete is very weak and
is not detected. Amplification does not improve the situation
because no echo is identified at the transducer crystal and the
signal amplified will be the input pulse itself with the noise
present. Moreover, if a transducer with air backing is used, the

ringing time is too long and the reflected echo will be embedded
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in the input pulse and will not be recognised. It should be noted
that the expected signal will be weak due to scattering and
absorption. After this study, it was decided not to continue to
investigate the method of pulse-echo (using one transducer to

transmit and receive the signal) further.
c- -Ge ion Acoustic Wavefo

The experiments using this method were carried out in the
Department of Instrumentation and Analytical Science with the

help of Dr Dewhurst.

The use of pulsed lasers to generate high-frequency acoustic
pulses in both solid and liquid is well known. In solids, the
method has been applied to non-destructive testing and elastic
constant measurenments (111, 112, 113). The experimental
arrangement used is shown in fig.9.9.a. A Q-switched Nd:YAG
laser was operated in a multimode configuration to give energies
up to 40 mJ with a typical half width duration of 27 nsec. The
unfocused beam diameter, measured using a photodiode array was
3.5mm full width-~half-height. The average optical power density
produced by the 1laser on the surface of a concrete block was
13MW/cm? which was insufficient to cause significant changes to
the concrete surface condition. However by using plano-convex
lenses to focus the laser beam, the incident power density on the
surface could be increased well beyond plasma formation. In all
the experimentdtrials a lens was used to get more puhnn;fbcusge&,;

by the laser at the surface of the concrete.
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A concrete block 150x150x150mm3 was used with the sides well
polished. Acoustic waves generated in the interaction zone
travelled through the sample and were detected on the same side:
(to mimic the pulse-echo method). The waveforms arriving at
this side were detected by an ultrasonic transducer of 500 KHz
resonant frequency and well damped. The received signal was then
displayed, via an amplifier on an oscilloscope. The trace was
triggered from the 1laser pulse via a beam splitter an&
photodiode. The transducer was placed axial with the laser beam,
and was therefore at the epicentre with respect to the acoustic

source.

When a laser-generated waveform hits the concrete, both
longitudinal (P-) and shear (S-) waves may be propagated,
further, a variety of surface waves may be present at the

boundaries of the solid.

c.l- Discussion

A number of trials were conducted using a pulsed laser-generated
signal directed at a concrete surface in order to assess the
suitability of this method with regard to the non-destructive
testing of steel components embedded in concrete. Fig.9.9.b

shows a received signal from a concrete block.

The reason for trying this method is primarily to eliminate the
effect of the ringing of the transmitter. The pulse generated by

a laser can be approximated by a delta-function which is

difficult to achieve when a low frequency piezoelectric
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transducer is excited i.e. ringing time is long.

In practice, however, the most important consideration with pulse
generation was not the ringing time of the transmitter alone but
the combined phenomena of scattering and dispersion which tended
to 1lengthen a short duration input pulse to not more than 500 us
when using the 1laser technique using a concrete cube
150x150x150mm> and which made difficult to detect the echo
reflected from the base. Moreover, the signal generated, as ‘it
is mentioned above, produces a strong Rayleigh wave which when
present could mask the weak echo from the steel embedded in

concrete.

Because of this, the advantages gained by using a short response
time transducer as a receiver with laser-generated pulse as a

transmitter are overshadowed by the above mentioned factors.

d- Transit-Time or Pitch-Catch Method

Amongst others, Sokolov (114) suggested use of this method to

detect defects in metal objects.

Defects or boundaries act as obstacles in the path of ultrasonic
waves, and they may allow the waves to pass partially and the
other to be reflected such as wire embedded in concrete and they

may act as an impenetrable barrier such as voids.

By placing an ultrasonic transmitter at the surface, a signal can

be received by a second probe placed at a distance from the
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transmitter (see fig.9.3.b). Usually the intensity of the echo
received is monitored so that if a defect is in the path of the
signal, this will cause a drop in the intensity of the received
signal from the back-wall, or a complete lack of it and the echo

received in this case will be reflected from the defect.

In this study, along with the monitoring of the amplitude of the
signal received, the signal was fourier transformed i.e. phase
and frequency spectra, cross-correlated with other signals,
filtered (low-pass or band-pass filters applied), and subjected
to other signal processing techniques. However the application
of digital filtering technique proved to be the most useful
technique in finding corroded components and flaws in hardened

concrete. This will be discussed in detail in chapter 11.

This technique was used throughout this research by applying two
transducers or more i.e. one transducer emitting and up to four
transducers receiving mounted like a cross on the surface of the

concrete.

9.10- FRE NCIES US IN THIS RESEARCH

All the transducers used were compression wave transducers. But
in general, a small transducer will radiate compression, shear,

and Rayleigh waves.

For a small radiator the particle displacement for compression
waves spread outward from the source and decay as 1/x in the bulk

and as 1/x? at the surface. The relative amplitude is greatest
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directly below the source and smallest at the surface. Shear
waves behave similarly to compression waves with regard to
spreading loss but not with respect to the angular dependence.’
The Rayleigh wave is concentrated near the surface. The vertical
component of the Rayleigh wave displacement is largest below the
surface, whereas the horizontal component is largest at the
surface. This wave decays as JX as it propagates from the

source.

For a small probe with radius, a, such that a<) (no sound beam),
the total energy radiated (Wm) is divided among the compression,

shear, and Rayleigh waves as follows (51):

wc= 0.069 Wm (compression wave energy)
ws= 0.257 Wm (shear wave energy)

wr= 0.674 Wm (Rayleigh wave energy)

However, piezoelectric disks not only expand in the direction
normal to the disk surface but also exhibit significant radial
motion (51), which contributes to Rayleigh wave generation.

The frequencies used for the pitch-catch technique are as

follows:

Resonant Diameter Number Manufacturer
Frequency, kHz mm of Transducers

45 25 2 Steinkamp
54 50 4 Pundit

125 25 2 Pundit

150 25 6 Pundit

170 20 7 AE Consultants
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Resonant Diameter Number Manufacturer
Frequency, kHz mm of Transducers

200 20 2 Steinkamp
250 40 2 Steinkamp
350(rolling) 20 2 Pundit

400 30 3 DIAS

500 30 2 Steinkamp
500 40 1 Steinkamp
1000 20 1 Panametrics

9.11- PULSERS

Five pulsers were used. Two were made at UMIST and were described
earlier. One of the last three is a waveform acquisition and
arbitrary generator board (WAAG). It is a plug-in board and with
its accompanying software, the IBM compatible PC could serve as a
dual channel scope and an arbitrary waveform generator. This
board was used only as a pulse generator or pulser (two scopes
were available to acquire the waveform). One technique tried to
reduce ringing time was when a transducer is bipolar-excited,
i.e. negative shock then sudden change to positive, to see
whether the transducer could be stopped from ringing for a 1long
time after excitation, but in our case with 1low frequency
transducers this could not be achieved. By using this board, any
arbitrary waveform can be produced by defining the period and
then drawing the waveform on the screen. 1In this way, a complex
waveform is generated with frequency, amplitude, and shape
completely determined. This waveform was then used to excite the

transducer. The max. output is * 5V peak. The board was used to
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excite the transducers with different shape waveforms, but
because of its low-voltage output +5V i.e. very low output energy
from transducer which means that the signal is attenuated quickly
in concrete because of scattering and absorption, it was

considered to be unsuitable for the purpose of this research.

The other two were mainly used: one of them was supplied by
Pundit and the other by Steinkamp. The Pundit unit is designed to
excite crystals between 10kHz to 500kHz. The pulses in the pundit
are generated at a repetition frequency of 10Hz. The pulse
voltage could be 500V or 1kV. It has a 5 digit liquid crystal
display. On the other hand, the pulser‘from Steinkamp has 600V
pulse voltage, with pulse repetition frequency of 1Hz. It has a
5 digit liquid crystal display with 18mm height figures. The

pulsers both have a measuring range from 0.1 to 999.9 us.

9.12- SCOPES USED

Two digital storage osciloscopes were used. With the help of the
output unit of the oscilloscope through a microcomputer, the
signals were stored on a floppy disc or hard disc and then

plotted using a plotter.

a- 2220 Tektronix: Digital Storage Oscilloscope

The 2220 is a digital storage oscilloscope which also provides
the analog capability of a conventional non-storage instrument.
In the digital storage mode, the instrument is capable of

sampling up to 20MS/sec and has an equivalent time sampling
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bandwidth of 60MHz. Up to 4K record acquisitions are displayed in
1K record segments or the 4K record can be compressed to 1K for
on screen viewing. It has an 8x10cm rectangular CRT, two input
channels with sensitivity of 2mV/cm to 5V/cm, and time base
between S50nsec/div to 5sec/div. The 2220 was supplied with" a
GPIB interface to transmit and receive waveform data. Most front-
panel settings can be queried and many functions can be

controlled over the interface.

b- 5602 Solarton Enertec: Fully Digital Oscilloscope

This instrument has a high sampling rate, 40MHz simultaneous on
both channels, which allows storage of fast single or repetitive
phenomena. The 5602 analyses the input signal continuously,
checks the compatibility within the selected sampling rate, and
warns the user of any sub-sampling. The memory depth of the 5602

is 1K/channel, and it could be chainable to 8K.

The two channels displayed on the screen can be saved in four
different memories. This capability can be used for: - comparison
of input signals with a stored reference. - comparison with a

pattern. - later exploitation elsewhere.

Up to 4 traces can be displayed on the screen. It offers the user
a wide range of pre-processing and post-processing functions:
averaging up to 256 measurements, smoothing, summing, signal
multiplication, curve expansion, and many other functions.
Cursors are used to obtain the desired voltage, time, frequency

or rise time values rapidly, and display these values on the
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screen. It has two input channels with sensitivity of 10mv/div to
5V/div, and sweep rate from 20sec/div to 50nsec/div. The user can
obtain hard copy record of screen display on analog or digital XY
plotters (HPLG compatible). It can used as a digitizer for slow
or fast signals for an associated computer which stores the

result data obtained for later processing.

9.13- IER

A four channel amplifier was constructed in CAPCIS, UMIST since a
suitable supplier could not readily be found. The amplifier is
based upon a classical three op-amp instrumentation design,
configured in differential mode (a low noise op-amp, the op-37,
has been used). The frequency response is flat from DC to
1.25MHz, with a -3dB point at 1.5MHz. Each channel can be
independently configured regarding gain to either 40dB (x100) or

50dB (x400).

9.14- DA STORAGE AND COMPU PROGRAM FOR SIGNAL PROC

A microcomputer system manufactured by Hewlett-Packard (HP) was
used. It is formed of HP9816 monitor, HP9121 disc drive, and
HP7475A plotter.

A signal processing package using this system was written.

Early experiments on this study indicated that the signals

returning to the receiving transducer(s) were buried in noise

arising from scatter and Rayleigh waves so that simple time
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domain analysis would be insufficient to achieve the desired
objectives. Frequency domain analysis involving fourier
transformation of the time record led to the identification of
the steel component in a concrete structure. The transducers
used in these experiments were placed in a pitch-catch
configuration. It was therefore decided to write .a signal
processing software system which can handle up to 4-channels (4
data records, 4K each) simultaneously, table 9.2 illustrates thé

operational logic of the program.

At the command level or main menu the ’scope’ option allows the
user to read the two channels of the Tektronix 2220 or the
Solartron 5602 digital storage oscilloscopes, which includes
automatic sensitivity and timebase detection. Comments are
included as an input during the experiment. The data are then

stored on a floppy disc as real text values.

After acquiring the data, the user will be given the option to

return to the main menu or command level.

