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This paper introduces a novel method of acoustic emission (AE) analysis which is

particularly suited for field applications on large plate-like reinforced concrete

structures, such as walls and bridge decks. Similar to phased-array signal processing

techniques developed for other non-destructive evaluation methods, this technique
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a b s t r a c t

adapts beamforming tools developed for passive sonar and seismological applications

for use in AE source localization and signal discrimination analyses. Instead of relying on

the relatively weak P-wave, this method uses the energy-rich Rayleigh wave and

requires only a small array of 4–8 sensors. Tests on an in-service reinforced concrete

structure demonstrate that the azimuth of an artificial AE source can be determined via

this method for sources located up to 3.8 m from the sensor array, even when the P-wave

is undetectable. The beamforming array geometry also allows additional signal

processing tools to be implemented, such as the VESPA process (VElocity SPectral

Analysis), whereby the arrivals of different wave phases are identified by their apparent

velocity of propagation. Beamforming AE can reduce sampling rate and time

synchronization requirements between spatially distant sensors which in turn

facilitates the use of wireless sensor networks for this application.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

When structural damage occurs, a spontaneous release of strain energy creates transient stress waves, known as
acoustic emission (AE), which propagate through the material. Acoustic emission has been used for years as a method for
passive structural health monitoring [1–5]. The main difference between AE and other methods, such as modal analysis, is
that it does not rely on subtle changes in the wave propagation characteristics of the material to detect cracks and flaws.
Instead, recorded signals are a direct function of the energy released from local damage mechanisms such as cracking. The
signals collected by an acoustic emission sensor depend on both the nature of the mechanism (i.e. what type of crack
growth), the nature of the material through which the stress waves propagate, and the characteristics of the sensor and
data acquisition system [6]. The goal of quantitative AE analyses is not just to count acoustic emission ‘events’ but to
discriminate between different types or different sources of acoustic emissions and noise, either by their spatial
coordinates, their frequency content, amplitude, or by some other means. The beamforming array techniques described in
this paper offer a promising and economically feasible method for solving for a key source parameter (direction of arrival)
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on large, plate-like concrete structures such as bridge decks. When two or more beamforming arrays are combined, the
source can be located in two dimensions [7].

In theory, it is possible to gain useful, quantitative information such as precise AE source locations and source
kinematics from waveform analysis. Although quantitative methods have been successfully applied in the laboratory
[8–11], it is impossible for the AE method to achieve the same functional level on large concrete structures without the use
of a dense array of sensors and expensive data acquisition systems which could begin to rival the cost of the structure itself.
The beamforming source location and signal discrimination techniques described in this paper are analysis tools and
testing techniques which are intended to strike a balance between feasibility and utility; they can be more economically
feasible and are better suited to the scale and the needs of large structures in civil engineering field applications than
traditional methods.

Source location of structural damage is one of the most important pieces of information to be gained from the AE
method. The rough localization of damage on a large structure can direct further, more detailed, non-destructive analyses
to the proper location. Conventional AE monitoring techniques use sparse, distributed arrays and require the accurate
determination of the P-wave arrival times from many different sensors for AE source location. The beamforming AE method
described in this paper uses small (150 mm) aperture arrays, of 4–8 closely spaced sensors in order to make use of array
signal processing techniques which have been developed for applications ranging from communications to imaging [12].
This methodology allows the direction of arrival of incoming AE waves to be determined and various wave phases which
comprise an AE signal to be identified. Additionally, the array geometry reduces the need for high sampling rates and
precise time synchronization between spatially distant sensors. This permits the use of wireless sensor networks for
beamforming analyses, which will lower the cost and increase the flexibility of the monitoring system.

