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I. INTRODUCTION 

Experience shows that reinforced concrete structural 

life is considerably shortened in the presence of a chloride 

environment by embedded metal corrosion. The phenomenon 

occurs irrespective of whether the source of chloride is of 

marine origin or artificially introduced as is the case of 

seasonal salting of bridge decks to keep highways open dur

ing heavy snow conditions. 

Typically, steel placed in concrete would develop a 

passive film due to the alkaline nature of the concrete 

pore water (pH~ 12.5) (1). Diffusion of chloride ions tend 

to lower the pH of the environment adjacent to the steel con

crete interface and is believed to cause the localized de

struction of the passive film protecting the steel. Since 

this only occurs in local regions, corrosion cells develop 

between passive and non-passive areas where the region of 

highest chloride concentration is the anodic site. Accelera

ted corrosion may take place if unfavorable anodic to catho

dic surface area ratio develops (2). 

As corrosion proceeds, a more voluminous corrosion 

product develops at the anodic concrete-steel interface site 

inducing tensile hoop stresses in the concrete (3). The re

latively low tensile fracture strength of concrete is well 

1 
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documented (4,5). Consequently, when tensile stresses in

duced by corrosion exceed this fracture strength, the mater

ial cracks internally. Additional corrosion products may 

then enter the crack, raising the stress level such that the 

critical crack extensional force is exceeded (6), and crack 

extension occurs. This process typically continues until 

the internal crack is extended to the external surface and 

spalling occurs. 

Acoustic emissions (AE) are typically described as im

pulsively generated small amplitude stress waves created 

during rapid plastic deformation or fracture of a material 

(7) • The rapid release of kinetic energy from the deforma

tion process propagates elastic stress waves from the source 

and can be detected as small perturbations on the surface 

of the material. Signal detection is accomplished by direct 

coupling of a piezoelectric transducer through a high gain, 

low noise, which is then conditioned and displayed. 

Acoustic emission applications have found widespread 

use as a non-destructive evaluation tool. Applications in

clude materials research, material characterization and 

evaluation, non-destructive testing, and structural integrity 

evaluation. Several acoustic emission parameters are avail

able to provide information required for any of the above 

applications (8). The advantages of acoustic emissions moni

toring to evaluate structural integrity is that it can pro

vide real time information of crack formation and propagation 
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as well as flaw location. Hence, it has been proposed that 

acoustic emission techniques can be used to detect internal 

cracking in the concrete due to embedded metal corrosion be

fore extensive spalling occurs (9). If this is possible, 

countermeasures may be undertaken and expensive repair pro

cedures avoided which would be required after visible sur

face deterioration has occurred. 

Relatively little research has been devoted to the 

study of the acoustic emission phenomena associated with de

formation mechanisms in concrete as compared with metals (10). 

Examples of the previous work discovered in a literature 

search include: 

1. Variations in stress wave emission data from cylin

drical concrete specimens under compression can be used to 

determine impending failure and previous loading extremes 

(11). A limited correlation between stress wave emission 

and the modules of concrete is presented. 

2. Deviation from elastic behavior above some uniaxial 

compressive stress (o pr) for which Poisson's ratio begins 

to increase when applied to rectangular prismatic concrete 

specimens was shown to occur (12). Prediction of a pr by 

the energy emission rate, proportional to the signal ampli

tude squared per unit time, was not possible without strain 

measurement. Also, a significant increase in acoustic emis

sion activity above an arbitrary load, depending on aggre

gate size and coarse aggregate volume concentration, was 
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documented. It had previously been postulated that the load 

above which AE activity increased was always in excess of 

o pr . The tests performed showed that cracks may form and 

propagate at loads lower than o pr particularly with mixes 

containing high proportions of coarse aggregate. 

The typical trend in the literature found was the 

study of acoustic emissions from concrete in uniaxial or bi

axial compression and of little significant interest to the 

present investigation. Previous study of the acoustic emis

sions associated with corrosion induced cracking in concrete 

(13) showed that: 

1. Significant AE activity occurs prior to visible 

crack formation on the accelerated corrosion specimen. In 

addition, based on potential measurements indicating the 

presence of corrosion, AE techniques are capable of detect

ing corrosion induced cracking of steel reinforced concrete 

in the naturally corroding state. 

2. The acoustic emissions measured, based on concrete 

specimens without reinforcement, are probably due to inter

nal or external cracks and not to gas evolution within the 

specimen. 

3. The AE signals associated with corrosion induced 

cracking of steel reinforced concrete have a typical pulse 

duration of 0.5 micro-seconds and a frequency range of 

120 kHz to 160 kHz. 
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One should note that certain aspects must be considered 

when interpreting these results. These are: 

1. The typical transducer used during these experi

ments was the Dunegan Endevco Model Sl40B/HS type. These 

transducers are a quasi-resonate type and might well have 

introduced the stated frequency characteristics since they 

were not taken into account. 

2. The specimen geometry used is relatively small 

compared to the structural dimensions one would encounter 

in a field application. Hence, attentuation characteristics 

of the stress wave propagation would become a significant 

factor for detection on much larger structures. 

Thus ; it is apparent that further characterization of 

the source frequency content and medium propagation is re

quired before practical field applications may be undertaken. 

The specimens mentioned above were of the rectangular pris

matic type (50.8 em by 15.2 em by 15.2 em). It is unknown 

if the acoustic emission frequency content and propagation 

characteristics are a function of structural confinement or 

a typical source characteristic of the corrosion induced 

cracking phenomena in concrete. 

To this end, it was decided to investigate the stress 

wave emission phenomena in a structure of more realistic 

physical dimensions. The main objective was to expand the 

physical dimensions such that free field conditions might be 

approximated and end effects minimized. The final test spe-
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cimen type was chosen to be a concrete slab with steel rein

forcement located i n the approximate center. Steel rein

forcement placement was chosen such that it would be con

sistent with construction code requirements for top and end 

cover of the reinforcement steel and generally approximate 

a typical field application. 

The purpose of the present investigation was: 

1. Determination of the acoustic emission frequency 

characteristics of corrosion induced cracking of reinforced 

concrete by deconvolution of transducer frequency character

istics from computed auto power spectrums. 

2. Determination of stress wave propagation velocity 

characteristics of the concrete medium for a realistic type 

structure. 

3. Determination of stress wave attenuation with dis

tance from the source such that a radius of detection may 

be predicted for a known instrumentation application. 

A series of laboratory tests have been performed and 

will be discussed in a future section. Models for the 

acoustic emission source and propagation are presented in 

the next section. A discussion of the findings of this study 

is presented as well. 



II. BACKGROUND MATERIAL 

The following section is divided into two subsections 

which are essentially concerned with material necessary for 

a general understanding of the acoustic emission phenomena. 

Section 2-1 deals with theories and applications of acoustic 

emission monitoring and section 2-2 is concerned with theo

retical source and propagation models for the stress wave 

emission. 

2-1. Principle of Acoustic Emission Measurement 

Acoustic emission, as defined earlier, can be consi

dered as a .transient elastic stress wave emitted by some de

formation mechanism. Such emissions can come from several 

phenomena, for example (14): 

1. plastic deformation (dislocation movement, grain 

boundary slip, twinning, etc •.. ) 

2. phase transformations (Martensitic, etc ... ) 

3. crack initiation and growth (the latter releasing 

more irreversible energy which is the primary objective of 

the present investigation). 

The parameters which are typically used to character

ize the acoustic emission event are schematically illustrated 

in Figure 2-1. These are: 

A - Peak Amplitude 

D - Signal Duration 
7 
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A - Peak amplitude 

D - Signal duration 

N - Number of counts 
per event 

U - Energy (proportional to D 
the amplitude squared) 

T - Arbitrary threshold 

Figure 2-1. Acoustic Emission Signal Parameters (after 14) 
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N - Number of Counts per Event 

R - Rise Time 

U - Energy (proportional to the amplitude squared) 

T - Arbitrary Threshold 

Several processing techniques can be established once 

these values are measured. The definitions of each technique 

are elaborated in the following text. 

A. Signal and Ringdown Counting 

Ringdown counting is one of the most widely used me

thods to characterize acoustic emission signals (14). This 

is accomplished by fixing a threshold value to eliminate 

backgroung noise and then digitally measuring the number of 

threshold crossings. 