The acquired data could be 512 bytes, 1024 bytes, 2048 bytes, or
4096 bytes. The user could perform any operation in the time
domain, or frequency domain using any data record length up to
4096. But if analysis is to be made on only part of the data,
rather than the full record length, the ‘window’ option provides
the means of isolating a specific segment of the record. This is
carried out by using two cursors on the screen and moving them to

the positions required.
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After windowing the data, the user can return to the main menu,
and begin processing thedata. He has two options: time domain

analysis, or frequency domain analysis.

In the time domain analysis, there are many major options,
involving operations on a specific time record or combinations of
records. On a single time record, the user has the option of
squaring, differentiation, multiplication by a constant, phase
shifting (delay the signal or advance it), rms and energy
statistics. On the other hand, when two or more signals are to be
processed, the options are wave addition, subtraction,

multiplication, division, cross-correlation.

In the frequency domain analysis, the FFT routine was used to
transform the signal from the time domain to the frequency domain
because it is quick to perform (a 1K time record takes about 15
sec to be transformed). The program can hold up to four spectra
simultaneously, and these include the real, the imaginary, the
magnitude, and the phase components. It may be argued that it is
only necessary to hold the real and imaginary components since
the other two can be derived from these if necessary. However,
the computer used has more than enough memory to accomodate the
magnitude and phase, therefore the speed of the processing is
considerably enhanced. The ‘FFT’ option is simple to use and its
internal logic ensures that the spectra calculated are consistent
regradless of the windowing performed in the time domain. For
example for a time record of 1024 values, the FFT will calculate
512 harmonics, according to Nyquist principles, if windowing has

been carried out in the time domain (record<1024), the program
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performs zero-padding on the null-values (values number should be
power of 2). The inverse FFT, or IFFT retransforms a frequency
record to its equivalent time record. A filter design facility
was included which is carried out by removing bands of harmonics,
called brick-wall filter, subsequently calculating the IFFT on
the edited spectrum. The filter facility was included. as this
proved to be important in identifying corrosion and flaws present
in concrete as it is going to be shown in chapter 11. The
arithmetic operations in this menu are similar to their
equivalents in the time domain and comprise: squaring, element
multiplication, rms and energy statistics on a single record,
adding, subtructing, multiplying, dividing, and cross-correlating

on a group of records.

The final option in the main menu is the display mode. A wide
variety of graphical displays either on screen or on paper
(plotter) can be generated. There are four basic screen modes

which may be selected.

1- Mode 1: full screen, single plot. In this mode the program can
display a time record (single trace), a frequency spectrum (phase

or amplitude), or a cross-correlation plot.

2- Mode 2: split screen, two plots. 1In this mode the screen is
divided into two sections, any one of which can contain either a

time signal trace or a frequency spectrum, or any two records.

3- Mode 3: split screen, three plots. In this mode the screen is

divided into three parts, any three data records can be plotted.
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4- Mode 4: split screen, four plot. In this mode the screen is
divided into four quadrants, any of which can contain any 4 data

records.

The mathematical functions of the operations programmed. in this

software are described in chapter 4.

Although the waveform analyser was superseded by the software,
its development has been extremely valuable in identifying and
confirming those parts of the signal which contain useful
information. Table 9.2 shows the operational 1logic of the

package.

9.15- THE ANALOGIC WAVEFORM ANALYSER, MODEL 6100

The waveform analyser is shown in fig.9.10. Analogic manufacture
a range of A to D converters to suit various applications, and
most are housed within the body of the processor unit. The A/D
chosen project was the 6100. The model 6100 is a dual channel, 8-
12 bits user selectable, 20MHz (sample speed) if one channel is
used, and 10MHz if two channels are used. It has range selection
to +£0.125V if one channel is used and *0.5V if two channels are
used. The device can store 64K bytes of signal data on one

channel, or 32K bytes per channel if both are used.

The model 6100 has very comprehensive capabilities of operations.
There are more than 50 waveform analysis, manipulation, and

signal processing functions, including forward and inverse FFT'’s,
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chirp-Z transforms, convolutions and correlations. The scalar
operations include period, frequency, cycle, rise time, delay,
pulse width, rms, mean, area, energy, max, min, and many other
operations. Record operations include addition, subtraction,
division, zoom zct, FFT including spectrum magnitude plus phase
for real or complex inputs, cross-correlation, auto-correlation;

differentiation, integration, and N times averaging, etc.

The analyser can also be pre-programmed to step automatically
through a sequence of operations once the analysis procedure has
been established. The analyser has on-board software to produce
hard-copy, high quality plots to a plotter (HP7475 was used), and
it can also be interfaced to any IBM compatible or HP computer
(to act as a controller and data store) using its existing IEEE
interface. A subroutine was therefore added to the software
(under the ‘scope’ option) described earlier to control the

analyser and store data on floppy disc.

9.16~- SUMMARY

In this chapter, descriptions of materials, specinmens,
instrumentations, computer programs, and techniques used in
testing have been given. It was shown that the method adopted
for concrete testing in this research is the pitch-catch
technique together with signal processing techniques specially
the application of digital filtering technique, this will be

discussed in chapter 11.
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Table 9.1- Concrete Mixes Characteristics

Type Max. w/C A/C Design Average Slump

of Aggr. Dens§ty Streggth  mm
cement mm Kg/m N/mm

RHPC 20 0.55 4.55 2400 40 75

oPC 20 0.65 5.56 2400 30 65

oPC 15 0.595 4.96 2400 30 75

oPC Fine 2 5.77 2400 - -

Table 9.2- Operational logic of the signal processing program

written on the Hewllett-Packard computer

Command level

1- Read Oscilloscope

2- Time Domain Analysis

3- Frequency Domain Analysis
4- Plot

5- Quit

Time Domain Frequency Domain Plot and Display
Analysis Analysis Processor
1- Load Data 1- Load Data 1- Load Data
2- Set Window 2- Set Window 2- Choose Plotter
3- DC Offset 3- FFT or Screen
4- Adjust Gain 4- Filter Design 3- Single Plot
5- Square 5- IFFT 4- Two Plots
6- Differentiate 6- Adjust Gain 5- Three Plots
7- Phase shift 7- Log 6~ Four Plots
8- Add 8- Square
9~ Subtract 9- Integration
10- Multiply 10- Add
11- Divide 11- Subtract
l2-Cross-correlate 12- Multiply
13- RMS & Energy 13- divide
14- Save Data 14- Cross-Correlate
15- Save Data
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WATER MODEL

10.1- 1 CTIO

An extensive series of modelling tests has been carried out usiné
a multiprobe array system to examine different samples of steel
rods in a water tank. The multiprobe array system consisted of a
central transmitting transducer, surrounded by two identical
receiving transducers. The scattering effect of concrete was

modelled by plastic granuleénsome of these experiments.

These tests were performed in order to identify those parts of
the received signal which carry information about the condition
of the steel. They were successful in locating the position of
the steelwork and the presence of cut/broken wire or significant

loss of cross section of the wire by corrosion.

10.2- EXPERIMENTATION

Plate 10.1 shows the linear transducer array used in the trials
and plate 10.2 shows it in position inside the water tank. The
centre transducer acts as the transmitter, with the two outer
transducers (channel A and channel B), set 76.2mm from the
transmitter (as measured from their mid point), acting as
receivers. The array is positioned with the faces of the probes

in contact with the surface of the water.
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The transducers were selected to be as closely matched as
possible with regard to spectral characteristics and sensitivity.
Table 10.1 provides some statistics relating to these parameters,
inevitably these will not be identical. Figs.10.1] and 10.3
represent the time records and spectra calculated for transducers
A and B, in response to a signal sent by the transmitter through
water using a 600V spike. The water depth in all experiments was

263mnm.

When a 10mm diameter bar is present, it was always at a level of
52mm below the transducers, fig.10.3. At 121KkHz (peak
frequency), the half-angle of divergence in the far-field for a
circular transducer of 25mm diameter in water is 36°. The depth
was chosen so that the receivers responded only from the outer
edge of the beam reflecting off the mid point of the steel bar,
while this reduced the pressure to 28% of that measured from the
centre axis, it ensured that the channel separation was maximised
with respect to receivers A and B, therefore making signal

comparisons more meaningful.

With this systen, seven experiments were carried out and
analysed. All used a 10mm diameter high tensile steel bar, 950mm

in length. These experiments comprised the following:

1- Good steel, no defects.
2- Steel with saw=-cut, 2.5mm width and 5mm depth, position midway
between transmitter and channel B.

3- As (2), but with saw-cut moved under the right hand edge of
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transmitter.

4- As (2), but rotated through 90°.

5- Bar with force-corroded area, 30mm in 1length and radial
reduction of 1mm, positioned midway between transmitter and
channel B.

6- Bar left to corrode naturally in tap water for three months.

7- Scanning of force-corroded bar as in (5) from right to left.

After the results were obtained with the above samples, the water
environment was made less homogeneous by the introduction of
irregularly shaped polystyrene beads, with a mean particle
diameter of 4mm, see plate 10.3. Polystyrene has a specific
gravity of 1.06 and in order to make the beads float in
suspension, it was necessary to dissolve salt in the water using
a ratio of 16:1 water to salt by mass. This addition has
increased the velocity of sound, which was measured at 1542 m/s
in comparison to 1480 m/s for fresh water. The speed of sound in
polystyrene for compressional waves is 2380 m/s, which gives
acoustic impedance of 1649.9E+3 Kg/m2?s for water and 25228E+3
Kg/m?s for polystyrene. This difference in the acoustic
impedances will cause signal scattering. Since the wavelength
will increase if the velocity increases for a given frequency,
and hence the beam divergence angle, therefore the depth of the

bar in these experiments was adjusted to 50mm.

Experiments performed with this system comprise the following:

1- Water with aggregate.

2- Good steel with no defects.
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3- Scanning of force-corroded bar from right to left.

4- Low-frequency interrogation, 45 kHz transducers.

The final set of water based experiments utilised a 4-channel
system, that is, two additional transducers C and D, as shown in
fig.10.4. It was intended that these transducers should provide
positional information with regard to the steel cable and hence
ensure the correct orientation of the transducer array.

Experiments carried out were as follows:

1- Examination of bar with force-corroded area.

2- Examination of good bar displaced towards tranducer D.

10.3- MODES OF ANALYSIS

The signal rms, and amplitudes at 41 KkHz and 121 kHz were
calculated for channel B, since the defect, when present was
normally located between the transmitter and receiver B (see

table 10.2).

In addition, not only channels A and B were compared against each
other, but each experiment was compared against the experiment of
the good quality bar. In the time domain, this comparison was
made by calculating the delay or phase shift for the first 26.4us
after the initial echo had been received (each sample point

represents 0.1lus).

Frequency domain analysis was performed by calculating the FFT of

the first 36.4us (here each sample point represents 1.0us), that
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is, up to the point at which an echo was returned from the bottom
of the tank. Two readings were therefore required for each
experiment, one taken at a sampling speed of 1 MHz, and the other

at 10 MHz.

In the scanning experiments, only time-domain i.e. phase change
was considered and because these phase changes are of the order
of fractions of a microseconds, the sampling speed was increased

to 50 MHz

When aggreagte was present in the water, spectral analysis was
also performed since it is the interaction of steel, aggregate
and mortar within the concrete that initiates the frequency

changes of the output signal.
For the four channels experiments in water, signal onset times

were measured for channels C and D to calculate the bar

displacement.

10.4~- DISCUSSION

10.4.1- Good Steel v _Steel Cut between Transmitter and Channel B
(fig.10.5)

Table 10.3 shows that for the good bar, the reflected signals are
in phase i.e. no delay and that there is a high degree of
correlation between their spectra (Al, Bl). The 121 kHz component
exceeds the 41 kHz by 6 times for a good steel bar (table 10.2).

Fig.10.5 show the strong echo which is returned from the surface
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of the good quality bar.