To motivate the use of beamforming as a tool for AE source location, the traditional time-difference-of-arrival (TDOA)
method of estimating the location of AE sources is discussed in Section 2, and the difficulties associated with this method
will be highlighted, especially with respect to AE source location on large concrete structures. In Section 3, array design
considerations and assumptions made for the adaptation of beamforming methods to the problem of AE signal analysis in
large concrete structures are discussed. Section 4 describes the theory behind beamforming and the analysis procedures
relevant to beamforming AE. These include the variance scaled beam power formulation and VESPA (VElocity SPectral
Analysis) process. The VESPA process is an illustrative signal discrimination technique used to identify the P-wave, R-wave,
and their multiple reflections. The modeling assumptions made in the array design are then validated in Section 5 by
means of simple experimental tests using artificial acoustic sources on a full-scale concrete structure. Finally, the results of
this study are discussed to show the importance of this new tool for source location and signal discrimination in AE field
applications and its potential for use in conjunction with wireless sensor networks.
2. Comparison between TDOA and beamforming analysis

The conventional AE source location method is commonly referred to as the time-difference-of-arrival (TDOA) scheme
because it utilizes the differences in the times of arrivals of various wave modes in order to determine the source
coordinates via triangulation [13]. In acoustic emission work, the arrivals of different wave modes are not easily identifiable
and are often merged together with reflections. Consequently, only the arrival time of the fastest propagating P-wave,
which is preceded by relative quiescence, can be accurately determined for use in AE source location schemes. For
computation efficiency, the TDOA source location method is typically formulated as an inverse problem which relies on the
very accurate determination of arrival times and usually employs iterative analysis routines to solve this nonlinear
localization problem [14,15]. Due to its construction as an inverse problem, small errors in the estimated arrival times often
equate to large distances in physical space (indicative of an ill-posed inverse problem) especially at ‘blind spots’ in the array
geometry [16–18].

Most of the difficulties implicit in the TDOA location schemes are due to the inability to accurately detect the onset of
the initial P-wave arrival and the unpredictable propagation and amplification of these errors in the inverse formulation of
the problem. A significant amount of research has been performed in an attempt to improve the accuracy of automated
P-wave arrival time picking algorithms [19–21], but for stress waves traveling through concrete this is an especially
challenging problem. When propagating through concrete, an initially sharp stress wave pulse will become smoothed and
broadened due to the frequency-dependent nature of scattering and intrinsic attenuation which is always present in
concrete [22,23]. Fig. 1 illustrates the change of an AE signal as it travels through concrete, and Fig. 2 shows the power
spectral estimates of these signals compared with the power spectrum of the present noise signal, all recorded by the same
sensor (additional experimental details are described in Section 5). The three waveforms were generated by similar sources
(the Hsu pencil lead break, described in Section 5) but have been recorded at different distances from the source (0.25, 1.5,
and 3.8 m). Fig. 1(b) shows the first arrivals of the three waves at a greater time magnification. It is apparent from studying
Fig. 1 that as the distance from the source to the receiver increases, the signal becomes more spread out in time, loses
sharpness (higher frequencies), and the P-wave signal-to-noise ratio decreases to unity. Thus, at great distances, the first
P-wave arrival becomes increasingly difficult to detect with accuracy and confidence.

These propagation effects render TDOA source location techniques ineffective for most AE signals which have
propagated more than a meter through concrete. In these circumstances, an automatic picking algorithm (e.g. a threshold
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Fig. 1. Waveforms from similar AE sources located at varying distances from the same sensor, and (b) the same waveforms with greater time

magnification.

Fig. 2. Frequency spectra from the same three waveforms shown in Fig. 1 compared with the noise spectra. The wavelengths corresponding to each

frequency are shown for reference (based on 2300 m/s Rayleigh wave velocity).
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picker or Akaike Information Criterion (AIC) picker [21]) may incorrectly choose the arrival of surfaces waves, S-waves, or of
reflections, which will cause the TDOA source location method to fail [24]. Due to the limited range at which arrival times
of P-waves can be accurately detected, a structure must have a dense population of sensors in order to insure that the
P-wave can be clearly detected by at least three sensors (the minimum number needed for source location in two
dimensions using the TDOA method). In large concrete structures the required sensor array is extremely expensive and
time consuming to install.

Instead of using a distributed array, the beamforming AE method relies on a small array of sensors spaced closely
together so that, in the frequency range of interest (less than 50 kHz), all sensors will detect AE waves which have
propagated along similar paths, and have been affected by similar attenuation and scattering. In the beamforming AE
method, the direction of arrival of the AE waves can be determined simply from the relative time delays of similarly shaped
signals recorded by neighboring sensors. This feature imposes the requirement that all sensors must have identical
amplitude and phase response.