For this method, the needed acoustic emission instru

mentation is represented in Figure 2-2 in block diagram. 

The following items are included: 

1. Transducer - a piezoelectric ceramic device coupled 

to the specimen surface which converts stress waves to low 

level, high impedance voltage signals. 

2. Preamplifier - located near the transducer whose 

functions are to amplify the signal, eliminate environmental 

disturbances, and to condition the signal for transmission 

over long cable distances. 

3. Filter - used to eliminate low frequency mechanical 

and electromagnetic noise. 



Preamplifier 
w/filter 

Transducer 

Variable 
amplifier 

Threshold 
detector 

T 

Counter 

Figure 2-2. Ringdown Counting Acoustic Emission Instrumentation (after 14) 

...... 
0 
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4. Variable Amplifier - total amplification may be 

as much as 100 dB. 

5. Threshold Detector - eliminates background noise 

by rejecting signals below a fixed threshold (see Figure 2-2). 

6. Counter - used to establish the total number of 

threshold crossings by summation. 

Ringdown counting characterized the AE signal by the 

number of threshold crossings per event. The drawbacks 

include high sensitivity to peak amplitude, relative thresh-

old, and the attenuation properties of the medium. Although 

ringdown counting has the advantage of simplicity and prac-

tical effectiveness, it should be mentioned that a consider

able amount of information contained in the emission signal 

cannot be extracted by this method. This point will be dis-

cussed further in the Amplitude Distribution section that 
. 

follows. For resonant type transducers, ringdown counting 

can be influenced by the damping of the transducer as well 

as the damping associated with the source mechanism. 

B. Accumulated Activity and Count Rate 

Two properties which can be extracted by ringdown 

counting are the accumulated activity and count rate. They 

are defined as follows: 

1. Accumulated Activity (N) - the total number of 

counts or threshold crossing observed from multiple events 

during a specific time span. 



12 

2. Count Rate - the number of counts per unit of time 

generally selected by the operator. 

Here again, both of these measured quantities show the 

same sensitivity to amplitude, threshold setting, and atten

uation as ringdown counting. 

c. Amplitude Distribution 

One of the more impressive factors associated with 

acoustic emission monitoring is the wide dynamic range of 

the signals observed. This wide range is produced by the 

range of physical magnitudes of the deformation events 

(microscopic to macroscopic) , compounded by a widely ranging 

conversioq efficiency (15). Here, by "conversion efficiency", 

it is meant the relative fraction of total energy flow that 

is actually converted into stress wave emission. The dyna

mic range of amplitudes, as well as its suitability for 

physical interpretation and theoretical modeling, lead to 

signal amplitude being recognized as a potential descriptor 

for the acoustic emission phenomena a long time ago. 

In general, distribution functions describe the statis

tical spread of amplitudes for a finite set of emission 

events. By examination of the relative number of events at 

different amplitude values, one can obtain useful information 

for distinguishing between individual failure mechanisms. 

This is accomplished via the power law model proposed by 

Pollack (15). The measured cumulative distribution function 
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~(V) which is proportional to the measured function and 

represents the probability that an emissions amplitude 

exceeds the voltage V. For the power law model ~(V) 

takes the form: 

~(V) = (V/V )-b 
t 

where ~(V) = Probability that an emissions voltage 

exceeds the voltage v. 

v = arbitrary voltage level greater than vt 

vt = lowest voltage level to be considered 

or the threshold voltage. 

Quite often, when the experimentally measured distri-

bution functions are plotted on a log vs. log axis, they 

have approximately linear slopes as predicted by power law 

model. Because the proportionality between F(V) and ~(V) 

is dependent on the total number of events measured, the 

measured slope is influenced by the instrumentation display 

characteristics. The procedure recommended by Dunegan and 

Endevco (acoustic emission monitoring device manufacturer) 

to obtain the actual value of b is to divide into 20 the 

number of dB on the amplitude axis that is required to drop 

one decade of events for the measured distribution function. 

This procedure was used exclusively throughout the present 

investigation to obtain b values from measured data. 

It is interesting to note that if a deformation process 

proceeds by a small number of large steps, then b has a low 
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value for this model. Conversely, if the deformation pro

ceeds by a large number of small steps, then b has a high 

value. Measured values of b commonly range between 0.4 

and 2.0 (16) (see Table 1 in (15) for b values of common 

materials and deformation processes). 

A useful feature of this type of model is that the b 

value does not change if the amplitudes of all emissions are 

changed by the same factor. Hence, for a single source mech

anism this implies the characteristic b value will remain 

unchanged by the relative distance from the AE source (8). 

A test to verify this assumption was performed and will be 

discussed in future sections. 

As was mentioned previously, amplitude distribution 

influences measured AE data. In fact, it was recognized 

during several investigations that amplitude distribution 

can have a profound effect on AE source detection and loca

tion (8) I (15) I (16) I (17) 1 (18) • 

The condition for detection in all AE source location 

systems and in more simple types of AE instrumentation is 

that the signal amplitude exceeds a predetermined threshold 

voltage. From a signal processing standpoint, this makes 

amplitude the single most important signal attribute. 

The amplitude distribution, if regarded as a source 

mechanism property, determines how measured data is influ

enced by a change in the effective sensitivity of the measur-
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ing equipment. If an emission waveform is assumed to be 

described by an exponentially decaying sinusoid: 

V = vi exp(-t/T) sin 2Tift 

where 

V = decaying sinusoidal voltage 

V. = peak voltage amplitude 
l. 

T = exponential decay constant 

f = frequency of damped sinusoidal 

then, assuming V· l. are distributed according to the power 

law described above, it is possible to calculate the number 

of ringdown counts registered above a detection threshold 

voltage ~t for a given set of emissions. For a set of 

emissions comprising of P events with amplitudes in excess 

of V
0 

the total ringdown count is given by the expression 

( 17) : 

where 

N(Vt) = number of ringdown counts processed 

for P events 

P = number of events processed 

b = characteristic slope associated with 

the power law distribution 

T = exponential decay constant associated 

with damped sinusoidal voltage signals 

f = frequency of damped sinusoidal voltage 
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v = arbitrary voltage level 
and 

0 

vt = threshold voltage level. 

The above expression provides a first approximate 

theoretical relationship between ringdown counts and system 

gain. It is important to note for this expression that 

ringdown counts are affected by processing parameters such 

as threshold voltage and effective system gain, as well as 

the source mechanism b value characteristic assumed in the 

power law model. Another paper (17) provides a detailed 

mathematical development, gives supporting experimental 

evidence, and describes the implications of the model more 

fully. A similar analysis was performed independently, at 

about the same time, by Brindley, Holt and Palmer (18) of 

the Central Electricity Research Laboratories in Erigland. 

The effective sensitivity of an AE system to a remote 

source is both a function of system parameters as well as 

the attenuation of the stress wave during propagation from 

source to sensor. For a wave that attenuates according to 

r-n, where r is the distance from the source, the number 

events N can be described through the relation (20): 

where 

and 

Na v -b d-nb 
t 

vt = detection threshold 

d = sensor spacing 

b = amplitude distribution parameter. 
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Here, detection is a function of threshold voltage, 

distance from source, and attenuation characteristics of the 

propagation medium, as well as the b value characteriza

tion of the source mechanism. 

The behavior of a source location system can be signi

ficantly affected by the amplitude distribution characteri

stics of the source mechanism as well (15). In a typical 

source location system, differences in time of arrival from 

several transducers at varying distances from a potential 

source location are used to locate the source in a plane (20). 

As implied by the previous case, signal attenuation will re

sult in smaller amplitude events being detected at only one 

or two transducer locations. These events, not being loca

table, will typically be rejected. The number of invalid 

events will be a greater or lesser proportion of the whole 

depending on signal attenuation, transducer spacing, as well 

as the b value of the source mechanism. In general, hold

ing other parameters constant, a source mechanism such as 

sub-critical crack growth with a low b value will be highly 

locatable, whereas a source mechanism with a high b value 

such as plastic zone growth will yield a large number of 

invalid events (15). 