By contrast, in the case of the cut steel the signal arrives
0.6us later than that of no cut. Although there is a general
attenuation of the overall signal the high frequency component is

weakened and the ratio HF/LF has fallen to 3.6.

In both cases, the good steel was positioned below receiver A,
therefore a comparison of Al and A2 should yield a high
correlation, which is the case. Similarly, a comparison of Bl and
B2 should reveal discrepancy, similar in form to the comparison

between A2 and B2 (table 10.3).

The attenuation of the high frequency components when a defect is
present is readily explained.since the shorter wavelengths are
more susceptible to scattering at the points of defects or
discontinuities. Moreover, the phase change indicates that an
echo from a defective area such as a saw-cut actually arrives

later than an intact region.

10.4.2- Good_Steel v Steel Cut under Right hand Edge of the
Transmitter (fig.10.6)

With the cut displaced towards the transmitter it becomes
progressively more difficult to make distinctions between the
signals arriving at transducer A and B, since the cut is no
longer at the point at which the edge of the beam coincides with
the cut, bearing in mind it is the echoes of edge of the beam to

which the receivers A and B respond.
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Table 10.2, still indicates a reduction in the high frequency
components which is not as pronounced as when the cut in midway.
This could be due to the fact that the surface of the steel bar
was not very smooth. Moreover, table 10.4 still indicates a
phase change of 0.2us (channels Bl, B2). Similarly to the
argument above this could be due to the very small irregularitieg

on the surface of the bar.

10.4.3- Go v_Cut and Axia Rotated throu °

Midway between Transmitter and Channel B (fig.10.7)

Assuning that the wave front is most affected by the upper
surface conditions of the steel bar, it is expected that the
results obtained when the bar is axially rotated through 90°.

contain less contrast than the results in section 10.4.1.

Table 10.2 indicates that the HF/LF ratio has fallen to 4.1 which
suggests that part of the high frequency components is scattered.
However, table 10.5 suggests that phase difference do exist for
channels A2 and B2. This suggests that the system, when it is
aligned parallel to the length of the wire, is most sensitive to

defects present on the upper surface.

10.4.4- Good Steel v Force-Corroded bar (fig.10.8)

\

This was a comparatively large defect, involving a 36% reduction
in the steel cross-sectional area over a length of 30mm. This

feature is readily identified both in time and frequency domains.
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Fig.10.8 shows the wavefronts detected by probes A and B, and the

significant phase delay which occurs as a result of this defect

The most important aspect of the analysis is the comparison
performed in the time domain, which provides a reasonably
accurate measure of the reduction in the thickness of the bar. A
dimensional change of this kind initiates a phase discrepancy
between the wavefronts arriving at channels A2 and B2, since the
signal reflected from the defective region takes 0.9us longer to
reach the receiver (table 10.6). This when estimated in terms of
distance, (with respect to the velocity of sound in water), is
1.3mnm. It should be noted that the wavelength of the
interrogating signal is at 1least 12 times greater than the
dimension of the flaw detected. This is of crucial relevance with
regard to any system developed for concrete, since the frequency
must be 1low enough to minimise the scatter induced by the
aggregate, yet high enough to enable dimensional measurements to
be made. Moreover, table 10.2 reveals the scattering of the high

frequency components in a such case ( HF/LF=3.75).

10.4.5- Good Steel v Naturally Corroded Bar (£fig.10.9)

In this experiment, the bar was superficially corroded along its
entire length through immersion in tap water for a period of 3
months. Table 10.7 indicates that a phase difference exists but
it is random since the process involved generate random changes
to the surface conditions of the steel (in dimensional terms),
from one point to the next. Because the corrosion which has

occurred 1is fairly small, it is estimated that much greater
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detail would be required in terms of signal sampling speed, to

resolve with certainty any changes to the received waveforms.

10.4.6~ Scanning of the Corroded Bar (fig.10.11)

Fig.10.10 illustrates how the bar was scanned from right to left
using the linear array system. As the defect passes under the
transducers, changes occur in the phase relationships between thé
signals arriving at transducers A and B. These changes are
summarised in the plot shown in fig.10.11, in which the x-axis
represents the defect position as measured from the centre point
of the transmitter, and the y-axis represents the phase
discrepancy between transducers A and B, using A as a reference.
The first and last points (-90mm and 90mm) actually 1lay outside
of the range of the system and the readings for this point
should, ideally, be zero. At the second point (-61lmm), the defect
lies under and to the right of transducer A and a slight phase
advance occurs, this could be due to slight misalignment of the
bar. When the defect lies at a point midway between A and the
transmitter, a phase retardation occurs corresponding to the
depth of the defect on the upper side of the bar. At zero
position i.e. defect under transmitter, the signals are once
again nearly in phase. Since the phase changes are always
referenced to A, the right hand side of the plot in fig.10.11
should be the inverse of the left hand side. Since this is the
case, it strongly suggests that the results derived are not
experiment artifacts and further support is given to the
conclusion that the kind of system is sensitive to defects where

the magnitude of the defect is much smaller than the



294

interrogating wavelength.

The plot of fig.10.11 essentially provides a continuous record of
a sequence of events which c¢an in turn be directly linked to

positional data.

10.4.7- Water with Aggregate alone (fig.10.12)

The traces of figs.10.1 and 10.2 were taken with a tank
containing clear water, in which the first echo represents
reflection from the base of the tank. By contrast, fig.10.12
shows a much nosier signal, this noise or echoes being due to the
presence of aggregates (polystyrene beads) in the water. Table
10.8 indicates that the strength of the signal received by the
transducers is slightly weaker when the aggregate is present in
the water. The spectral comparisons provided by table 10.8 do
not however reveal any major changes in frequency composition.
Although the aggregate affected the signal amplitude of the
latter part of the signal received from the base of the tank,
especially after 100us as measured from the wavefront, the
initial few microseconds were much less affected, and exhibited

virtually no phase changes.

10.4.8- Clear Water with Good Bar v Water with Aggregate and Good
Bar

Spectral analysis indicates, as shown in table 10.9, that the
presence of aggregate in the water changes the frequency content

of the signals reflected from the steel bar. This change is due
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partially to the attenuation of the higher harmonics through the
processes of scattering and absorption. As it can be seen from
table 10.9, this attenuation of the high frequency components is
not severe (average 8kHz) because scattering and absorption, in

this case, are small.

10.4.9- Scanning of Force-Corroded Bar with Aggregate (fig.10.13)

The trace shown in fig.10.13, which is of the same type as that
shown in fig.10.11, reveals a similar phase relationship between
transducers A and B as the defect travels under the linear array
system. These results are less definitive because of the presence

of the aggregate but the trend is nevertheless in evidence.

10.4.10- 4-Channel System in Water

With the addition of two further receiving transducers as shown
in plate 10.4, spaced 63.5mm from the central transmitter, bar
alignment along the major axis of the array system was made
possible. Table 10.10 shows that, as might be expected, the
echoes returned to probes C and D are not as strong as those
returned to probes A and B. If the bar is displaced towards
probe D but kept parallel to the major axis as shown in fig.10.4,
the signal strength is enhanced at D and correspondingly weakened
at C (table 10.11). More significantly, the signal onset times

correspond quite closely to the displacement of the bar.
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10.4.11- W Analysis

In all the above experimentation the data analysis had two major

features:

1- The wavelength was short (around 12mm).
2- The transducers always emitted a clearly defined beam, the

half-angle of divergence being around 36°.

In concrete, neither of these two conditions are attainable using
the present model. At 121 kHz, in concrete the wavelength is
approximately 35mm and the transducers radiate in all directions.
In order to model these features in water, a system was
constructed which used transducers with a centre frequency of
45kHz, and a diameter of 25mm. In salt water, the wavelength is
34.2mm and the radiation pattern is in all directions. The
transducer spacing was 38mm as measured from their centre points.
Despite the obvious presence of surface wave interface, the
system was found to have extremely good penetration properties
and could readily 1locate the base of the tank through a dense
strata of aggregate in suspension, the depth of the water was
218mm. However the phase discrepancy between the two signals,
i.e. the sound bar and the corroded bar, is more difficult to
identify because of the presence of the surface wave and
moreover, because the wavelength is comparatively 1long to the
dimensions of the defect. It should be emphasised that the 45kHz

results in water are equivalent to about 120kHz in concrete.
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10.5- SUMMARY

One of the criticisms with regard to these water simulation
tests, is that it is too far from the real problem at hand, i.e.
the 1location and identification of defects in steel within
concrete bridge beams However, in order to understand the signal
information resulting from defects in the wire and to be able to
identify and separate out these signals in the presence of
scattering which takes place within the concrete, controlled
experiments were necessary in which the level of complexity and
the sophistication of the analysis were gradually increased to

approximate and validate the model.

The water based experiments were successful in identifying
defects, and corroded parts in steel components. The
interrogation of the signal response was processed in different
ways: onset time, phase, amplitude, or frequency. This has
enabled to identify the signal characteristics carrying

information about the wire conditions.
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Table 10.1- Transducer Characteristics, Water alone.

Channel rms,V Peak Frequency,kHz Estimated Velocity (m/s)

A 0.0755 121 1476.1
B 0.0725 120 1470.8

Table 10.2- RMS and Spectral Change Characteristics, Channel B only

Experiment s,V Amplitude at Amplitude at HF/LF
41 kHz,V 121 kHz,V

Good Bar 0.0409 0.0017 0.0102 6

Midway Cut 0.0256 0.0021 0.0076 3.6

Cut near

Transmitter 0.0420 0.0020 0.0100 5

Rotated Cut 0.0389 0.0027 0.0110 4.1

Force-Corr-

oded-bar 0.0139 0.0008 0.0030 3.75

Naturally

Corroded 0.0300 0.0018 0.0100 5.5

Table 10.3- Good Steel v Steel Cut Midway

Channels Time Domain Frequency Domai|n
Time Delay (us) Spectral shift (kHz)

Al Bl in phase in phase

A2 B2 0.6 (1lmm) in phase

Al A2 0.05 (0.07mm) in phase

Bl B2 0.65 (1mm) in phase

Table 10.4- Good Steel v Steel Cut under R.H. Edge of the

Transmitter
Channels Time Domain Frequency Domain
Time Delay (us) Spectral shift (kHz)
Al Bl in phase in phase
A2 B2 0.1 (0.1lmm) in phase
Al A2 0.1 (0.1mm) in phase
Bl B2 0.2 (0.2mm) in phase
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Table 10.5- Good Steel v Steel Cut rotated through 90°,
Midway between Transmitter and Channel B

Channels Time Domain Frequency Domain
Time Delay (us) Spectral Shift (kHz)

Al Bl in phase in phase

A2 B2 0.4 (0.6mm) in phase

Al A2 0.1 (0.1lmm) in phase

Bl B2 0.5 (0.7mm) in phase

Table 10.6- Good Steel v Force Corroded Bar, Midway between
Transmitter and Channel B

Channels Time Domain Frequency Domain
Time Delay (us) Spectral shift (kHz)

Al B1 in phase in phase

A2 B2 0.9 (1.3mm) in phase

Al A2 0.1 (0.1lmm) in phase

Bl B2 1.0 (1.5mm) in phase

Table 10.7- Good Steel v Naturally Corroded Bar

Channels Time Domain Frequency Domain
Time Delay (us) Spectral Shift (kHz)

Al Bl in phase in phase

A2 B2 0.4 (0.6mm) in phase

Al A2 0.3 (0.4mm) in phase

Bl B2 0.7 (1lmm) in phase

Notes to tables 10.1 to 10.7

1- Indice (1) for good bar, indice (2) for the mentioned
experiment.

2- Phase changes are indicated by referencing the first channel
shown against the second, for example, table 10.7, row 3, channel
A2 lags Al by 0.3us.