A number of different wave modes can propagate through a structure as a result of AE activity. These include P-waves,
S-waves, and guided waves such as Rayleigh waves. As the plate thickness becomes small compared with the wavelengths
of interest, the Rayleigh waves will degenerate into dispersive Lamb waves [25] which can also used for source location
[26], but for the plate thicknesses and wavelengths relevant to AE analyses on thick civil engineering structures, the
degenerate wave velocities will deviate from the Rayleigh wave speed by no more than about 20%. In the beamforming AE
method, not only the P-wave, but all direct waves can be used for direction-of-arrival estimates. Rayleigh waves are
confined to the surface of the specimen; therefore, geometrical spreading causes their amplitude to decay as r�1/2 instead
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of r�1 as is the case for P- and S-waves [27]. Consequently, at reasonable distances from the source, R-wave amplitudes will
be significantly larger than the P-wave amplitudes. This feature allows the effective range of the beamforming array to be
greater than for a TDOA source location scheme.
3. Array design and parameter sensitivity

This section describes assumptions and design requirements for AE beamforming arrays for locating AE sources on large
and thick, plate-like, reinforced concrete structures (e.g. bridge decks and walls). Design considerations are predominantly
governed by the characteristics of the expected AE sources and resulting wave fields such as the expected wavelengths and
directions of arrival.
3.1. AE wavelengths in concrete

Concrete’s effect on the frequency content (and consequently the wavelengths) of AE signals is illustrated in Fig. 2. From
the figure it can be seen that as the stress waves propagate further and further through the concrete, the signals become
effectively band limited to lower and lower frequencies (i.e. concrete is effectively a low pass filter) [22,23]. After traveling
only 1.5 m through concrete, acoustic emissions which were initially rich in high frequencies have been attenuated such
that 98% of the signal energy (above the noise level) is carried by frequencies under 25 kHz. For this work it was assumed
that the array is intended to be used for locating AE sources at a range of one to four meters, therefore the majority of the
energy contained in the AE will be carried at frequencies no greater than about 25 kHz, and the array must be designed to
accommodate wavelengths down to about 85 mm.
3.2. Sensitivity to source parameters

For thick, plate-like structures it is most convenient to fix the sensors to one face of the structure, thus planar arrays will
be considered. For a planar array, the direction of arrival cannot be uniquely determined. Instead, it depends on two
parameters: the azimuthal angle of arrival and the horizontal slowness. Horizontal slowness, p, is defined as

p ¼
sinðfÞ

c
ð1Þ

where c is the propagation velocity and f the angle of incidence measured from the normal of the plane of the array
(defined from 01 to 901). If the propagation velocity is known the angle of incidence may be determined, and vice versa.

The sensitivity of a sensor array to a given source parameter can be studied by considering the trigonometric
relationships which relate time delays between waves felt by neighboring sensors in the array to source characteristics [28]
listed in a vector known as the steering vector s. Consider, for example, an n-element planar circular array of radius a/2
where each sensor is located at some azimuthal angle gi from the first sensor, shown (for n=4) in map view in Fig. 3(a) and
side view in (b). If the array is initially steered to accept plane waves (r=N) arriving at propagation velocity c and an
azimuth of 0 and incidence angle of 901 (steering vector s=(N, c, 01, 901)) then the changes in time delays di(s) with respect
to changes in azimuth and angle of incidence can be quantified:

Ddið1; c;0�Dy;90Þ ¼
a

2c
ða� cosðDyÞ þ cosðgi þ DyÞÞ ð2Þ
Fig. 3. (a) top view and (b) side view of a uniformly space circular planar array, of aperture a, on a plate-like structure with a plane wave arriving at an

azimuth of 0–Dy1 and an incidence angle of 90–Df1.
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Ddið1; c;0;90� DfÞ ¼
a

2c
að1� cosðDfÞÞ ð3Þ

where a=1�cos(gi), Dy is the change in azimuthal angle, and Df is the change in incidence angle (deg).
In thick plate-like structures, the distances in the plane of the plate are large (several meters) compared with distances

normal to the plate (less than 1 m) so most waves will arrive at an angle of incidence greater than 751. These equations
show that under these conditions the array is relatively insensitive to changes in incidence angle. For a uniformly spaced
circular array a 51 change in azimuth produces the same magnitude of time delays as a 241 change in incidence angle.
It may therefore be assumed that fE901, and the slowness pE1/c.