D. Accumulated Energy and Energy Rate 

Acoustic emission energy is typically defined as the 

square of the event smplitude in arbitrary units (13). 
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Hence, the accumulated energy may be defined as the sum of 

the energy emitted for all events during a specific time 

span and energy release rate as the sum of the energy emit

ted by all events observed per unit time (12). 

As is the case for most AE monitoring, these values 

are dependent on the amplitude of the detected acoustic emis

sion events. Hence, the previous discussion on detectability 

of AE signals because of attenuation, threshold, etc. applies 

in this case also. 

E. Location 

As was mentioned earlier, by using several transducer 

channels and measuring different arrival times (~t) of the 

acoustic emission events, it is possible to locate emission 

sources. Two basic techniques have been developed and are 

described as follows: 

1. Linear Location - This is shown in Figure 2-3a and 

utilizes difference in arrival times at two transducers to 

locate the emission source on a line. 

2. Planar Location - Two transducers will only pro

duce a possible location on a hyperbolic curve (Figure 2-3b) • 

Planar location requires a minimum of at least four trans

ducers to triangulate on the source location (Figure 2-3c) . 

Accurate planar location is usually attained by this method 

but requires a computer to implement the position solution 

algorithm. 
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a. Linear location 

b. Planar location using two transducers 

• 

• 
c. Planar location using four transducers 

Figure 2-3. Basic Techniques Used For 
Source Location (after 14) 
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There are several possible sources of error inherent 

in source location techniques. The source location requires 

knowledge of the structure geometry, transducer positions, 

expected wave velocity, and the measured realtive arrival 

times (14). 

Structural geometry is generally assumed to be fairly 

simple such that a straight line path, i.e. projection of 

the source position to the transducer location on to the 

structure surface, traveled by the stress wave remains un

broken (14), (20). 

For the case of the transducer, location accuracy is 

inherently limited by the active su~face area of the trans

ducer {i.e. the smaller the area the less the inherent ac

curacy) (20). If the planar location is required, the number 

and arrangement of transducers determines the spatial reso

lution and the extent to which regions of ambiguous solutions 

may occur (Figure 2-4). Also, as mentioned previously, the 

arrangement of transducers may affect considerably the detect

ability of emissions. 

Errors incurred during measurement of arrival times at 

transducers are primarily due to dispersion phenomena with 

effects such as phase uncertainty and superposition of mul

tiple events being secondary (20). 

One might expect that the proposed concrete structure 

would be a dispersive medium. Although engineering materials 

at normal operating temperatures are typically nondispersive, 
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,..~ Regions with ambiguous 
i solutions 

J,-.:J 
0 Transducer 

Figure 2-4. Regions of Ambiguous Solution for 
Planar Location Using Three Trans~ 
ducers (after 20) 
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geometrical boundary conditions applied to solids, in par

ticular beams and plates (21), make the resultant shape dis

persive. This implies that one might expect the pulse to 

be spread out into an FM signal with both frequency and am

plitude varying with time at the receiver. 

The propagation of acoustic waves in a solid medium 

is a complex problem. Expected wave velocities will be pre

sented under the title Rayleigh Wave Propagation in the next 

subsection 2-2. 

In conclusion, typical presentations of acoustic emis

sion time domain data incorporate plots of a measured AE 

parameter such as accumulated activity, count rate, accumu

lated energy, energy rate, etc., as a function of some exter

nal physical parameter such as stress, load, strain, strain 

rate, pressure in the case of pressure vessels, or time. In 

this way, AE activity may be correlated with a more common 

indication of material behavior and helps to establish cri

teria for AE activity as a function of structural integrity. 

Proof load testing and determination of previous states of 

stress within a material are also made possible by these 

correlations (10), (12). 

Typically, source location monitoring is presented as 

number of events, accumulated activity, count rate, accumu

lated energy or energy rate as a function of source location. 

In this way, flaw location may be determined and the extent 

of damage evaluated. 
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F. Parametric Discrimination 

Parametric discrimination, as the name implies, en

tails source characterization by any of the various acoustic 

emission parameters. Once a known source mechanism has been 

identified by the characteristic stress wave parameters pre

viously mentioned, incoming real time emission data is com

pared to known characteristics via a computer and rejected 

or accepted into the database as deemed appropriate. Some 

AE parameters and their associated discrimination criteria 

are as follows: 

1. Amplitude distribution - The acceptance criteria 

would be a statistical peak amplitude window for which am

plitudes less or greater than the specified window are re

jected. 

2. Pulse duration - This can be used to discriminate 

in any of the distribution modes, i.e. counts, amplitude, 

energy, etc., and in spatially filtering ringdown counting. 

Here a window of projected pulse widths is used for compari

son and rejection. 

In general, parametric discrimination is application 

dependent and resulting software development is for indivi

dual applications. Much care should be exercised, as should 

be apparent from the discussion on affects of attenuation, 

threshold, and b value on the detectability of a signal, 

when this type of approach is used. 
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2-2. Source and Propagation Models 

As was mentioned earlier, the generation and propa

gation of sound in a solid medium is a complex problem. 

Much investigation has been devoted to the study of source 

mechanisms and propagation behavior of the acoustic emis

sion phenomena. This work has been prompted, in part, by 

the need for accurate transducer calibration to describe 

the AE phenomena. The need for determining propagation 

behavior should be quite apparent from the discussion on 

source location as well as its being helpful in determining 

instrumentation characteristics. 

In general, there seems to be no consensus of opinion 

about the source pulse waveform as the acoustic emission 

stress wave leaves the source. Curtis (22) has suggested 

that, in a bounded system, the acoustic pulse loses its iden

tity if it is of sufficient duration and bandwidth to stimu

late the natural modes of vibration of the system. This hy

pothesis is supported by Oho and Uciski (23) who analyzed 

frequency spectra from compact tension fracture toughness 

specimens of three high strength aluminum alloys. They con

cluded that most of the fine structure of the frequency spec

tra is associated with either the resonance of the specimen 

or the transducer. This view is also supported by Stephens 

and Pollock (24). They propose that the source waveform is 

essentially broadband and the structural response and trans

ducer ringing largely determine the waveform of the observed 
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pulse and obscure the nature of the source pulse. 

In contrast, Graham and Alers (25) showed that for a 

A533-B low steel alloy, not only are different spectra ob

served at different stage~ of a tensile test, but also that 

emissions could be observed near failure, which are consecu

tive (occurring only three milliseconds apart) yet have en

tirely different spectra. They were able to relate low fre

quency emissions with crack extension and high frequency 

emissions with plastic deformation. In addition, it was 

reported that there was no apparent change in the frequency 

content of the wave after multiple internal reflections. 

Subsequent studies on various specimen types showed that the 

spectra did not depend upon specimen geometry except for de

tails in the spectra at lower frequencies caused by specimen 

resonances. It is not apparent to what extent these results 

are compatible with Curtis' hypothesis, but the fact that dif

ferences in the spectra were observed is encouraging. 

Other investigators (26) have found, when working with 

tensile loading of 70-30 yellow brass and HF-1 Steel speci

mens, that the frequency of acoustic emissions is dependent 

on the elongation (i.e. strain) of the specimen as they were 

produced. They concluded that: 

1. The major components of acoustic emission signals 

are confined to a spectral region below 1 MHz with a large 

number of materials exhibiting sharp peaks between 100 kHz 

to 150 kHz. 



26 

2. Acoustic emission frequency spectra variation can 

be correlated to the variations in the deformation mechanism 

with higher frequency components being associated with high

er strain rates and vise versa. 

It should be pointed out that the results presented 

appear to be independent of materials, transducer, specimen 

geometry and frequency analysis technique. While it is pos

sible that some of the detailed features of the observed 

spectra can be explained in terms of transducer resonances, 

these resonances do not occur as successive harmonics of a 

fundamental frequency, but rather in a random manner. Hence, 

the authors contend that these peaks are seen only because 

energy at or near these particular frequencies is present in 

the elastic stress wave and variations in the spectra direct

ly reflect differences in the AE generator mechanism. 