Table 10.8- Water with Simulated Aggregate

Channel rms,V Peak Frequency,kHz Estimated Velocity (m/s)

A 0.040 117 1538
B 0.052 115 1542.5
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Table 10.9- Good Steel in Clear Water v Good Steel in Water with -
Simulated Aggregate

Channels Frequency Domain
Spectral shift (kHz)

Al Bl in phase

A2 B2 4

Al A2 6

Bl B2 10

Note: Spectral shifts are indicated by referencing the first
channel shown against the second, for instance, row 2, the peak
frequency in B2 is shifted to the left i.e. less by 4kHz.

Table 10.10- Transducer Characteristics of Four Channel System
Interrogating Good Steel in Clear Water

Channel rms, V Peak Frequency, KHz
A 0.0755 121
B 0.0725 120
c 0.0448 120
D 0.0454 120

Table 10.11- Transducer Characteristics of four Channel System
with Bar Displaced towards Probe D

Channel rms, V Peak Frequency, KHz
A 0.0400 120
B 0.0520 120
C 0.0200 120
D 0.0570 120
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Fig.l0.10- Scanning a force corroded section by moving the array along
the length of the bar.
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CHAPTER 11

F_THE INDIR D

REINFORC D _IN CO

11.1- INTRODUCTION

The experimental phase of this research had the following
objectives: (1) to develop a pitch-catch technique
(instrumentation and signal acquisition and processing) for
finding corrosion or flaws within the reinforcement or
prestressing components embedded in concrete, and (2) to confirm
the observations and conclusions drawn from the analytical
studies of the condition of the components embedded in concrete
where it is possible.

This chapter describes the development of an indirect technique
(pitch-catch method) for invéstigation of steel components in
concrete (prestressed or reinforced). Results obtained from
controlled laboratory studies in plain and reinforced concrete
beams are presented. Moreover a new filtering technique was
developed which enabled firm detection of major voids and offers

the potential of identifying major corrosion parts.

11.2- DEVELOPMENT OF A MEASUREMENT TECHNIQUE

11.2.1- Transducers and Frequency Aspects

In order to detect deterioration in the condition of embedded
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components it is firstly necessary to identify a signal returned
from the component, and secondly to deduce from this part of the
signal differences in response which can be 1linked to its

condition.

The transducers used were compression (longitudinal) wave

radiators.

It was established from the analytical and experimental studies
(chapters 6, 7, and 10) that for frequencies higher than 300kHz
the attenuation through the concrete is so severe that the
reflected signal from the reinforcement will be difficult to

detect.

When low-frequency transducers were investigated i.e. 45 and
54kHz where the wavelength is 89 and 75mm in concrete
respectively, it was found that a strong Rayleigh wave was
transmitted by the transmitter which interfered with the
reception of the desired echo from the reinforcement although the
concrete in this case acts as a homogeneous medium (the
wavelength is much larger than the size of the coarse aggregates)
in spite of its heterogeneous composition. Moreover, when the
wavelength is much greater than the diameter of the component
present in the concrete it was demonstrated from the water
experiments that the reflected echo from the bar is much smaller.
However the key to detecting information about the condition lies
in comparing the magnitude/attenuation of that part of the signal
reflected from the component at different frequencies, since

higher frequency constituents are scattered more by pitted or
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irregular surfaces. The frequencies chosen for the experiments
were normally between 100-250kHz, therefore the wavelengths were
between 40 and 1émm for concrete having 4km/sec longitudinal

velcity.

The main pulsers used in the experiments were the one supplied by
Steinkamp and the one provided with the PUNDIT. The PUNDIT has a
10Hz pulse repetition and 500 or 1000V pulse voltage. On the
other hand the Steinkamp pulser has 1Hz pulse repetition and 600V

pulse voltage.

11.2.3- Oscilloscopes

Two scopes were used before the signal analyser bacame available.
These were the 2220 Tektronix 60MHz digital oscilloscope and the
5602 solarton Enertec 40MHz digital oscilloscope. These
oscilloscopes were programmed via a computer (see chapter 9)
which facilitated signal processing, and the storage of data on
floppy disks. The oscilloscopes could be interfaced with a
plotter, or the stored waveforms and frequency spectra could be
plotted via the computer using the package described before in

chapter 9.

11.2.4~- Analyser

The signal analyser used in the later stages was the 6100

Analogic waveform analyser. It has more than 50 waveform
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analysis, manipulation, and signal processing functions (refer to
chapter 9 for more description concerning its capabilities). The
analyser was controlled by a computer program written in PASCAL

and the data were stored on a hard disk.

11.2.5~- Concrete Specimens

Experimental waveforms were obtained from concrete and mortaf
specimens cast in the civil Engineering laboratory at UMIST.
These included mortar and concrete beams (150x150x1000mm3) plain,
reinforced, and chloride contaminated to produce a corrosion
environment, two slabs (150x800x800mm3), a pre-tensioned concrete
beam (150x300x5000mm3), and a cracked commercial pre-tensioned T-
beam (this was supplied to the department having been rejected on
site because of the crack) of 9000mm length and 495mm flange
width (refer to chapter 9 for more details about the specimens).
It should be mentioned that the T-beam did not have any corroded
reinforcement or any major flaws or defects other than the crack
present outside (a piece of concrete was broken). Therefore the
signals investigated from this beam did not show any change in
the time or frequency domains because of no defects present. The
resultswece not therefore included. Fig.1l1l.1 shows some of

the samples used in the experiments.

11.2.6- Amplification

A suitable amplifier was used for widely spaced transducers
(where the distance exceeded 400mm). The amplifier used was a

four channel amplifier. The frequency response was flat from DC
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to 1.25MHz, with a -3dB point at 1.5MHz. Each channel could be

configured regarding gain to either 40dB or 52dB (x100 or x400).

11.2.7- Multiplexer

In addition to the amplifier, a signal multiplexer was
constructed with the help of CAPCIS. The waveform analyser has
the capability to handle only 2 channels, but signals aré
sometimes provided by 4 transducers. The multiplexer is fed by
the output of the 4-channel amplifier and alternates its output
between channels 1 & 2 and 3 & 4, deriving its synchronization

from the trigger signal generated by the pulser unit.

11.2.8- Signal Acquisition and Processing

The test set-up is shown in fig.11.2 and plate 11.1. Data
acquisition by the oscilloscope or the analyser was triggered by
the voltage produced by the pulser. Once a waveform was acquired,
it could be studied in the time-domain or transformed into the
frequency domain by the use of the Fast Fourier Transform
technique. It should be mentioned that the waves were averaged

up to 32 times before they were stored for later interpretation.

In the time domain analysis, the exact time of the start of the
signal must be known so that the time of wave arrivals can be
determined from the perturbations in the waveform. The
longitudinal velocity was first determined wusing the through-
transmission method at any section of the test specimen. The

transmitter and the receiver were located on opposite sides of
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the test object and the time for an ultrasonic longitudinal wave
to travel from transmitter to receiver through the specimen is
measured. The velocity was then obtained by dividing the
distance between the transducers by the travel time, the transit
time being based on detecting the arrival of the leading edge'of
the pulse. Knowing the velocity of the longitudinal wave in a
concrete and the distance between the transmitting and the
receiving transducers, the time required for the longitudinal
wave to travel from the radiating point to the receiver can be
calculated. Moreover the Rayleigh wave arrival can be determined
as the Rayleigh speed is approximately equal 0.56 times the
longitudinal speed (see chapter 3). Thus for accurate
determination of defect depth, the longitudinal velocity should
be determined from the through-transmission method on a part of
the structure being evaluated where the thickness is known, and
this velocity then used to determine the depth of internal
interfaces in other parts of this structure. Furthermore
calculations of scalar quantities such as rms, energy, dominant
frequency, mean voltage, maximum voltage, minimum voltage, and
time of occurrence of maximum amplitude can be calculated using

the analyser.

After acquiring the data, the time signals were Fourier
transformed. Calculations of scalar quantities such as rms,
energy, the dominant frequency and the corresponding amplitude

were carried out.

The investigation was divided into the following categories:

1- Experimentation on mortar (plain and reinforced).
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2- Experimentation on concrete (plain, reinforced, salted).
3- Experimentation on slab with and without simulated void.
3- Experimentation on ducted samples (void and grouted).
4- Conclusions from small-scale laboratory tests.
5- Application of digital filtering techniques to a system for
flaw and corrosion detection.
6- Experimental work using multiple receiving transducers.
7- Experimental work using the digital filtering technique.
8- Proposal of a system for flaw and and corrosion detection.

9- Conclusions.

11.3- EXPERIMENTATION ON MORTAR SAMPLES

Mortar (the constituents were sand+cement+water, refer to chapter
9 for mix proportions) specimens (150x150x1000mm3) were cast with
and without reinforcement in an attempt to detect the presence of

the reinforcement.

To find the reinforcement in mortar, the problem was tackled in
three ways:

1- Velocity measurements.

2- The energy of the first part of the wave (called the pre-wave)
where the echo from the reinforcement is expected.

3- Study of the wave characteristics in the frequency domain.

1- Velocity Measurements:

A dgroup of experiments were carried out on two mortar specimens,

the first plain, and the second with strand of 15.6mm diameter.
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It should be mentioned that the two beams were cast using the
same mix, and the strand was positioned in the middle of the
beam. However, the average longitudinal velocities (these were
derived from the through-transmission method) were slightly
different for the two specimens under test, for the plain morta:
beam was 3980m/sec, and for the reinforced one 4000m/sec. These
tests were carried out with paths directly through concrete, so
that there was no influence of embedded steel on the results.
The frequency used was 170kHz. Spacings between transmitter and
receiver for the main tests were 100, 200, 300, 400, and 500mm.
The receiver and the transmitter were put in the middle of the
top surface, for example over the strand when the reinforced

sample was tested.

Table 11.1 shows the arrival times of the signals for the
distances mentioned earlier. It can be seen that in all cases
the signal from the reinforced specimen arrived earlier than that
of plain sample indicating that the signal was reflected from the

strand encased in the mortar.

Table 11.1- Arrival times for the mortar specimens.

Transdu-| Reinforced Mortar
cer Spa-| Beam, usec |Beam,usec
cing, mm

100 32.8 34.4

200 55.2 62.4

300 79.2 91.2

400 107.2 117.6
500 132 146.4
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2- Ene Ca tions

In this investigation, three specimens were cast, the first was
plain, the second with 10mm bar, and the third with 32mm bar. The
bars were positioned in the middle of the beams. The frequency
was 170kHz, and the spacings between the transmitter and the

receiver were 100, 200, and 300mm.

After acquiring the time domain signals, 40 usec from the start
of the signals were windowed for each record and the energy
calculations were performed on each of the windowed data. Table
11.2 shows the result. It can be seen that the energy of the pre-
wave increases in the presence of the reinforcement. Moreover the
energy increases as the bar diameter increases. Fig.11.3 shows
the result of 200mm transducer spacing in the case of the
reinforced mortar with 10mm bar (fig.11.3.a) and the plain mortar
(fig.11.3.b). It can be seen that the pre-wave is much stronger
in the presence of the bar. It should be noted that the enerqgy

in the plain case is due to the Rayleigh wave.

Table 11.2- Energy calculations for the mortar specimens.

Transdu-| Reinforced Mortar Plain
cer Spa-| Beam with Beam with| Mortar
cing, mm 19mm bar 33mm bar 5
V-sec V®sec V&sec
100 0.036 0.0766 0.001
200 0.0339 0.0618 0.005
300 0.0180 0.0480 0.004

3- Frequency Domain Investigation

In the case of mortar, attenuation is mainly due to Rayleigh

scattering where the diameter of fine aggregates (<lmm) is much
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smaller than the wavelength (22mm) (refer to chapter 7 for more
details). Earlier experiments on concrete specimens showed that
in the presence of the reinforcement the dominant frequency is
higher than the unreinforced specimens (this will be mentioned in
the next section), however in the case of mortar the scattering
due to grain is not so critical as in the case of concrete (up to
20mm) i.e. the frequency spectra for the mortar experiments had
more or less the same peaks. Therefore it was decided to Fourief
transform the time signals and record the dominant frequency and
its corresponding amplitude.