Waves impinging upon an array can be very nearly approximated as plane waves as long as the true source of the waves
is located outside of some near field zone. The effect of the plane wave assumption can be quantified by

Ddið1 � r; c;0;90Þ ¼
1

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr � a cosðgiÞ=2Þ2 þ ða sinðgiÞ=2Þ2

q
� r þ a cosðgiÞ=2

! 
ð4Þ

which describes the change in delay which results from changing the array focus from plane waves (r=N) to spherical
waves emanating from a source located a distance r from the center of the array. For the above example (aperture=120 mm)
the near field zone is less than 0.34 m in radius. AE sources within the near field zone will violate the plane wave
assumption and incur changes in time delays comparable to those incurred from a 51 change in azimuth (Dy=51). These
trigonometric relationships show that the small aperture arrays proposed in this paper (80–150 mm diameter circular
arrays) are much more sensitive to changes in azimuth than changes in slowness or range. Therefore, the task of source
location can be reduced to finding the most likely azimuth of arrival based on the assumption of plane waves propagating
close to the R-wave velocity and at an angle of incidence of 901.

4. Beamforming analysis procedures

4.1. Theory of time delay beamforming

Time delay beamforming is a method of filtering in both time and space, and the analysis techniques are relevant to the
study of signals generated by propagating waves. It has been used extensively in radar [29], sonar [28], and exploratory
seismology [30,31], and has been utilized as a tool for noninvasive testing techniques for pipelines and pressure vessels
[32,33]. It has been infrequently used for active damage detection in civil engineering materials [34,35], but it has not yet
been applied to the method of acoustic emission.

In beamforming applications the user must assume that the characteristics of waves incident on the array are relatively
constant normal to their direction of propagation [36]. Under this fundamental assumption, a signal recorded by one sensor
in an array is expected to be a time-delayed replica of a signal recorded by a neighboring sensor in that array. AE sources are
usually considered point sources, so the ‘delayed replica’ assumption is only valid if the distance between the source and
sensors is large compared with the distance between neighboring sensors. The relatively delayed signals can be combined
(or stacked) to form an array output

gðt; sÞ ¼
Xn

i¼1

uiðt � diðsÞÞ ð5Þ

where ui is the output from the ith of n sensors and di(s) is the delay required to account for the slightly different arrival
time of the propagating wave at sensor i. The amount of delay di(s), depends on the geometry of the array and the steering
vector s, which includes the parameters of the expected source and the resulting wave field, such as the direction of arrival
of the waves, the range of the source, and the velocity of propagation of the incoming wave modes. By adjusting the
steering vector, and therefore changing the signal delays, the array output can be algorithmically ‘steered’ or ‘focused’ so
that waves arriving from one direction and at one speed will sum constructively while waves arriving from other directions
and speeds will destructively interfere. If the signals are correlated and the noise is uncorrelated, the beamforming array
output can be used to increase the signal to noise ratio through stacking.

In passive sensing applications such as AE, the direction of arrival of propagating waves is often unknown. The source
and the propagating waves which result can be defined by a number of parameters (those found in the steering vector), and
these parameters may be estimated from the beam-power, derived from the moving average of the square of the
beamforming array output over time, defined

Pðt; sÞ ¼

Z tþT=2

t�T=2
gðt; sÞ2 dt ð6Þ

where g(t,di) is defined in Eq. (5). The moving average time window T=450ms was chosen because it is long enough to
capture the direct P- and R-waves but is sufficiently short to eliminate much of the power from later-arriving reflections.

The azimuthal direction of arrival of the AE waves was estimated by finding the maximum of power-versus-azimuth
curve, such as those shown in Fig. 4. This curve is the maximum over time of Eq. (6), assuming r=N, v=2300 m/s, f=90, and
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calculated for steered azimuths equally spaced over the entire range from 01 to 3601. The maximum of this curve (which
ideally corresponds to the azimuthal direction of arrival of the direct waves), is taken to be the best estimate of the
direction of the source. Noise that is always present in real AE signals introduces some roughness and uncertainty in the
beam-power-versus-azimuth curves; therefore these curves are always smoothed before the maximum is estimated.