As one can see from the above discussion, emission 

waveforms may carry significant information about the fine 

structure of the source event but much work is required be

fore it is possible to give a stage by stage description of 

deformation processes by interpreting measured acoustic emis

sion frequency spectra. Modal density of structure resonan

ces, spatial coupling of the source location as well as the 

sources spectral components can all contribute to the emis

sion signals spectral energy distribution as seen by the 

transducer. The major factor leading to the inconclusive

ness of this approach is the unknown extent to which modal 
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conversion of the original source spectra occurs. 

A. Source Model and Representation of the Failure Event 

The energy that is eventually converted to a stress 

wave results initially from a local release of energy at 

a point in a reservoir of stored elastic energy. When con

sidering the transference of energy during the emission 

process, Pollock (16) employed a simple spring mass model 

(Figure 2-5). The model consists of a mass held in tension 

between two springs of equal length whose other ends are 

fixed. The springs would initially have equal spring con

stants and the extension of the combined springs is fixed 

at X. If one of the springs is instantaneously weakened 

such that its spring constant changes to (K - oK), then the 

mass will start to oscillate about a new equilibrium position 

defined as the distance s from the old one. Damping forces 

not represented in the model would eventually bring the mass 

to rest. The following results are derived to the first 

order in oK/K from this model: 

Displacement to the new equilibrium position is given 

by 
s = ~ • oK/K • X • 

Reduction in tension in the springs at the new equili

brium position is given by 

~ • oK • X . 
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(after 16) 
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The difference between the initial and final equili-

brium stored energy is 

~E(static) = ~ • oK • X2 
, 

and the peak energy acquired by the mass is 

E(kinetic) = 1 
8 

< oK) 2 

K 

One should note that, while the first three terms are 

proportional to oK, the last term is proporational to oK 

squared. Hence, the kinetic energy propagated, expressed as 

a fraction of the overall change in stored elastic energy, 

increases as the instability caused by the instantaneous 

change in stiffness increases (i.e. E{kinetic)/E(static) = 

oK/K). 

This model serves as a simple but useful analogue of 

an acoustic emission event. Pollock goes on to describe a 

small, brittle crack front movement as a two stage process. 

First, the crack front advances very rapidly altering the 

specimen compliance and disrupting the equilibrium of local 

stresses in the material. Secondly, the mechanical equili-

briurn is restored by propagation and decay of an elastic 

stress wave. Pollock {16) proposes, as a first approxima-

tion, that one can expect the amplitude of an individual 

emission to be proportional to the incremental extension or 

load drop associated with the deformation event. Here, the 

change in stored elastic energy would also be proportional 

to the incremental extension or load drop. Hence, Pollock 
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concludes that larger deformation events produce a higher 

relative yield of acoustic emission energy. The model was 

elaborated on and extended by Stone (8) to take into account 

the energy emanating from the decaying oscillations of the 

nearby material. 

B. Nature of the Source Pulse 

So far, it has not been possible to obtain any data 

regarding the stress wave emission pulse as it leaves the 

source. To acquire a better understanding of the form of 

this wave, one must consider the fundamental constraints 

that the stress wave must satisfy. These constraints are 

implied qy the nature of acoustic emissions resulting from 

irreversible plastic deformation of the test material. 

After reverberations of the emissions have decayed, the spe

cimen is longer and/or the applied stress is lower. Pollock 

and Stephens (24) contend that it is reasonable to believe 

that the emitted stress wave is of such a form as to contri

bute to these changes. 

Egle and Tatro (27) have suggested that the source 

stress waveform is oscillatory (Figure 2-6c), having a well 

defined frequency peak in its spectrum. On the other hand, 

Pollock and Stephens believe that the source stress waveform 

has an essentially broadband frequency spectrlli~. To illu

strate how the source pulse will or will not meet the physi

cal constraints mentioned earlier, Pollock and Stephens em

ploy the three simple waveforms (Figure 2-6). 
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a. Step Pulse 

b. Pulse Waveform 

c. Oscillatory Waveform 

Figure 2-6. Simple Waveforms 
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Here, the oscillatory stress wave form (Figure 2-6c) 

would be associated with a pulse displacement waveform of 

the type illustrated in Figure 2-6b. They assert that this 

model does not satisfactorily represent an acoustic emission. 

Similarly, after several successive reflections, the dis

placement pulse will decay and not contribute to any net 

change in specimen length. 

If the stress wave form is considered to be a stress 

pulse (Figure 2-6b) associated with a step placement pulse 

(Figure 2-6a) , then it can be considered to represent a 

finite, constant change in the mean stress level within 

the specimen as it propagates. As high frequency components 

are attenuated (dashed line of Figure 2-6b) , this change is 

distributed more widely over the specimen. After reverbera

tions have ceased, the static stress level in the specimen 

is incremented or decremented for a negative pulse. Consi

deration of the effect of propagation of the step displace

ment pulse leads to a similar conclusion that the specimen 

length is incremented or decremented. 

Pollock and Stephens (24) conclude that, in general, 

the acoustic emission source wave is fundamentally a pulse

like function of stress. Oscillatory components may be 

superimposed on .the stress pulse as a kind of fine struc

ture, but they alone do not satisfy the physical constraints 

which are required. The distinction made is significant in 

so far as it affects the frequency spectrum of the source 
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wave. Here the Fourier spectrum of a stress pulse waveform 

has a maximum value at zero frequency whereas the spectrum 

of the oscillatory stress wave falls to zero at low fre

quencies. 

If a Gaussian pulse shape is assumed, the following 

results are obtained: 

1. The frequency spectrum of emissions are broadband 

extending from zero up to a frequency which is inversely 

proportional to the duration of the source event. 

2. For a given value of a displacement step, the 

energy carried by the wave is also inversely proportional 

to the duration of the source event. 

3. Finally, the value of the energy spectrum at low 

frequencies is determined only by the height of the dis

placement step and the elastic properties of the medium. 

These features of the presented model are generally 

consistant with practical experience. The zero frequency 

component of the emission spectrum is possibly related 

directly to the sudden drop in load which often accompanies 

sudden crack growth or other types of mechanical deformation. 

For tensile tests on many types of material, the acoustic 

emission rate rises to a maximum during yield (7), (28). 

Also, noises from growing cracks are often detectable by ear 

indicating the presence of low frequencies. These facts 

tend to support the model proposed by Pollock and Stephens 
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that the emission source wave has a broadband spectrum and 

carries appreciable energy at low frequencies even though 

they are typically filtered out in most applications. 

C. Stress Wave Propagation 

Although there is much debate involved with the fre

quency content of the stress wave signal as measured at the 

transducers, many investigators have proposed that, where 

surfaces may be encountered, propagation of Rayleigh waves 

or Lamb waves may be expected (8), (20), (21), (25), (29-31). 

Figure 2-7 illustrates how a stress wave emission can be 

expected to propagate to induce surface waves. Factors which 

might affect the stress wave propagation in real structures 

are ( 29) : 

1. Surfaces, as mentioned before, which create re

flections and formations of surface wave~. 

2. Grain boundaries, microcracks, inclusions, etc. 

that can induce scattering and diffraction. 

3. An isotropy which can cause distortion in the 

spherical wave packet (Figure 2-7c) to an elliptical one 

due to the differences in wave velocity in different direc

tions. 

4. Inhomogeneities, such as aggregate and reinforce

ment steel, which distort the waveform. 

5. Non-linear elastic behavior which can be respon-
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sible for damping and dispersion. 

Although in a reinforced concrete slab one can expect 

the medium to be i nhomogeneous, anisotropic, as well as 

being dispersive (dispersion largely being due to geometric 

constraints and not associated with the material), most in

formation about propagation can be obtained by investigating 

Rayleigh wave propagation in an isotropic elastic half space. 

This is prompted both by expressed belief that AE signals 

are, in most cases, mainly surface waves (Rayleigh or Lamb) 

as well as the fact that Rayleigh waves have been shown to 

exist in plate structures experimentally (20). 

A detailed mathematical formulation of both Lamb waves 

in an isotropic plate and Rayleigh waves in a half space can 

be found in (30). Only a general outline will be presented 

in the following development. It should be pointed out that 

Rayleigh waves are a special case of Lamb waves such that 

mode fields are tightly bound to the surface, decaying ex

ponentially from the surface to interior, and where the in

terior of the plate remains essentially undisturbed. 