The experiments were carried on the same specimens as above i.e.
plain, reinforced with 10mm and reinforced with 32mm bar. The
same transducers were used of 170kHz resonant frequency. The
spacings between transmitter and receiver were 100, 200, and
300mm. It was found that all the specimens had the same dominant
frequency 169.921kHz, and table 11.3 shows the amplitudes for the
distances for each case.

It can be seen from the table 11.3 that as the amount of
reinforcement increases (i.e. the diameter of the bar) the
amplitude of the dominant frequency increases indicating that in
the presence of reinforcement, the amplitude of the dominant

frequency is higher from that of a signal with no reinforcement.

Table 11.3- The amplitudes for the dominant frequency for the
mortar experiment.

Transdu-| Reinforced Mortar Plain
cer Spa-| Beam with Beam with Mortar
cing, mm| 10mm bar 32mm bar

Volt v v
100 80.82 88.052 29.0414
200 32.4453 35.732 21.3763
300 23.977 27.185 9.5293
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This group of experiments was carried out on mortar samples to
try to examine the effect of the presence of reinforcement on the
signal. The signals were studied in the time and Fourier
domains. It was found that the signal started earlier when the
reinforcement was present and the strength of the first part of
the wave (what we call the pre-wave) was stronger than that of  a
signal captured from a plain mortar. Moreover in the presence of
the reinforcement the dominant frequency was found to be

stronger.

11.4- EXPERIMENTATION ON CONCRETE

Small concrete beams (150x150x1000mm3) plain, reinforced, some
with a duct either with voids or grouted, and some beams
contaminated with salt to give a corrosion environment, (the
description of these specimens could be found in chapter 9), were
cast to try to establish a method to check the condition of the
embedded components. Work was also carried out 1later on the
large scale test beam (150x300x5000mm3) described in chapter 9.
Moreover, two unreinforced slabs (800x800x150mm3) were cast, one
was plain and in the other a polystyrene disk of 200mm diameter
and 4mm thickness was inserted in the middle (the time of
compaction of this slab was less they the plain case because it was
thought that in the presence of a crack the strength would be
less) to try to establish the effect of a void on the signal. The

purpose of this group of experiments was to study the effects of
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steel reinforcement on signal strength, onset time and frequency
in relation to transit-time system and the identification of

high-frequency components within the total signal.

Again the techniques used in the processing of the signals were

as the following:

1- Velocity measurements on the plain and reinforced specimens.

2- The strength of the pre-wave on the plain and reinforced specimen
3- The frequency spectra for the plain and reinforced specimens.

4- The effect of the presence of the chloride.

5- The effect of the presence of the void in the two slabs.

1- Velocity Measurements

Tests were carried out on a plain concrete beam, beam reinforced
with 15.6mm diameter strand, and beam reinforced with 32mm
diameter bar. The same concrete mix was used in three specimens.
The frequency of the transducer used was 170kHz, and the spacings
between the transmitter and the receiver were 10, 50, 100, 200,
and 300mm. The average longitudinal velocities for the three
beams were: 4200km/sec for the plain concrete, 4180km/sec for the
beam reinforced with the strand, and 4220km/sec for the beam with

32mm diameter bar.

Table 11.4 shows the time of arrivals of the signals for the
distances used for each case. It can be seen that for the case
of the beam reinforced with the strand and the plain beam the

times of arrival of the signals were about the same. This could
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be due to two possibilties: a) the scattering from the aggregate
(diameter up to 20mm compared to the wavelength 25mm) which could
interfere with the start of the signal and mask the echo from the
reinforcement which was expected to be small, and b) the presence
of the Rayleigh or the surface wave which could arrive before the
echo reflected from the reinforcement and could disrupt the start
of the signal and make it difficult to distinguish between the
two waves i.e. the surface wave and the wave reflected from the
reinforcement. However for the case of the beam reinforced with
32mm diameter bar there was a slight advance (earlier arrival) in
the signals which could be referred to the higher velocity of the
longitudinal wave in the concrete, or it could be due to the
diameter of the bar which reflected a bigger amplitude which made
it easy to detect the start of the signal, i.e. its amplitude was
larger from the Rayleigh wave (it should mentioned that the start
of the signals for the cases of plain and reinforced with a

strand were not defined as well as for the beam with 32mm bar).

Table 11.4- Time of arrivals for the concrete specimens.

Transdu-| Plain Reinforced| Reinforced
cer Spa-| Concrete| with str- with 32 mm
cing, mm| ugsec and, usec bar, usec
10 11 11 11
50 24 24 22
100 36 37 34
200 59 57 56
300 86 85 83

2- Enerqgy Measurements

Because of the heterogeneous nature of the concrete (composition
is gravel+sand+cement+water) it is difficult to gather

reproducible data. The variables when two tests were carried out
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on the same specimen, using the same transducer spacing, include:
1)- the coupling because the contact between the transducer and
the concrete surface is difficult to repeat, 2)- the volume of
aggregates, i.e. gravel, encountered in path of the two signals
during the two tests is not the same, and 3)- any variability of
the strength of the concrete and hence the velocity of sound in

the concrete.

A group of experiments was carried out to try to establish the
effect of the embedded component on the pre-wave. The
experiments given here were extracted from a set of experiments
carried out using the same set-up, i.e. same transducers with
same spacing, on different concrete beams each reinforced with
different bar sizes. The reason is that the strength of the pre-
wave did not always increase in the presence of the reinforcement
in comparison with the plain specimen, i.e. sometimes the
strength of the pre-wave from a reinforced beam was of the same
order as the plain case, because of the effecéfthe Rayleigh wave

and the scattering from the coarse aggregates.

Fig.11.4 shows the two signals captured in the case of plain
concrete (fig.ll.4.a) and the specimen reinforced with 32mm
diameter bar (fig.11.4.b). The frequency used was 250kHz with
spacing of 100mm. The strength of the pre-wave on the signal can

be seen to be stronger in the case of the 32mm bar.

Fig.11.5 shows the two time signals from plain concrete
(fig.11.5.a) and concrete reinforced with a 15.6mm strand

(fig.11.5.b). The same frequency was used as before but with



328
spacing of 250mm. Again the strength of the pre-wave is stronger
in the case of the reinforced beam.

Fig.11.6 shows the result from plain concrete (fig.11.6.a), .
concrete reinforced with 25mm diameter bar (fig.11.6.b), and

concrete reinforced with 32mm bar (fig.ll1.6.c). The frequency
used this time was 150kHz with spacing of 150mm. Here it is

shown clearly as the diameter of the bar increases the strength

of the start of the wave increases, however in the case of the
strand it was not posssible to detect any change in the strength

of the pre-wave.

Another set of experiments was carried out to examine the effect

of the reinforcement presence on the rms (rms of the total signal

was used) of the signals. The frequency used was 170kHz with

spacings 10, 50, and 100mm. Plain and reinforced specimens were

used which were cast from the same mix. Table 11.5 gives the

result. It can be seen that in the presence of steel

reinforcement the rms increases especially if the diameter of the

bar is of the same order as the diameter of the transducer (the

transducers had 25mm diameters), indicating a shorter path length

hence less attenuation. The argument here could be that the

attenuation is dependent on the volume and aggregate size and

coupling.

Table 11.5- RMS calculations on the total signal records for plain
and reinforced concrete.

Transdu-| Plain Reinforced| Reinforced
cer Spa-| Concrete| with str- with 32 mm
cing, mm| Volt and, V bar, V

10 123.6 193.18 220.78
50 98.877 114.44 145.11
100 82.55 145.111 150.55
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3= c ein ement the e c

After acquiring the time domain signals, they were Fourier

transformed. Three of the same specimens as before wvere

reanalysed: plain, reinforced with 15.6mm diameter strand, and
reinforced with 32mm diameter bar. Data from two frequencies (15Q
and 170kHz) and three spacings (50, 100, and 200mm) were used.

Table 11.6 shows the result of this investigation. It can be seen
that when the reinforcement was present the dominant frequencf

was higher than that of the plain sample. However for one case

the dominant frequency was less than that of the plain beam, i.e.
beam reinforced with the strand and where the tranducers (170kHz)
were spaced 200mm, the reason could be due to the scattering from
the aggregates. The

draw-back of this comparison is that the

frequency spectrum depends on the volume and diameter of

aggregate encountered during the propagation of the signal (see
chapter 5), and moreover on the coupling between transducer and

surface of the concrete.

Table 11.6- The dominant frequencies in the case of reinforced
and plain concrete.

150kHz resonant frequency

Transdu-| Plain Reinforced| Reinforced
cer Spa-| Concrete| with str- with 32 mm
cing, mm| kHz and, kHz bar, kHz
50 33.2031 121.093 115.234
100 29,927 121.093 115.234
200 29.927 35.156 113.281

170kHz resonant frequency
Transdu-| Plain Reinforced| Reinforced
cer Spa-| Concrete| with str- with 32 mm
cing, mm| kHz and, KkHz bar, kHz
50 166.02 169.921 171.88
100 74.219 167.97 167.97
200 72.266 35.1562 103.52
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4- t t s o oride o h ignal:
Frequency Investigation

The comparison was carried with two specimens (150x150x1000mm3):
one cast with strand (15.6mm diameter), and the second with the
same diameter strand but with addition of(}o% of the weight of
the cemeng)salt to the mix used to cast the first specimen. Thé
presence of chloride was intended to reproduce the presence-of
corrosion on site, moreover its presence would lower the strength
of concrete. The contaminated specimen was tested 3 years after
casting leaving the corrosion reaction to take place (after this
period the strand could easily be seen to be corroded from the

two extended ends).
The investigation was carried in three ways:

1- Velocity measurements.
2- RMS of the total time domain signals.
3- Dominant frequency from the total signal for the sound bar and

the corroded bar.

Attempts to analyse the signal content of the prewave from these
results were unsuccessful and therefore the full time domain
signal was used, although it was recognised that the part of this
signal reflected from the bar would be very small and difficult

to distinguish.
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The frequencies wused were: 150kHz and 170kHz. The spacings

investigated were 50, 100, and 200mm. Table 11.7 shows the

arrival times of the time signals i.e. the start of the pre-wave,

the rms of the full time domain

signals, and the dominant

frequencies from the total signal for the frequency spectra for

the configuration examined.

Table 11.7- Time of arrivals,

rms of the full time signals,

the dominant frequency for a sound and corroded strand in
concrete.
150kHz 170kHz
Time of arrivals, usec
Spacing |Conc. with|Conc. with [Conc. with |[Conc. with
mm Sound Bar |Corr. Bar Sound Bar Corr. Bar
50 27 29 24 26
100 40 43 37 42
200 67 84 57 76
RMS of the full time signals, Volt
50 161.59 39.368 210.113 42.725
100 124.44 32.196 179.6 34.33
200 117.95 28.076 99.945 14.039
Dominant frequency, kHz
50 121.093 25.391 169.921 70.312
100 121.093 27.344 167.97 72.266
200 35.156 27.344 35.1562 31.25
The first conclusion extracted from this study is that the

velocity was
the non-chloride concrete.
in properties of the concrete with

corrosion effect on the bar. However,

less in the case of chloride specimen than that of

This effect must be due to the change

chloride rather than

the indication of concrete
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deterioration may itself be useful in indicating potential

corrosion problens.