Three examples of power-versus-azimuth curves are shown in Fig. 4 for arrays of different apertures. The power-versus-
azimuth curve from the medium-aperture array in Fig. 4 shows a main peak (or main lobe) located near 1801,
corresponding to the true direction of arrival of the AE waves, and a smaller peak near 601 due to a smaller-amplitude
reflection which arrives from a different azimuth. This figure shows that the variance of estimates of direction of arrival is
inversely proportional to the size of the array [28]. In other words, if the aperture of the array is small (compared with the
wavelengths of the AE), the array is less sensitive to changes in steered azimuth (the main lobe is broad). On the other hand,
spatial aliasing, analogous to aliasing in the time domain, can occur when the array element spacing is too large for the
characteristics of the short-wavelength signals to be accurately captured [37]. If the aperture of the array is increased (and
the number of elements in the array is kept constant), the sensitivity of the array is increased at the cost of spatial aliasing.
In this case the main lobe becomes narrower but side lobes become larger and can bias direction-of-arrival estimates.
Therefore, it is desirable to design the largest array possible using as few elements as possible (to keep costs low) while still
avoiding spatial aliasing.

In order to develop a robust AE source location technique based on beamforming, the array must be designed and the
beam-power defined in such a way that beam-power is maximized when the array is steered in the correct direction and
minimized when array is steered in an incorrect direction. Based on the requirement that the array must be designed to
accommodate wavelengths down to about 85 mm, a 4–8 element circular planar array design with an aperture size of
about 80–150 mm was chosen.
4.2. Beam power formulation

Many different formulations for beam-power are in common use. For example, the generalized cross-correlator function

Pðt; sÞ ¼

Z tþT=2

t�T=2

Yn

i¼1

uiðt� diðsÞÞdt ð7Þ

can be used to estimate the direction of arrival as an alternate to Eq. (6). This estimator can optimally process data even
when the noise spectra for each signal are different [38]. Another alternative is to replace Eq. (5) with an adaptive
beamformer such as a minimum variance beamformer (Capon’s beamformer) or a subspace-based method such as the
MUSIC algorithm output [39]. These beamformers can be designed to have optimal performance when the spectra of both
the signal and noise are known.

For simplicity, the data-independent beamforming power estimate (Eq. (6)) and variations described below were chosen
because they perform well under broadband background noise [31] and are maximum likelihood estimators for the time
delay if signal and white noise are uncorrelated [28].

For AE signals, multiple reflections often reach the sensor array at times later than the direct P- and R-wave arrivals.
These reflections often arrive from a different azimuth than the direct arrivals and can bias the direction of arrival
estimates. Performance improvement is gained by normalizing the beamforming array output (Eq. (5)) by the variance of
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the individual beam components:

Pnormðt; sÞ ¼
Z tþT=2

t�T=2

gðt; sÞ2

varðt; sÞ
dt ð8Þ

where

varðt; sÞ ¼ 1

n� 1

Xn

i¼1

ðuiðt� diðsÞÞ � uðt; sÞÞ2 ð9Þ

uðt; sÞ ¼ 1

n

Xn

i

uiðt� diðsÞÞ ð10Þ

This estimator penalizes beams whose components are not well correlated. This effectively increases the power of the
direct waves compared with that of later-arriving reflections because direct arrivals typically reach the array before any
reflections have muddied the wave field. This beam power formulation is particularly useful for the VESPA process.

4.3. VESPA process

In addition to its use as a method of AE source location, beamforming array processing can be used to discriminate
between different types of signals based on the wave phases they contain. Acoustic emission signals contain multiple wave
phases (P, S, R, etc.) which propagate at different velocities and arrive at the array at different times and decay differently
with distance. Yet these different wave phases share similar frequency bands. The VESPA process is an illustrative method
of spotlighting different wave phases in slowness and time [31,40,41]. The vespagrams shown in this paper serve as a
means of illustrating the AE wave field, but are not well suited for parameter estimation.

The vespagram is constructed using the beam-power described in Eq. (8) and a moving average time window of 115ms
to provide enough temporal resolution such that the P- and R-waves remain distinct even for source ranges as small as 1 m.
The steering vector s is systematically adjusted (altering the delays di(s)) so that the array is focused at a number of pre-
assigned wave velocities while held at a fixed azimuth. In order to fully encompass all the wave modes expected to
propagate in concrete, a set of wave velocities was selected at uniform increments in slowness over the range from 1500 to
6000 m/s. The fixed azimuth corresponds to the direction of the AE source which was previously estimated by the methods
described above. Contours of constant beam-power are then drawn from the resulting three dimensional plot of beam-
power versus slowness versus time.