D. Rayleigh Wave Propagation in a Half Space 

In an infinite medium elastic stress waves propagate 

in two basic forms, each with a characteristic velocity de

pending on the density and elastic constants of the medium 

(30), (31). The two forms are longitudinal waves and trans

verse waves (Figure 2-8). The particle motion in a longitu-
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dinal wave is parallel to the wave propagation direction 

and consists of local compression and rarefraction of the 

media. Transverse waves have particle motion perpendicular 

to the wave propagation direction and do not propagate in 

liquids or gases. 

When a surface or boundary is introduced, i.e. in a 

half space, the longitudinal and transverse waves combined 

in the region close to the surface such that the resultant 

particle motion is neither purely longitudinal or transverse 

(Figure 2-9). This is caused by the coupling of transverse 

and longitudinal displacements in accordance with Poisson's 

ratio of the material. This type of surface wave is called 

a Rayleigh wave and its velocity, which can be calculated 

from the physical constants of the material (30), is gener

ally less than that for either of the bulk waveforms. 

In a media bounded by two surfaces, i.e. a plate, the 

field pattern of the surface wave on the upper boundary has 

a small residual amplitude at the lower boundary and vise 

versa. These small residual amplitudes cause a coupling of 

the waveforms at the surfaces to produce the two basic modes 

called the symmetric (So) and asymmetric (Ao) wave modes. 

Here, the particle displacement is either longitudinal (So) 

or transverse (Ao) in the plate center line (Figure 2-10) • 

As wavelengths become shorter relative to the plate thick

ness, higher order symmetric and asymmetric modes are possi

ble, each with a characteristic group velocity dependent on 
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the plate thickness (20). The proper wave solutions for the 

coupled surface wave problem would be related to the funda

mental syrrunetric and asymmetric Lamb wave modes (30). For 

a fixed plate thickness, the coupling mentioned above would 

cause dispersion to take place which would not be accounted 

for in the Rayleigh wave model. 

E. Rayleigh Wave Attenuation 

The surface wave described above can be attenuated by 

several mechanisms. First, if surface loading occurs due to 

the presence of a gas or liquid above the substrate surface, 

energy can be radiated into the fluid as compressional waves 

(30) . Hence, the Rayleigh wave is attenuated by virtue of 

the power lost in this way. Another important attenuative 

factor is the surface wave attenuation associated with a 

glossy substrate material for which damping is the primary 

cause. Finally, surface roughness of the substrate material 

can cause energy to be scattered from· a Rayleigh surface 

wave into longitudinal and transverse plane waves propaga

ting into the substrate (30). When considering the rein

forced concrete slab proposed for attenuation measurements, 

one would expect that all three factors mentioned would 

contribute to the overall attenuation. 



III. EXPERIMENTAL PROCEDURE 

Two basic forms of instrumentation were used during 

this investigation. A test was performed to verify the 

assumption that the b value characteristic described by 

the power law model will remain unchanged as a function of 

distance from the AE source location. A second test was 

performed to obtain information about the frequency content, 

propagation velocity, and attenuation with distance associ

ated with the stress wave emission from corrosion reduced 

concrete cracking. The instrumentation for each test will 

be presented individually in the following text. 

A. Specimen Construction 

Two test specimens were constructed using vendor sup

plied 3000 psi concrete and standard #4 steel reinforcement 

(Figure 3-1). The physical dimensions and construction 

characteristics for each test specimen are presented in 

Table 3-1 and the concrete design mix is given in Table 3-2. 

In order to promote and contain steel reinforcement 

corrosion to a localized area, a 6.0 x 6.0 x 5.75 inch resin 

coated bath containing seawater was positioned over the ap

proximate geometric center of the rebar on the top surface 

of the concrete specimen (Figure 3-2). This provided, after 

sufficient electrolyte diffusion, a continuous electrical 
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TABLE 3-1 

CONCRETE SLAB SPECIMEN CONSTRUCTION 

SPECIMEN 1 

Physical Dimensions 

Longitudinal Dimension 

Lateral Dimension 

Transverse Dimension 

Reinforcement 

Reinforcing Steel 

Location 

Cover 

SPECIMEN 2 

Physical Dimensions 

Longitudinal Dimension 

Lateral Dimension 

Transverse Dimension 

Reinforcement 

Reinforcing Steel 

Location 

Cover 

8 ft. 

8 ft. 

4 in. 

- standard #4 (~" diameter) 
7 ft. 8 in. long 

- refer to Figure 3-1 

- Top: 2. 5- in. 

Sides: 2.0 in. 

8 ft. 

8 ft. 

4 in. 

- standard #4 (~" diameter) 
3 ft. 8 in. long 

- refer to Figure 3-1 

- Top: 3 in. 

Sides: 2.167 ft. 

NOTE: For both specimens a wire lead was attached and 

epoxy covered at one end to allow for potential 

measurement and impressed current application. 
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TABLE 3-2 

CONCRETE DESIGN MIX 

For 1 Cubic Yard of 3000 PSI (Ready Mix) Concrete 

MATERIAL 

Type I Portland Cement 

3/4" (maximum diameter) 

Limestone Coarse Aggregate 

Ground Concrete Screenings 

Admix (Air Entrainment Agent) 

Water 

Water ·- Cement Ratio 

45 

QUANTITY 

442 lbs. 

1600 lbs. 

1503 lbs. 

6 oz. per 100 lbs. 
cement 

21 gallons 

0.38 



46 

4" I 5.75" 14' '"i + 

·--~--------~~--------~ -t ----------------------
t 

#4 reinforcement steel 

14' ---~-4------ 4' --

Puddle frame 

#4 reinforcement steel 

Figure 3-2. Puddle Frame Construction 



47 

path be tween t h e steel reinforcement and electrolyte. The 

electrolyte was obtained from the Beach Laboratory at Flori

da Atlantic Univ ersity and was replaced approximately every 

48 hours. 

In order to accelerate corrosion such that testing 

could be completed in a reasonable time frame, the steel 

reinforcement was coupled through a Balintine digital am

meter to the positive terminal of a variable direct current, 

constant voltage power supply. The negative terminal, in 

turn, was connected to a galvanized steel sheet placed in 

the seawater to provide a ground plate. This is represented 

schematically in Figure 3-3. 

B. Instrumentation 

The following acoustic emission monitoring components 

were used in this investigation: 

1. Dunegan/Endevco Model 59204 Transducers - a high 

sensitivity, piezoelectric ceramic transducer typically used 

for low amplitude signal analysis. 

2. Dunegan/Endevco Model 1801 Preamplifier - a fixed 

gain (40 dB) signal conditioning preamplifier having a noise 

level less than 5 ~V rms. The preamplifier also contains 

a filter, either bandpass or highpass, with fall off values 

of 30 dB per octave for the bandpass filters and 48 dB per 

octave for the highpass filters. 
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3. Dunegan/Endevco Model 302A Dual Signal Condi

tioner - provides a selectable 0 dB to 60 dB voltage gain, 

adjustable in 1 dB increments, which when operated in con

junction with the Model 1801 preamplifier provides a total 

system gain of up to 100 dB for two channels. 

4. Dunegan/Endevco Model 303 Dual Counter - provides 

two independent counting functions with each counter record

ing from 0 to 999,999 counts. 

5. Dunegan/Endevco Model 921 Amplitude Detector -

characterizes the received AE signal according to peak ampli

tude. For a digital pulse train, the sensitivity is one 

pulse (count) per dB referenced to 100 ~V. 

6. Dunegan/Endevco Model 920 Distribution Analyzer -

provides the ability to quantify each AE event based on a 

preselected parameter: counts per event, pulse width, am

plitude, or energy. The Model 920 also has the capability 

to quantify time of arrival differences and provides linear 

location of an AE source. 

7. Dunegan/Endevco Model 922 External Memory- oper

ates in conjunction with the Model 920 to allow simultaneous 

distribution analysis of more than one parameter of received 

acoustic emission signals. 

Not all the above equipment was incorporated duri~g 

any one individual test. Hence, the instrumentation for 

each test condition will be presented separately. 
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c. Test #1 - Amplitude Distribution Monitoring 

As was stated previously, one objective of the present 

investigation was to verify the unchanging b value charac

teristic inferred by the power law model as a function of 

distance from the source. To this end, amplitude distribu

tion of the acoustic emissions present during the impressed 

current induced concrete cracking were monitored at three 

consecutive positions simultaneously. The instrumentation 

set-up and typical transducer positioning are represented 

in Figures 3-4 and 3-5, respectively. 