The rms of signals for the contaminated specimen were
dramatically smaller than for the uncontaminated specimen, and
were more affected if large distance and higher frequency are
used (in this case 170kHz and 200mm). In this case, both concrete
and steel corrosion may affect the results because the higher
frequencies are more attenuated due to the dispersive properties
of both effects. Since both rms and dominant frequency analyses
are based on the whole time domain signal, it would seem that the
results are predominantly due to change in concrete condition,
with a small contribution only from steel corrosion. To
investigate this further, attenuation tests were carried out on
both the chloride and non-chloride concrete away from the steel
bars, and this showed that the attenuation in the contaminated
specimen was substantially higher than the uncontaminated one,
which indicated that the reduction of the strength of the
received signals from the contaminated concrete is mainly due to
the effect of the salt on the concrete itself. Moreover the
dominant frequencies for the corroded specimen are all less than
the dominant frequencies of the sound specimen for the spacings

investigated.

Fig.11.7 shows two time signals and their frequency spectra,
fig.11.7.a for the uncontaminated concrete block with sound bar
and fig.11.7.b for the chloride concrete block with corroded bar
for the spacing of 50mm and frequency 170kHz. It can be seen

from this figure that the signal captured from the contaminated
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sample (fig.11.7.b) has 1lost its strength in contrast to

fig.11.7.a for the sound sample.
11.5- ON BS WITH AND WITHOUT E C

The two slabs were cast from the same mix. The dimensions were
800x800x150mm3. One was very well compacted, but in the other a
polystyrene disk of 200mm diameter was inserted and the time of
compaction was reduced to simulate the presence of a flaw in- a

structure where the strength will be less than that of a sound

structure.

Two methods of experimentation were carried out: the through-

transmission method and the pitch-catch method (see fig.11.8).

The through-transmission method can be applied only if it is
possible to have access to two opposite sides in a concrete
structure. Fig.11.9 shows the time signals captured from the two
slabs using the through-transmission technique, fig.11.9.a from
the sound slab and fig.11.9.b from the slab with flaw. The
transducer frequency used was 150kHz. It can be seen that the
flaw (the polystyrene disk) obscured the transmission of the
signal to the receiver in the other side. This method gives a

reliable result for detecting voids if two sides can be accessed.

The pitch-catch method which is wunder investigation throughout
this chapter gives the result shown in fig.11.10. Fig.11.10.a
shows the signal from the slab with no void and fig.11.10.b the

slab with void. The transducer frequency was 150kHz and the
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transducer spacing was 200mm. The experiment was carried out
under the disk (simulated flaw). It can seen that the presence
of the disk scattered the signal and due to the shorter
compaction time in the case of the flawed slab the signal was
more attenuated i.e. the maximum amplitude was 0.040V for the
sound slab and for the flawed slab 0.018V. The attenuation could
be due to the scattering of the signal which is due to the
presence of the disk and due to the reduction in the compactioﬁ
time which led to a concrete with more voids and therefore less

strength.

11.6- EXPERIMENTATION ON DUCTED SAMPLES

Two samples were cast: the first with a 50mm diameter corrugated
empty duct embedded in concrete, and the second with a 50mm

diameter grouted duct containing one strand of 15.6mm diameter.
Two methods of investigation were studied:

1- The strength of the pre-wave.

2- the rms of the full time signal.

Fig.1ll.1l.a shows a time signal recorded from an empty ducted
sample and fig.11.11.b from a strand in a grouted duct. The
configuration was: the transducer frequency was 250kHz spaced
250mm. It can be seen clearly that the signal starts earlier and

the strength of the pre-wave is higher.

Moreover Fig.11.12 is for the same set-up but for transducer
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frequency of 150kHz (fig.l11.12.a is for the void duct embedded in

concrete and figll.12.b is for the grouted duct with strand).

Again it can be seen easily that the strength of the pre-wave in
the case of the void duct is higher than that of the grouted
duct.

A set of experiments was carried out in order to establish the
effect of the presence of a void duct compared to a grouted duct.

The comparison was examined in the time domain as no major

changes in the frequency spectra were obvious. The rms was

calculated for the full time records. The frequencies used were

150 and 170kHz. The transducer spacings were 100, 200, and 300.

Table 11.8 shows the rms of the configurations mentioned.

Table 11.8~ The rms calculated from time domain signals on void

and grouted duct specimens.

The conclusions

the pre-wave is stronger in the case of a void duct than that of

150kHz
Transdu-| Void Grouted
cer Spa-| Duct Duct
cing, mm| Vv v
100 122.68 108.032
200 86.823 59.357
300 73.242 54.779
170kHz
Transdu-| Void Grouted
cer Spa-| Duct Duct
cing, mm| V v
100 136.413 108.8
200 69.4274 50.9643
300 60.425 34.943

achieved from these set of experiments are that
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a grouted duct. Furthermore, the comparison of the rms of the
full time signals from a void duct and that of a grouted duct
reinforced with strand through indicates that the path length of
the sound or signal is smaller than that of a grouted duct (the
rms in the case of the void duct is larger than that of a grouted
case). The reason could be that the wave 1is reflected at the
boundary duct/air, in the case of a void duct, giving rise to a
high rms, in contrast to the case of a grouted duct where a small
amount of energy is reflected at the boundary concrete/mortar
which could be due to the difference in the acoustic impedances
of mortar and concrete. It should be mentioned that no major
reflection occurs at the duct surface because the thickness of
the duct is less than 1mm which is much less than the wavelength,
about 23mm for 170kHz transducers, therefore the duct acts as a

transparent film for the incident signal.

11.7- CONCILUSIONS FROM SMALL-SCALE IABORATORY TESTS

The major conclusions from these tests using time domain and

frequency domain analysis were:
1- Signal (apparent) velocity:
This decreases under the following conditions:

a- Presence of chloride.

b

Low strength.
c- Presence of a flaw.

d- Surface breaking (large path length).
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It also increases when steel reinforcement or empty duct is

present.

2- Signal amplitude (energy and rms):

This decreases under the following conditions:

a- Concrete quality variation, especially chloride contamination
i.e. severely corroded cables resulting in disbonding at the
concrete/steel interface.

b- Voids or flaws larger than the wavelength.

c- Cracking

It increases when a void duct or steel reinforcement is present.

3- Signal frequency

The appearance of low-frequency components could possibly be due
to the presence of voids or delaminations where the high
frequencies are attenuated and scattered. The strengthening of
high frequency components could be due to steel components or
empty duct. However the weakening of the high frequency
components could be referred to damage/fracture of steel

reinforcement due to scattering.

The conclusions drawn from these experiment and analysis show
limited success because some of them if repeated would not yield

the expected result (it should be noted that the experiments
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above were carried out with great care, that is, under highly

controlled conditions in an attempt to improve reproducibility).

Therefore if the system had to be limited to these conditions, it

would not be practical under field conditions.

11.8- APPL ION OF DIGITAL F RING TECH 0] T

W_AN ORROS ETECTION

Having considered the analysis of the whole frequency spectrum in
either the time domain or the frequency domain, and considered
again the theoretical modelling and analysis, it was clear that
the major element missing was the ability to separate out and
compare signals at chosen different frequencies. Attempts to
obtain or make transducers of discrete narrow band frequencies
with very short ringing times had been unsuccessful. A final
attempt was therefore made to provide this information in an

equivalent way by selective digital filtering technique.

Consider a broad-band ultrasonic pulse containing frequencies up
to several hundred kHz, travelling through concrete containing
inclusions such as small voids (<20mm diameter) and steel cables,
with interface regions between the steel and the concrete. It has
been shown before that the high frequency constituents are
attenuated more severely due to the heterogeneous nature of the
concrete. This of course is undesirable, because it is mainly
the higher frequencies which contain information regarding the
internal composition of the structure and condition of embedded

components. Where these frequencies encounter boundary
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conditions (such as voids or interfaces) reflection will occur,
the strength being dependent upon the relative acoustic
impedances, wavelength, and frequency. At 250kHz for instance,
where the wavelength in concrete is approximately 16mm, strong
reflections will take place from interfaces or discontinuities
whose dimensions can be compared to the wavelength; by, contrasf
these same features will influence frequencies below 100kHz very

little.

The total signal that arrives at the receiver will include 1low
frequency components of large amplitude and relatively little
information and high frequency components , that do change
according to the variations in the material composition through
which they propagate and surfaces at which they are reflected,
but whose energy is very often of the order of one thousand times

weaker than their low frequency counterparts.

For this reason, analysis of the total signal has yielded
sometimes a limited success since the frequencies of interest
were completely buried in noise. What was needed was a filter

which removes the lower portions of the spectra.
The filtering technique was carried out as follows:

1- A scan for the sample to be tested was carried out. The
chosen frequency was higher than 150kHz (the frequencies used for
this technique were 170 and 350kHz) with transducers spaced less
than 100mm which was found to give better results because the

high frequency components were not as severely attenuated i.e.
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smaller path length. The result was a number of time signal

records.
2- The time signals were then Fourier transformed.

3- A brick-wall filter was then applied to the frequency spectra.
Discrete frequency bands, i.e. band-pass brick-wall filters, were
applied. The increment was taken equal to 50KkHz, for example fof
the 170kHz transducers the bands were 0-50kHz, 50-100kHz, 100-
150kHz, 150-200kHz. The width of the band was dependent on the
transducer frequency, transducer spacing and the digitizing rate.

Sometimes only one frequency band was needed i.e. say 100-150kHz.
4- Then the filtered data were inverse Fourier transformed.

5- Calculation of the energy for each of the filtered time
signals for the scan for each band was carried out and a trend
plot was plotted for these values. Each trend plot for the
different bands was then multiplied, for example for the 170KkHz
transducers carrying out the filtering mentioned in (3) 4 energy

trend plots, are obtained, say el, e2, e3, and e4.

6- The individual energy results el, e2, e3, e4, and e5, were
multiplied together sometimes it was enough to apply one band
filter and therefore no need to do this step). The result is a

trend plot of the multiplication carried out.

7- In the presence of a void or corroded components a peak

occurred in the resultant trend plot showing the presence of high
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frequency components compared to the other readings. The
explanation for the peak, i.e. stronger high frequency
components, is that the received signal has suffered 1less
attenuation due a shorter path length due to reflection at the
void interface or at the embedded steel/concrete interface or
where the corrosion of the steel components could have caused
spalling. Another explanation is that when the probes are
positioned over a defect causing the formation of acoustic
boundaries, the receiver will detect, in addition to the (random)
echoes from the aggregates, more energy reflected from the region
of discontinuity. By filtering the signals into frequency bands,
determining their energy levels and multiplying these results,
the energy relating to one defect is greatly enhanced. This is

essentially a form of signal auto-correlation.

11.9- EXPERIMENTAL WORK USING MULTIPLE RECEIVING TRANSDUCERS

11.9.1- Scanning the lLarge Scale Test Beam

In an attempt to see whether comparative techniques using
multiple receiving transducers could deal with the problems of
scatter and heterogeneity, a scanning system was tried. A
schematic diagram of the scanning system used is illustrated in
fig.11.2.

The experimental configuration was as follows:

Scan 1:

No of readings:89

Scan interval: 50mm

Transducer spacing: 50mm

Sample frequency: 1 MHz
Frequency: 170 kHz
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Scan 2:
No of readings:89
Scan interval: 50mm
Transducer spacing: 100mm
Sample frequency: 1 MHz
Frequency: 45 kHz
Scan 3:
No of readings:89
Scan interval: 50mm
Transducer spacing: 265mm
Sample frequency: 1 MHz
Frequency: 250 kHz
A number of scans were made of the top surface of the test beam,
whose upper internal structure is shown schematically in
fig.11.13 (a description of the beam is given in chapter 9).
Various faults were incorporated in the beam as shown in
fig.11.13. The transducer array was positioned with transducers
Rl and R2 over the centre cable B, and transducers R3 and R4 over
cables C and A respectively. All transducers were spaced 100mm
from the central transmitter. The total length scanned was 4.45m

(although the beam was nearly 5m in length).