A vespagram from a typical AE signal will contain a peak corresponding to the direct-P wave arrival at the P-wave
velocity followed by a much larger peak corresponding to the direct R-wave arrival at a lower velocity. If the P- and R-wave
velocities cP and cR are known, then a rough estimate of the range of the AE event

r ¼
ðtR � tPÞcRcP

cP � cR
ð11Þ

may be attained by extracting the P–R arrival time difference (tR�tP).

5. Experimental validation

In order to validate assumptions made for array design, a set of tests was conducted on a steel reinforced concrete bridge
ramp at the University of Stuttgart, Germany, as shown in Fig. 5. The section of the bridge ramp tested has a thickness of
0.3 m and is 4 m wide (west–east) and 5 m long (north–south). The structure also has some visible spalling from the
Fig. 5. The reinforced concrete bridge ramp tested at the University of Stuttgart, Germany.
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corrosion of steel reinforcing. An eight-element 120 mm diameter circular array was chosen for this test, and the array was
placed 1.5 and 2 m from the east and north sides, respectively. Panametrics sensors V103 with broad sensitivity between
5 and 100 kHz were used to satisfy the requirement that all sensors in the array have identical amplitude and phase
responses. The sensors were mounted to the underside of the concrete bridge with hot glue; no additional surface
preparation or couplant was used. Signals were recorded using the TransOcto-Multichannel-AE system of the University of
Stuttgart [42] at a sampling rate of 1 MHz for a total of 5000 data points, corresponding to record length 5 ms.

Artificial acoustic emissions, from the so-called Hsu source [43], were created by breaking a mechanical pencil lead on
the surface of the concrete on the same plane as the sensor array. This artificial source is commonly used as a qualitative
calibration procedure to verify sensor coupling, AE attenuation in the specimen, and source location capabilities [44,45].
The frequency content of this source is known [46] and it is assumed to be representative of typical AE in concrete. The
performance of the array was evaluated for sources at a variety of ranges and azimuths by creating artificial acoustic
emissions at 43 separate locations (ranging from 0.25 to 4 m from the sensor array). For each artificial acoustic emission
signal recorded, the direction of arrival was estimated using the method described in Section 4 (from the maximum of the
power-versus-azimuth curve, with r=N, v=2300 m/s, f=901). This estimate was then compared with the true direction of
arrival calculated assuming a direct ray path from the location of the artificial source to center of the sensor array.

Fig. 6 shows the difference (deg) between azimuthal direction of arrival estimates and the true direction of arrival as a
function of range for artificial acoustic emissions input at locations of varying azimuth and range. By using a subset of the
original signals the beamforming source location scheme was tested for both an eight and a four element circular array of
the same aperture. The squares represent individual errors for the 43 artificial acoustic emission locations using the full
eight-element 60 mm radius circular array, and the dashed lines indicate the 95% confidence intervals for these errors. The
triangles and dotted lines represent the individual errors and 95% confidence intervals using the signals from only four of
the eight sensors. When all eight elements are used, the direction of arrival was estimated with 95% confidence to be plus
or minus 101 using the normalized beam-power. Using half as many sensors, the 95% confidence bounds were within 141.
Fig. 6. The accuracy of azimuthal direction of arrival estimates as a function of range.
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Fig. 7. Array output and vespagram for an AE event located 1.5 m from the sensor array.
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Fig. 8. Array output and vespagram for an AE event located 3.8 m from the sensor array.
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In addition to using the beamforming array for source location, further signal discrimination was attained using the
VESPA process. Fig. 7 presents the VESPA process for one artificial acoustic emission (pencil lead break) compared with the
beamforming array output (Eq. (5)). As shown in the figure, the P-wave arrives first at a velocity of about 4000 m/s while a
stronger R-wave arrives at a later time and at a velocity of approximately 1900–2300 m/s. The VESPA process highlights the
insensitivity of the sensor array to changes in steered slowness (i.e. the array and vespagram cannot be used for accurate
velocity or incidence angle estimation).