The acoustic emission from the specimens during this 

type of testing were detected using two or three Dunegan/ 

Endevco (D/E) 89204 transducers. These transducers are 

designed for acoustic emission applications requiring high 

signal to noise ratio. The transducers were acoustically 

coupled to the top surface of the test specimen under obser

vation with Dupont silicon sealant. 

The electrical output signals from the transducers 

were amplified by a 40 dB gain Model 1801-190B preamplifier 

(bandpass filtered nominally from 100 kHz to 350 kHz) and 

passed to the input terminals of a Model 920 amplitude de

tector. The amplitude detector output for each transducer 

was passed via an internal bin circuit to a Model 303 dual 

counter function to record counts and to a Model 922 exter

nal memory or the Model 920 internal memory operating in the 

amplitude mode to record the digital distribution of peak 
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amplitudes. Hence, any signal having an amplitude greater 

than the arbitrary trigger threshold was included in the 

distribution for which counts were also available. The 

threshold setting ranged from 25 dB to 40 dB but was kept 

constant for all channels operating during any time span. 

The amplitude distribution information was plotted on 

a X-Y recorder in the log-sum mode which produced cumulative 

distributions for each channel. The time span for which 

plots were made, as dictated by the memory capability of 

the Model 922 external memory or the Model 920 internal 

memory, varied according to the AE activity present in the 

concrete specimen. 

D· Test #2 - Frequency Content, Propagation Velocity and 

Attenuation with Distance 

The same basic instrumentation set-up was used for 

determining all three of these characteristics (Figure 3-6). 

Typically four channels consisting of a S9204 transducer 

acoustically bonded with silicon sealant, a Model 1801-190B 

preamplifier, and a Model 302A dual channel signal condition

ing channel were used. The output of each Model 302A ampli

fier channel was recorded on an individual track of a Racal 

store 4DS scientific recording system using Ampex 797-lSOWll 

broadband precision magnetic tape. At this point, one should 

note that the variable gain settings of each Model 302A am

plifier channel were adjusted to facilitate taping. In other 
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words, the gain applied to each channel varied according 

to the distance of the transducer from the source to insure 

the compatibility of the voltage level with the selectable 

input voltage level of the recording channel. The tape 

speed used during the recording sequence was 60 in./sec., 

which corresponds to 300 Hz to 300 kHz bandwidth capability 

introduced by the recorder. For a more detailed breakdown 

on the frequency characteristics associated with each com

ponent used in the taping sequence, refer to Table 3-3. 

The voltage signals from each transducer were then 

analyzed, after being passed through a low pass filter, to 

obtain the required information by replaying the signals to 

either a Hewlett Packard (HP)-5451B Fourier analyzer system 

or a HP-5423A structural dynamics analyzer (Figure 3-7). In 

both cases, the analog to digital converter dictated the tape 

replay speed since they were, in general, not capable of di

gitizing at speeds compatible with the recorded tape speed. 

Also, both devices are only capable of acquiring two chan

nels at one time. To overcome this, a tape footage indicator 

was used to insure that the information recorded was genera

ted from the same set of events and the trigger mechanism was 

set to trigger on the closest channel to the source during 

processing. 

In general, several transducer configurations were 

used to estimate propagation velocity and attenuation. The 

configurations were quite similar to the one presented in 
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TABLE 3-3 

INSTRU~ffiNTATION FREQUENCY CHARACTERISTICS 

Equipment Type 

D/E Model 1801-190B 
preamplifier 

D/E Model 302A dual channel 
signal conditioner 

Racal Store 4 DS recorder 
with AM cord at 60 in./sec. 
tape speed 

Kron-Hite filter settings 
(low. pass mode) 

Total applicable frequency range 

56 

Applicable 
Frequency Range 

100 kHz 350 kHz 

20 kHz 2 MHZ 

300 Hz 300 kHz 

0.1 Hz 320 kHz 

100 kHz 300 kHz 
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Figure 3-5 in that they were placed on the same transducer 

line, but varied in their relative distance from the source. 

In general, the results obtained for frequency con

tent, propagation velocity, and attenuation with distance 

of the taped signals were obtained by using different 

source types. For this reason, each measurement will be 

considered separately in the following text. 

1. Frequency content of the acoustic emission signal 

The frequency content of the acoustic emission source 

was obtained via auto power spectrums of each individual 

channel. The spectrums were measured as described previous

ly and adjusted for system gain and transducer frequency 

characteristics. 

2. Propagation velocity of the medium 

Two source types were used to estimate the propagation 

velocity of the medium. These were: 

a. Acoustic emission simulation pulser - a source 

voltage generator (approximately 140 kHz voltage signal) 

driving a D/E model Sl40B transducer acoustically coupled 

to the top surface of the concrete specimen with a silicon 

sealant. 

b. Acoustic emissions from cracking concrete. Here, 

only relatively high voltage level signals obtained at the 

closest position were used to compare the relative time of 

travel to further positions from the source. This was done 
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because the attenuation with distance was so large that 

signals at farther positions were undiscernable from the 

acoustic ambient for lower voltage level signals acquired 

at the closest position. 

For case one, the transducer configurations, with 

respect to distance from the source, that were used were: 

a. 3 in., 6 in., 9 in., and 12 in. 

b. 6 in., 9 in., 15 in., and 18 in. 

c. 6 in., 12 in., 18 in., and 24 in. 

For the second case, only one configuration was used 

with the relative position from the estimated source loca

tion being 6 in., 9 in., 12 in., and 15 in. Again, a tape 

counter and first position trigger channel were used to 

insure that the same measured signal was consistent. 

3. Attenuation characteristics of the concrete medium 

Two basic types of excitation were used to obtain pre

liminary attenuation values for the material in question. 

These were: 

a. Acoustic Emission Simulation Pulser - as described 

previously. 

b. Surface impulse with ball peen hammer. 

Since, in general, the actual source strength in each 

case was not available, it was decided to characterize the 

attenuation with distance of the medium by computing auto 

power spectrums of each channel and noting their reduction 
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from position to position. For both cases, a tape counter 

and internal trigger on th~ closest channel were used to 

insure that the second channel acquired had originated from 

the same source and that the signals were the same ones used 

in the other averaging processes associated with the auto 

power spectrums measured. 

In addition, attenuation measurements were made using 

the actual acoustic emissions from the steel reinforcement 

corrosion induced concrete cracking. One should note that, 

due to the highly attenuative nature of the medium, only 

the larger voltage level events were used for attenuation 

measurements. Hence, the attenuation figures obtained 

would be based on approximately the upper ten percent of the 

peak amplitude distributions. 

As was the case with propagation velocity measurements, 

several transducer configurations were used. The breakdown 

is as follows: 

1. Acoustic Emission Simulation Pu1ser Transducer 

Configurations (refer to Figure 3-5) 

a. 3 in., 6 in., 9 in., 12 in. 

b. 6 in., 9 in., 12 in., 15 in. 

c. 6 in., 12 in., 18 in., 24 in. 

d. 12 in., 18 in., 24 in., 30 in. 

2. Surface Impulse Excitation Transducer Configura-

tions 

a. 6 in. , 9 in . , 12 in. , 15 in . 

b. 6 in., 12 in., 18 in., 24 in. 
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c . 1 2 in., 18 in., 24 in., 30 in. 

3. Concrete cracking induced AE source transducer 

configurations of 6 in., 9 in., 12 in., and 15 in. 

In conclusion, one should note that the power spec

trums calculated were not normalized to a one hertz band

width. This, in general, will not affect attenuation values 

since the 6f corresponding to the adjustment 10 log 6 f 

(33) for a one hertz bandwidth was kept constant throughout 

the spectral analysis measurement. 



IV. RESULTS 

Several considerations important to the practical 

application of acoustic emission detection of corrosion 

cracking in reinforced concrete were ascertained with the 

experiments described previously. These are: frequency 

content, b value considerations, propagation velocity, and 

attenuation characteristics. A detailed discussion of 

these considerations is now presented. 