Fig.11.14 shows the unprocessed waveforms (scan 1) collected by
transducer receiver R1 of 170kHz nominal frequency, windowed
between 28usec and 92usec for purposes of clarity. Each waveform
represents results from one sample position of the transducer R1.
Athough there is some evidence to suggest that the amplitude
decreases over the area containing salts and also decreases over
the area containing stirrups, the dominant feature is the lack of
coherence between successive waveforms. This suggests that the
dominant interrogating wavelength is too small i.e. frequency too
high, since it is scattered by the intervening aggregate which is
randomly distributed. As a result, the frequency spectrum for

this particular case is shown fig.11.15, and contains no
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information of significance, and neither does the trend data for
the dominant frequency (fig.ll.16.a), rms (fig.11.16.b), point in
time at which maximum signal amplitude occurs (fig.11.16.c), and
dominant frequency calculated in the frequency domain

(fig.11.16.4d).

Because of the fluctuations in the waveforms, the subtracted data
sets (Rl minus R2 and R3 minus R4) also become meaningless;
These were intended to eliminate the effects of the surface
Rayleigh wave, assumed to be constant, but because of the

variability the new waveforms are also random.

The data collected by transducers R2 and R4 also displayed
similar variability. As a consequence, a scan (scan 2) was
performed along the centre cable using only a transmitter and a
receiver (only two transducers) of 45kHz. Fig.11.17 shows the
raw waveforms. Immediately it can be seen that there is now
considerable coherence between successive signals, which suggests
that the effects of scatter have considerably reduced (this is
readily understood when we consider that Rayleigh scattering is
proportional to f4). The signal attenuation associated with the
region containing the stirrups is now more pronounced, but there

is little to indicate the region containing salt.

At this point the data produced have been inconclusive. It was

decided therefore to use the filtering technique.
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11.10~- EXPERIMENTAL WORK USING THE DIGITAL FILTERING TECHNIQUE

11.10.1- Detection of Steel Bar i

Two concrete beams of dimensions 150x150x1000mm3, one containing

a strand of 15.6mm diameter, and the other plain, . (no steel
components were embedded), were scanned transversely, i.e.
perpendicular to the axis of strand, using two 350kHz rolliné
transducers, spaced 75mm. Thirteen readings were taken, using a

digitizing speed of 1 MHz and a record length of 512 points.

Each record was Fourier transformed for each scan, then discrete
brick-wall band-pass filters were applied, of 50kHz bandwidth.
Then inverse Fourier transformed, and the energy calculation for

each record filtered for the different bands was carried out.

In mathematical terms the calculations were carried for the two

scan as follows:

a- Scan the two beams transversely. The result is 13 time
records.

b- FFT of the 13 readings.

c- Apply band-pass filters and IFFT each record:

- Band-pass between 0-50kHz, IFFT the filtered signal, and
calculate the energy values, and plot the trend for the 13
records, call it el.

- Repeat above for 50-100, 100-150, 150-200, 200-250, 250-300,
and 300-350kHz, and call the plots e2, e3, e4, e5, e6, e6,

and e7.
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d- Multilpy elxe2xe3xe4xeSxeé6xe7 and the result is a new trend

plot.

Fig.11.18 shows the result for the plain concrete specimen, and

fig.11.19 shows the result for the reinforced beam with strand.

From fig.11.18 it can be seen there no evident peak, but rather
small peaks indicating that the energy is about the same for ali
the readings, but in the last reading there is an increase in the
energy which could be due to the edge effect. However for the
reinforced beam it can be seen very clearly (fig.11.19) that a
peak exists in the middle of the plot where the strand is present

indicating the detection of the strand.

11.10.2- Detection of Steel Bar in a Grouted Duct

A concrete beam (150x150x1000mm3) reinforced with a strand
embedded in a grouted duct was scanned with two rolling
transducers of 350kHz nominal frequency, spaced 75mm. Thirteen
readings were taken, using a digitizing speed of 1 MHz and a

record length of 512 points.

The same calculations were carried as (11.10.a). The result is
shown in fig.11.20. It can be seen very clearly that the peak in
the middle indicates the presence of the duct and the strand. It
is not known at this stage,'wﬂéfkev the peak could be

due to the duct rather than the strand.

In the next section a scan was carried out on a beam with a duct
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grouted with a void left in the middle.

11.10.3- Detection of a Void in a Ducted Concrete Beam

In order to check whether the system of 1looking at narirow
frequency bands by digital filtering could detect readily
discontinuities of the same order of size as the wavelength
associated with grouted ducts, a concrete beam, of dimensioné
300x150x800mm3, containing a 50mm steel corrugated duct lying
along its axis was manufactured with a void at its centre point
(formed by the insertion of two hollow plastic spheres, diameter
40mm), the remainder of the duct being filled with grout at one
end and four 7-wire strands plus grout at the other. The beam
was scanned using two probes at this stage, in pitch-catch mode.
The frequency used was 170kHz with a probe spacing of 100mm and a
scan step of 20mm. A total of 35 readings was taken, using a

digitizing speed of 1 MHz and a record length of 512 points.

Each record was then transformed to the frequency domain, high-
pass filtered with a 1lower cut-off point of 150kHz, re-
transformed to the time domain and scalar measurements were taken
(energy, time of arrival, etc.). Fig.11.21 represents the energy
of each reading for all frequencies above 150kHz. The first peak
corresponds to the position of the receiver directly over the
void, and the second to the position of the transmitter directly
5 2

over the void. The peak energy about 5 10 V®sec represents

about 1/1000th of the total energy of the unfiltered signal.
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11.10.4- D ction of a aw th a

Since the above results clearly held promise, the method was
applied to the detection of the void in the large scale test beam
(scanned in 11.9.a and described in chapter 9). Fig.11.22 shows
the result. 1In this test a total of only 25 readings were taken
with a scan increment of 25mm, over the general vicinity of the
void. The same transducers as 11.10.c were used with 100mﬁ
spacing. In this case only a single peak is evident, possibly

due to the large diameter of the void.

Fig.11.23 shows the trend analysis of the energy values returned
when the technique was applied for the centre cable of the above
test beam. 1In this case, the trace represents the processed data
obtained from scanning the centre cable of the beam (top surface,
see fig.11.15) using the 170kHz transducers (scan 1). The peak
corresponds exactly to the point at which the centre cable was

deliberately contaminated with chloride before casting.

The technique is not simple nor without problems, as shown by
figs.11.24 and 11.25. Again Fig.11.24 represents a scan of the
upper centre cable, using the same probes but different
digitization rate, i.e. 10MHz instead of 1MHz and a different
filtering regime, a 180 to 200kHz band pass filter was applied.
This was necessary because the spectral resolution provided by a
sample rate of 10MHz and a record length of 512 points (19.53kHz)
was too crude with a consequent reduction in energy and increase
in noise. However, the peak is still in evidence and since these

data were obtained from an entirely seperate scan, it showed that
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this is not a random coupling improvement.

Fig.11.25 shows what happens when the wrong experimental
configuration is used. Again, the centre cable is being scanned
(scan 3), but with entirely different probes (nominal frequency
250kHz) a spacing of 265mm rather than 100mm. No amount of

signal processing improved these data.

This result suggest two important factors with this 1level -of

analysis:

1- The best results are obtained when the probes are as close
together as possible. Moreover the greater the transducer
spacing, the greater the distance the signal has to travel from
transmitter to receiver and the more severe the high frequency
attenuation becomes in the concrete, compared to reflection

behaviour at embedded components.

2- Linked to the consideration of (1) is the aspect of optimizing
the filter bandwidth. 1If too little low frequency rejection is
performed (i.e. 1low frequencies are included in the energy
estimates) the trend data of the energy measurements will be
random, similar to fig.11.25. If too high a frequency band is
selected, say between 400-500kHz (for the transducers currently
used), the data again will be random. This is because there is
virtually no energy radiated by the probes in this region and
most of what is detected is simply random thermal noise.
Similarly, probes that are spaced too far apart will transmit and

receive signals with high frequencies so attenuated that they are
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of similar magnitude to random thermal electronic noise at that
range. Once again, the trend data will be incoherent.

The most critical point is reached when the transmitter is
positioned over the region of delamination, salt, etc. The
position of the receiver is less important subject to the point
about spacing.

In support to the above finding, consider fig.11.26. Here, the
transmitter is tracking along the centre cable but the receivef
is positioned over a side cable. There is no evidence to suggest
that any defects to this side cable are being detected, but the
receiver once again registers a large change in high-frequency
energy as the transmitter passes over the salt-contaminated
region of the centre cable. Moreover, in this experiment the
probes had 170kHz nominal frequency and were spaced 80mm.

The most significant feature of the traces presented above is
that they represent a body of data, in itself consistent with the
notion that real changes are being detected. The next step was to
establish if the evidence provided by this method of analysis can
form a basis of a reliable practical prototype system. It was
decided therefore to re-scan the test-beam using transmitter-
receiver pairs tracking over the contaminated areas using rolling

transducers.

11.10.5- Using Rolling Transducers to Scan the Test Beam

Because the probes used so far are not suitable for a field
prototype (they require considerable attention with regard to
coupling), a set of rolling transducer probes were hired from

C.N.S. Instruments, having a nominal frequency of 350kHz. These
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reduced the problem of coupling and improved the scan speed. The
evaluation has been carried out according to the criteria usead
before for the existing probes with regard to frequencies,
bandwidth, and sensitivity.

In order to reduce the random element in signal energies due to
coupling, a refined frequency-filtering technique was
investigated, in which, instead of relying on absolute energy
magnitude, a ratio will be returned of the energies in the high
frequency and 1low frequency bands. The rationale here is that
coupling variations will affect both low and high frequency
components and hence tend to cancel out, whereas small
inclusions, as suggested by the findings in this work will only

be revealed by the high frequencies.

Seven scans were carried out on the same test beam as used for

(3) above as follows:

Frequency: 350kHz

Spacing : 65mm

Increment: 20mm

Readings : 31, always the middle reading the transmitter will be
over a void or corroded strand or cracked strand, i.e.
to make it easier to compare the results in the trend

plot where the middle reading will show the peak.

Two scans were carried over the two voids (see fig.11.15), three
scans over salted regions where corrosion was expected, and two

scans over a cracked strand (it is worth mentioning that there is
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a good bond between the strand and the concrete in this case
whereas in reality where there is a broken wire or bar de-bonding

would be expected).

The time signals were Fourier transformed for each scan, and then
each spectrum was filtered. The frequency-filtering technique was

carried out as the following:

1- Applying a filter between 0-50kHz on the initial time signal
records, then IFFT the filtred spectra, and finally plot the

energy trend for the filtered signals and call the result el.

2- Repeat 1 but with filtering between 50-100kHz, and call the

enerqgy trend plot e2.

3- Repeat 1 with filtering between 100-150kHz, and call the

energy trend plot e3.

4- Repeat 1 with filtering between 150-200kHz, and call the

energy trend plot e4.

5- Repeat 1 with filtering between 200-250kHz, and call the

energy trend plot e5.

6—- Repeat 1 with filtering between 250-300kHz, and call the

energy trend plot eé6.

7- Repeat 1 with filtering between 300-350kHz, and call the

energy trend plot e7.
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8- Repeat 1 with filtering between 350-400kHz, and call the

enerqgy trend plot eS8.