A. Frequency Content 

In general, the acoustic emission frequency charac

teristics were found to be quasi-broadband in nature at the 

transducer for the applicable frequency range. This was 

ascertained by deconvolution of the recording system charac

teristics from the averaged auto power spectrums of the 

acoustic emission signals as described by Michaels, Michaels, 

and Sachse (34). This was accomplished by a direct multi

plication of the digitized inverse of the frequency calibra

tion of the transducer (adjusted by system gains) to the 

corresponding measured auto power spectrum. This in effect 

removed the recording system function R(t) from the result

ing measured voltage function in the expression: 

V(t) = S(t) * G(t) * R(t) 

where 
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v (t) = measured voltage 

s (t) = source function 

G (t) = structural function 
(dynamic Green's function) 

R (t) = recording system function 

* denotes convolution 

Since convolution in the time domain is equivalent 

to multiplication in the frequency domain (35), the result 

is the removal of the measurement system influence. As 

implied by the previous model, the received signal, if 

linearity is assumed, includes effects from the structure 

and recording system as well as from the acoustic emission 

source. Hence, it is unknown whether the spectral compo-

nents appearing in Figure 4-1 are characteristic of the 

source or the structures modal influence during propagation. 

One aspect that must be considered when interpreting the 

spectrums -in Figure 4-1 is the influence of the acoustic 

ambient above 200 kHz. 

Lamb's analysis of plane wave propagation in an in-

finitely wide plate can be used to estimate the effects of 

the smallest dimension of the concrete slab test specimen. 

If one assumes that the emission excites each Lamb 

wave mode over a large range of frequencies, then the sur-

face transducer can be expected to have a large response at 

the frequencies determined by the expressions (36): 
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mVLVs 
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(VL 2 - v 2)~ 
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where 

f = wave frequency 

D = plate thickness 

m = any positive integer 

VL = bulk longitudinal wave velocity 

Vs = bulk shear wave velocity 

and where Xm is defined by the transidential 

equation: 

= 
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One should note the estimated frequencies are asso

ciated with large surface displacement modes such that: 

-+ 00 

where 

Vs = normal surface displacement 
and 

= in-plane surface displacement 

A surr~ary of frequencies, mode and displacement types 

are given in Table 4-1. 

Using values of VL = 14,500 ft/sec ( 4) ( 12) and 

Vs = 10,170 ft/sec (33), the first Lamb wave mode that 

would be , associated with a large surface displacement would 

be at a frequency of 15.3 kHz. Table 4-2 lists the first 

10 frequencies associated with each of the Lamb wave modes. 

As is apparent from Table 4-2, the modal density in the 

frequency band limitations imposed by instrumentation charac

teristics is relatively high. It is a well established fact 

that as the number of resonances in a vibration system with 

damping increases in a particular frequency bans, the re

sponse of the system to harmonic excitation tends to become 

more uniform and less frequency selective (36). Hence, as

suming the source pulse is broadband in nature and is evenly 

distributed among the various Lamb wave modes, one would 

expect that the system response as seen by the transducer 

would not have selective frequency peaks. This was found 



TABLE 4-1 

FREQUENCIES OF LAMB WAVES 

PRODUCING LARGE SURFACE DISPLACEMENTS (after (36)) 

Frequency X Predominate 
Thickness (fmD) Mode Type Displacement 

(2m - 1) 
Vs 

Symmetric Normal -
12 

2m[~] Anti symmetric Normal 

(2·m -l)[~Ll Symmetric Normal 

2m [ ~L] Anti symmetric Normal 

2m [ V2s] Symmetric In-Plane 

( 2m - 1 ) [ V J] Antisymmetric In-Plane 

mVLVs 
Symmetric In-Plane 

(VL 2 - v 2) lo:z 
s 

XmVLVS 
Anti symmetric In-Plane 

(V 2 - V 2) lo:z L s 
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0'1 
00 

fmD m=1 m = 2 m = 3 m=4 m=5 m = 6 m=7 m = 8 

mv5 - 21.6 43.1 64.7 86 • .3 107.9 129.4 151.0 172.6 
12 

mVL 
21.8 43.5 65.2 -

2 
87.0 108.8 130.5 152.3 174.0 

mv5 
15.3 30.5 45.8 61.0 76.3 91.5 106.9 122.0 --

2 

mVLVs 42.8 85.6 128.4 
(VL 2 - V s 2 ) !;~ 

171.2 214.0 256.8 299.6 342.4 

XmmVLVs 
134.5 269.0 403.5 538.0 672.4 806.9 941.4 1075.9 

(VL 2 - V s 2 ) ~ 

TABLE 4-2 

LAMB WAVE MODE FREQUENCIES FOR THE CONCRETE SPECIMEN 

m=9 m = 10 

194.2 .215.5 

195.8 217.5 

137.3 152.6 

385.2 428.0 

1210.4 1345.0 
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to indeed be the case when acoustic emission frequency 

spectra were analyzed. 

B. Amplitude Distribution 

Cumulative distribution functions were measured in 

order to verify that the b-value characteristic of the 

assumed power law model remains unchanged by the relative 

distance from the source of a single mechanism. In general, 

it is realistic that several source mechanisms were pre

sent since the b-value slope varied, in some instances, 

drastically from its assumed linear nature. Although the 

slopes did vary, the final analysis showed that, from posi

tion to , position for any one time span of testing, the 

slopes remained relatively unchanged. This is quite ap

parent in Figures 4-2, 4-3, and 4-4 which are the cumula

tive distributions of measurements on specimen 1 made 1ft., 

2ft., and 3ft. away from the source, as specified earlier. 

In fact, for the 1800 hours of cumulative distribution func

tion data acquired on the two specimens, this type of beha

vior was prevalent. 

In general, it was found that the use of amplitude 

distribution measurement to ascertain the attenuation with 

distance of the elastic stress wave was not feasible. In

accuracies of the measurement system and the presence of 

source mechanisms other than the corrosion induced cracking 

resulted in no apparent shift in the mean value of ampli-
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tudes from position to position. Only by taping the AE sig

nal and controlled replay were attenuation values obtained. 

By controlled replay it is meant that only relatively high 

voltage signals at the closest position to the source were 

used to select the AE signals to be included in the analy

sis as outlined in the experimental procedure section. The 

selection procedure was done in such a way that the atten

uation values measured would correspond to approximately 

the upper ten percent of the amplitude distribution values. 

It was found that for transducers with reasonable proximity 

to the source (refer to attenuation measurements), the slope 

at the upper end of the cumulative distributions tended to 

become lower than the rest of the distribution. This tran

sition from a relatively high to a lower b value was attri

buted to radial crack extension from the reinforcement steel 

as per the discussion on amplitude distribution. 

C. Propagation Velocity 

The surface wave propagation velocity characteristics 

of the medium were measured with two different sources, the 

acoustic emission simulation pulser and the actual stress 

wave emission, as described in the experimental procedure 

section. In both cases, the closest position was used as 

the trigger channel. The resulting time delay for each 

consecutive position was estimated, and for a known separa

tion distance, the propagation velocities were obtained. 
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Two representative time domain acoustic emission signals for 

each of the four positions acquired are presented in Figures 

4-5 and 4-6. 

A data base of 20 individual source events for which 

four positions were acquired were used to estimate the pro-

pagation speeds for each case. The results were as follows: 

1. Acoustic Emission Simulation Pulser 

Mean: 9826.4 ft./sec. Standard Deviation: 958.9 

2. Stress Wave Emission 

Mean: 9188.0 ft./sec. Standard Deviation: 2028.4 

The model presented previously states that the propa-

gation velocity of a Rayleigh wave, since the surface wave 

is neither purely a longitudinal or transverse wave, should 

have a value less than the velocity of either. An approxi-

mate expression for the velocity of a Rayleigh wave in an 

isotropic medium states that (30): 

= 

where 

v = r 

vs = 
and 

\) = 

0.87 + 1.12v 
1 + \) 

isotropic Rayleigh wave 

bulk shear wave velocity 

Poisson's ratio. 

velocity 

The values used for substitution into this expression were: 

= 10,170.6 ft./sec. 

and v ranging from 0.18 to 0.20 (4)(5). 
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The predi cted surface wave velocity values ranged from 

9236 ft. / sec. to 9272.2 ft./sec., respectively. 

Values meas ured were within reasonable agreement with 

predictions. Factors which could have contributed to the 

large deviations in the measured data are: 

1. The time delay values used to estimate velocities 

were measured by the arrival of the front of the pulse. 

Since, in several cases, this point was not clearly defined, 

error was introduced by nature of the estimated time delay. 

2. In the case of the actual elastic stress wave 

measurement produced by concrete cracking, the exact loca

tion of the source was unknown. Referring to Figure 4-7, 

it is seen that the most probable source was approximately 

2 inches to the left of the estimated source location on a 

line perpendicular to the line of the transducers. Hence, 

the actual distance of travel was probably underestimated 

for this case. 

The bulk longitudinal wave velocity associated with 

the concrete medium is approximately 14,500 ft./sec. The 

measured values typically fell well below this value, and 

would appear to support the statement about the surface 

wave velocity being less than either the shear wave or 

longitudinal wave velocities. 

Hence, within a reasonable experimental error, the 

velocities measured correspond well with predictions of 



Figure 4-7. 

78 

Photographic Illustration of 
Specimen l After Test Completion 



79 

the Rayleigh wave model~ One should note that the addi-

tional dispersion associated with the Lamb wave model could 

also account for the large standard deviation in the velo-

city measurements from the two sources. Due to the nature 

of the time delay estimation, it is not apparent as to what 

exactly caused the deviations. 

D. Attenuation Measurements 

Attenuation measurements were made with the two dif-

ferent source types described in the experimental proce-

dure section. Several transducer spacings were used for 

comparison and an attenuation model in terms of a spreading 

loss expr.ession was developed. It was found that a nominal 

reduction in the power spectrum, for the frequency range of 

140 kHz to 160 kHz, can be estimated by the expression: 

A = 37 log~ 
do 

where 

and 

A = reduction in the auto power spectrum 
(140 kHz - 160 kHz) 

d = farthest transducer position from source 

d 0 = closest transducer position from source. 

Representative power spectrums for each source type 

can be found in Figures 4-8 and 4-9. A plot of the above 

expression, as well as measured data from the acoustic emis-

sion simulation pulse source and the surface impulse source 
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can be found in Figure 4-10. 

Attenuation values were found to be limited by the 

low source level. It was found that only the first two 

positions were significantly above the acoustic ambient 

to allow for power reduction measurement. This is apparent 

in Figure 4-1 for which the reduction in the power spec

trum between the two positions was 7 dB. The proposed 

model predicts a 6.5 dB reduction in power spectrum. This 

would tend to verify that the model would be valid for 

transducer spacing prediction in the field. 

The power spectrums for which the data appearing ~n 

Figure 4-10 were obtained via the deconvolution method pre

sented 'previously. One should note that the structural 

function includes the effect of the transducer bond re

sponse. It is reasonable to assume that a stiffer bond 

than the silicon adhesive bond used might well increase 

the signal strength at the transducer. This would, in 

effect, increase the range of detectability by increasing 

the signal to noise ratio since electrical noise was deem

ed to be the limiting characteristic. 

Another consideration of interest is that the data 

is based on two different calibration techniques for trans

ducers used. The ultrasonic calibration is based on pres

sure and is obtained by placing the transducer in an ultra

sonic (white noise) field. The velocity calibration is 

obtained by applying a simulated velocity delta function 
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(spark impulse ) to a standardized steel block on which the 

transducer is mounted (37). The manufacturer contends that 

breaking glass capillary tube more closely approximates 

the acoustic emission phenomena and provides a method of 

transforming the spark impulse calibration results to cor

respond to the values that would be obtained by a breaking 

glass capillary tube since the latter is not a practical 

industrial method of calibration (37). The calibration 

reference is in meters per second and is actually a verti

cal velocity sensitivity. 

In ·any event, the data from both techniques support 

the attenuation mode proposed. The predicted reduction 

in the averaged auto power spectrums appear to be indepen

dent of the calibration reference used, as would be ex

pected to be the case. 

The data presented is for a frequency range of 140 kHz 

to 160 kHz. The decision to use this range was based on 

several factors. In the case of the AE simulation pulser 

source, the cross power spectrums indicated that the majori

ty of energy common to any two channels compared was in this 

frequency range. Also, the AE simulation pulsers frequency 

of operation was 140 kHz. In the case of the surface im

pulse source, the cross power spectrums indicated that the 

majority of energy common to both channels being compared 

was in the range of 70 kHz to 160 kHz. The 140 kHz to 160 

kHz frequency band was chosen in this case for comparison 
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purposes o n ly. Finally, it was found that the acoustic am

bient above 200 k Hz was such that measurements in the far 

field were dominated by ambient above this frequency. 



V. CONCLUSIONS 

From the literature search and testing conducted dur

ing the present investigation, it is. concluded that: 

1. The concrete medium is highly attenuative and, 

for a given AE monitoring system configuration, an effec

tive radius of detection from the source is determined by 

the frequency characteristics and dynamic range of the 

system. From the standpoint of amplitude reduction, the 

effective radius of detection for the system used during 

the present investigation was approximately 18 inches from 

the source. 

2. Depending on the specimen thickness, the measured 

AE phenomena can best be described as a Rayleigh wave or 

Lamb wave modal propagation. Location systems should take 

into account the dispersion introduced by the appropriate 

surface wave propagation. 

3. Early detection schemes of structural degradation 

of reinforced concrete should be based on the crack exten

sion and not microcracking of the material adjacent to the 

concrete steel interface. This conclusion is prompted by 

the fact that, since the medium is highly attenuative, 

crack extension can be expected to propagate a higher level 

of kinetic energy and be significantly more detectable, as 
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indicated by its relatively low b value. Also, it was 

found that the acoustic ambient in the specimens tested 

dictate that large amplitude signals are required if de

tection at distances relatively removed from the source 

is necessary. 

4. Because of the relatively high modal density in 

the frequency range above 100 kHz, one would expect that 

strong frequency peaks, if observed, can be attributed to 

the source characteristics. This is apparent when com

paring the spectra of the AE simulation pulser (Figure 4-8), 

which exhibits a strong peak close to the pulsers opera

tional frequency, to the spectra of the surface impulse 

(Figure 49-) or actual acoustic emission source spectra 

(Figure 4-1) originating from a more broadband frequency 

excitation. 

5. When time windows are to be specified as part of 

the instrumentation scheme, a window greater than ~sec. 

would be required to acquire data in the 100 kHz to 300 kHz 

range used during this investigation. 

6. One would expect a 3 dB power reduction per doub

ling of radial distance (cylindrical spreading) to be asso

ciated with a surface wave propagation of the AE signal. 

Thus, since measured values were two to three times this 

value, it is concluded that the attenuation associated 

with damping, surface radiation, and scattering to be 
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highly significant in determining the overall signal atten

uation. 

Taking into account the limitations imposed by the 

attenuative nature and relatively high acoustic ambient 

associated with the concrete medium, it is concluded that 

AE techniques are a feasible method for predicti ng struc

tural deterioration in a field environment. There are cer

tain aspects that remain to be considered if further re

finement of this approach is desired. These aspects are 

elaborated on in the next section. 



VI. RECOMMENDATIONS 

To further assess the limitations of AE monitoring 

techniques to predict structural degradation of reinforced 

concrete, the following work is recommended: 

1. Determination of the effects of transducer

surface bond stiffness on the acquired signal to noise 

ratio. This information can be used to predict the asso

ciated increase in the maximum radius of detection and 

the subsequent reduction in the number of transducers re

quired to monitor an entire structure. 

2. Investigation and characterization of AE sources 

such as thermal expansion and shrinkage crack formation, 

cracking induced by shrinkage during curing, surface impact 

by rain, tire motion on concrete surface, wave action in

duced stresses, as well as other mechanically induced noises 

according to the parameters outlined earlier. 

3. Determination of the effect of increased acoustic 

radiation caused by a higher impedance medium at the con

crete surface interface on the effective attenuation of the 

surface wave as it propagates. This information would be 

required if monitoring of submerged structural members is 

desired. 
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