Then the ratio (R,.) was derived using the following equation:
Rcc= e8/(el.e2.e3.e4.e5.e6.e7)

By dividing e8 by (el.e2.e3.e4.e5.e6.e7) the coupling variations
which will affect the low and high frequency tend to cancel out;
leaving the features which are affected by particular bands .of
frequencies to be revealed. However the multiplication
(el.e2.e3.e4.e5.e6.e7.e8) was enough sometimes to reveal the

presence of the defects.

Figs.11.27, and 11.28 are the results from the scans over the
voids using the technique explained before i.e. the ratio was
used. The voids are very well detected.

Figs.11.29, 11.30, and 11.31 are the results from the scans over
the salted regions. The regions are shown clearly. Here the
multiplicetion was used.

Figs.11.32, and 11.33 are the output from the scans over the two
cracked strands using the filtering bands technique illustrated
before. The results are here doubtful, this is because no voids
were left when the beam was cast between the strand and the

surrounding concrete.

The evidence again has shown that this technique can be a basis
for detection of flaws and major corrosion in pre-stressed and

reinforced concrete.
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11.11- PROPOSAL OF A SYSTEM FOR FLAW AND CORROSION DETECTION

At its present stage of development, the system is very much a
laboratory prototype system. To make it a practical system which
could&Euitable for field testing , a prototype scanning system is
proposed, a schematic diagram is shown in fig.11.2. The analysis
of the data is performed entirely by the analyser, which operates
on the data collected by the four receiving rolling probes (see
fig.11.7) where a central rolling probe is used as transmitter.

It performs the following functions:

a- Display of the collected waveform for each rolling transducer
Rl to R4, in the time domain for each scan position. Fig.11.14
shows an example of this. Each 1line represents the signal
received by transducer Rl within the period 28-29 usec, and all
the signals are displayed in a sequence corresponding to this
position along the length of the beam. This form of presentation
is known as a waterfall display which enables rapid

identification of any differences between the signals.

b- Calculation of the frequency spectrum for each scan waveform,
Rl to R4, and display in waterfall mode, for each scan position.
An example of this presentation of the frequency domain

information is given in fig.11.15.

c- 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-axis the
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calculated signal quantity. Up to eleven scalar quantities may be
computed using the analyser from any individual signal including
rms, dominant frequency, average period, cycle number, mean
voltage, energy, peak-to-peak voltage, maximum voltage, minimum
voltage, and time of occurence of maximum amplitude. An example

of a set of four trend plots is shown in fig.11l.16.

d- Applying a brick-wall filter to the frequency spectrum fof
each scan waveform, Rl to R4, and then IFFT (Inverse Fourier
Transform) of the filtered data, and then calculation of scalar
quantities (trends) on the filtered time signals, and then

display these as plots.

e- Calculation and display of waveforms derived by subtracting
signal R2 from signal R1l, and signal R4 from signal R3, and
subsequent calculation of time domain, frequency domain and trend

data on these new data sets.

The entire system, control of the analyser, and data storage is

supervised by a computer program.

Practical testing of this proposed system has not been possible
with the timescale and 1limitations of this Ph.D. research.
Further development work on practical aspects of the scanning
system is expected to lead to field trials followed by commercial

applications.
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11.12- CONCLUSIONS

The pitch-catch technique has been used for investigation of
components in concrete (prestressed or reinforced). A system has
been developed using this technique (instrumentation and signhal

processing) for finding defects in concrete.

From the experiments of the small samples it was clear that it
was necessary to separate out and compare signals at chosen

different frequencies by applying digital filtering.

The application of digital filtering techniques in the frequency
domain has allowed the high frequency signal content to be
separated out. This in turn has enabled firm detection of
major voids and offers the potential of identifying major
corrosion or cable/breaks (on the condition that debonding exists

between the surrounded concrete).

The use of rolling probes proved to reduce the problem of

coupling and improve the scan speed.
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CHAPTER 12

SUMMARY, CONCLUSIONS, AND FUTURE RESEARCH

12.1- SUMMARY

This study has presented theoretical and 1laboratory studies of
ultrasonic wave propagation in concrete. These were undertaken:to
develop a basis for using the transient stress wave propagation
as a technique for corrosion and flaw detection in an

heterogeneous material such as concrete.

Computer synthesis was used to simulate the effect of the bar
size, 1its depth in the material, surface condition i.e. sound,
corroded, or cracked, and transducer frequency, on the signals
received from steel components embedded in concrete. A
comparison was carried out using experiments with components in

water and concrete samples.

Attenuation losses due to scattering and absorption of ultrasonic
waves have been studied. An equation based on experimental
results was derived for high strength concrete. Moreover a
review of the methods used in concrete testing has been given. A
theoretical model of a pulse-echo system (where one transducer
acts as a transmitter and a receiver in the same time) for a
sound and corroded bar embedded in concrete has been given, with

a comparison of such system for a bar immersed in water.
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Laboratory results obtained from using the transit time on
concrete specimens (reinforced and pretensioned) containing
corrosion and flaws have been presented. Observations and
conclusions drawn from the theoretical study were used to aid

interpreting some of the experimental results specially in water.

The development of an experimental pitch-catch technique for
finding corrosion and flaws within reinforced concrete has beeﬁ
described. This enabled proposals for a prototype testing system
to be put forward. The key features of the technique are as

follows:

1- Five rolling transducers are required (one transmitter and
four receivers) with nominal frequencies between 150-300kHz. The
transmitter should be mounted at the centre and the four
receivers in a rectangular array surrounding the transmitter.

The spacing should not be more than 100mm.
2- A pulser to excite the transducer transmitter.

3- Scanning of the specimen over the region where embedded

components are under the transmitter.

4- The received signals should be transformed to give the
frequency spectra, then application of a brick-wall filter on the
FFT to leave a chosen frequency bandwidth, and then IFFT of the
filtered signal. The energy trend of the scan after filtering is
carried out. These techniques can be achieved by using an

oscilloscope and a computer or by using an analyser, in this
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research both methods were used.

12.2- CONCLUSTONS

A programme of research has been carried out to investigate the
use of a pitch-catch method (the indirect method) in detection of
corrosion and flaws in reinforced or prestressed concrete. One
objective was to investigate experimentally the effects of
scattering and absorption of the ultrasound with different
frequencies in concrete to be able to detect the presence and
condition of embedded components including salt presence,
component size, a void duct, a flaw, and corroded coditions or
breaks in wires. A second objective was to construct a computer
program to predict the amplitude of the received signal when the
pitch catch method is used for different frequencies and

surrounding media (water and concrete).

The significant conclusions reached as a result of the studies

presented in this work are stated in the following sections:
12.2.1- Theoretical Studies

Two models were carried out: a model using the pulse-echo
technique , and a model using the pitch catch method to estimate

the strength of the echo reflected from a bar embedded in

concrete.

The following conclusions were drawn from the parameter studies

of different frequency waveforms obtained from beams containing
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sound, corroded, and cracked bars:

1- The strength of the signal, in general, is more attenuated as
the frequency increases, mainly due to scattering and absorption

effects.

2- The strength of the echo reflected from a bar embedded in

concrete increases with increase of the bar size.

3- The attenuation for a corroded bar is greater than a sound

bar, but the difference is frequency dependent.

4- The signal captured from corroded reinforcement is frequency
dependent i.e. the reflected signal from a corroded bar 1loses

strength as the frequency increases.

5- As the roughness height of the corroded surface of the bar

increases, the reflected wave from the bar is more attenuated.

6- If a crack is present in a bar, the amplitude of the reflected
signal from the reinforcement is less than that of a sound one,
the reduction being greater as the gap between broken ends

increases.

7- The strength of the echo reflected from a bar drops as the bar

is embedded deeper in concrete.

8- As the distance between the transmitter and the receiver

increases the reflected signal, in general, will lose strength
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because of the increased path length.

12.2.2- Experimental Studies

The signals were interpreted in the time and the frequency
domains. Fast Fourier transform and filtering techniques

simplify signal interpretation.

The main conclusions reached as a result of this experimental

work were as follows for steel components embedded in concrete:

1- The ultrasonic signal is affected by scatter and damping
because of the heterogeneous composition of the concrete. The
concrete is composed of materials with different elastic
properties which can cause difference in sound velocities and

energy propagation in different directions.

2~ The apparent velocity of the signal is greater where a large

steel component is present compared to plain concrete specimen.

3- High frequency components are found where reinforcement is

present compared to signal with no steel components.

4- The enerqgy of the pre-wave (the start of the wave) increases

as the bar size increases.

5- The energy of the signal reflected from a bar where corrosion

has occurred is less than that where no corrosion exists.
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6- The energy transmitted through a concrete specimen which is
not well compacted (where flaws are expected) is much less than

that of well compacted one.

7- The apparent velocity of the signal received from a void duct
was found to be greater compared to a fully grouted duct, due to
the shorter path length associated with the reflection from the

void interface.

8- The energy reflected from a void duct is much more from that

of a fully grouted duct.

9- The presence of steel components embedded in concrete and the
presence of voids in duct or hardened concrete and corrosion
areas can be determined from the peaks of the energy trend for a
scan carried out on the specimen under investigation. The
technique was carried out by Fourier transform of the time
signals, then filtering to a chosen frequency bandwidth, then
IFFT of the frequency records, and then energy trend plot of the
filtered time signals. This method can filter out the
variability of the coupling effects which were found to be
important. It is worth mentioning that uniform coupling between
the transducer and the concrete surface was difficult to achieve
and if voids were present in the surface contact area between the
transducer and the concrete the signal captured was different in

energy and frequency contents.

Results of the filtering technique showed that the pitch-catch

method has the potential for: determining the presence of
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corroded strands, distinguishing hollow ducts from fully grouted

ducts, and determining the presence of flaws in concrete.

These studies have demonstrated that the pitch-catch method has
the potential to become a reliable field technique for detecting
flaws and condition of embedded components within concrete

structures.
12.3- FUTURE RESEARCH

The following general recommendations are made for future

work:

1- The availability of supercomputers should make it posssible to
study a wide variety of nondestructive testing related problems
modelling closely physical phenomena which could not be studied

using other existing analytical methods.

2- The concrete modelled in this study was assumed to be
homogeneous, therefore further work should be carried out to
model the heterogeneity of concrete (i.e. gravel, sand, and

cement) and its effect on scatter and dispersion.

3- The model given in this study was for bars, future work should
model strands and the shape of any reinforcement which could be
found in reinforced concrete. Moreover the corrosion of the bar
modelled in this research was taken as a pitted surface, further
work could be to study the effect of spalling of concrete due to

corrosion on the signal using computer models.
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4- The model studies in this research have been restricted to a
beam-like structures with one bar through. Therefore further
studies of other structural elements, such as round columns and
plate structures with different reinforcement must be carried

out.

5- Future analytical work should be carried out to model planar
flaws in concrete structures which were not present in this

research.

6- Strong Rayleigh wave generation is primarily responsible for
obscuring the reflection from the embedded components in
concrete. One way to improve the detection of the echo is to
reduce the interference due to Rayleigh wave by proper transducer
design. Therefore further development would be to investigate

the transducer design.

7- The ability of the pitch-catch method to detect other types of
artefacts needs to be investigated. For example, a common type
of flaw in concrete structures is honeycombing (concrete that is

not fully consolidated).

8- Field testing of the proposed pitch-catch method is essential.
A practical and efficient field system must be assembled and
evaluated under actual field conditions. The key component of
this field system will be the development of rugged rolling
transducers that can be easily coupled to vertical as well as

horizontal surfaces.
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9- It was found that the results depend on the equipment used
such as transducers, amplification system, gains, quality of the

electronics, etc. Therefore further work should investigate this.

It is hoped that the work presented in this thesis will form the
basis for the development of a nondestructive test method that
will be used for routine evaluation of reinforced and prestresseé
concrete structures. Moreover when this method of testing is used
with other methods such as potential measurements, the accuracy

and reliability of the results will be increased.
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