The vespagram shown in Fig. 7 is from an AE source located 1.5 m away from the sensor array. At this distance the P- and
R-waves have separated by about 300ms. The vespagram shown in Fig. 8 is from an AE source located 3.8 m away from the
array, for which the P- and R-waves have separated by approximately 700ms. The ratio of P-wave to R-wave amplitude for
this AE event is much smaller than the P- to R-wave amplitude ratio shown in Fig. 7, because the P-wave decays more
rapidly with distance than the R-wave.
6. Discussion

Both the TDOA and beamforming localization schemes rely on certain modeling assumptions. As described in Section 2,
for AE sources located more than a meter away from a sensor the assumption of accurate P-wave arrival time
determination is grossly violated. The beamforming source location method operates under a different set of assumptions
(e.g. the ‘delayed replica’ assumption) which are much more appropriate for AE applications in large concrete structures
where ray paths from source to receiver are large, the P-wave amplitude is small, and angles of incidence are close to 901.

The test results on the concrete bridge ramp show that the modeling assumptions made in the array design can be
considered valid for the test case, and that the azimuthal direction of artificial AE sources can be accurately determined (to
within 141) for sources located up to 4 m from the 4 sensor array. This level of precision is sufficient for most field
applications. Beamforming localization can be seen as a tool which points the user toward one particular direction from
which increased AE activity takes place, either in the location of a previously known flaw or a new zone of damage. A rough
range estimate found from Eq. (11) could provide a means of further localization for well-defined AE sources such as the
one shown in Fig. 7. The range of effectiveness and the reliability of the beamforming AE techniques can be greatly
improved by coupling two or more beamforming sensor arrays. For example, if the direction of the source can be
determined by two or more arrays, the source location can be identified in two dimensions [7,47].

The tests on the concrete bridge ramp indicate that the azimuth of the AE source could be roughly determined even at
ranges where it is impossible to accurately detect a P-wave. For example, the AE depicted in Fig. 8 traveled nearly 4 m to the
sensor array, yet the bearing of the source was located to within a few degrees of the true direction. One sensor’s recorded
signal from this same AE is shown in Fig. 1 (the lower signal), and it is probably impossible to identify the P-wave with an
automatic picking algorithm with an error of less than 300ms. Picking errors of that magnitude render an accurate TDOA
source location estimate impossible.

There are some constraints to which the beamforming array must adhere. For example, because the beamforming
method relies on the comparison of the shape of signals it is absolutely crucial that all sensors in the array have identical
amplitude and phase responses, which is not necessarily needed for TDOA source location schemes. Additionally, the
beamforming array must be of a relatively small aperture to ensure that spatial aliasing is avoided and that ray paths from
source to sensor are similar enough that the stress waves experience the same propagation effects (i.e. scattering,
attenuation, etc.). Arguments presented in Section 3 have shown that the angle of incidence of the arriving waves cannot be
accurately estimated with arrays of this size, and it is unreasonable to assume that azimuth can be estimated to a precision
better than 751 due to the broadness of the main lobe in the beam-power-versus-azimuth curve shown in Fig. 4 and noise
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which is always present in AE signals. In theory, the beamforming localization method cannot be as precise as the TDOA
method. In practice, however, this limitation is dwarfed by practical limitations of the TDOA method.

With the proper anti-alias filtering, the band-limited nature of the AE signals which have propagated through concrete
facilitates the use of lower sampling rates (50 kHz, say). By combining a lower sampling rate with the use of digital
interpolation beamforming algorithms (e.g. Pridham and Mucci [48]), the costs of data acquisition systems can be reduced
without loss of utility.

The new-found popularity of low-power wireless sensor networks has led to products that are considerably less
expensive and easier to install than wired systems, and can be easily adapted and scaled to different types of structures
[49,5]. To date, stringent requirements such as high sampling rates and precise time synchronization between sensor nodes
have prevented AE analysis from being integrated into wireless sensor networks. A constraint of the TDOA scheme is the
requirement that all recorded signals be synchronized to a common time, with accuracy on the order of a few
microseconds. This level of accuracy in a multihop wireless sensor network greatly increases the overall power
requirements [50], and at present the needed synchronicity is not readily available [48]. By connecting a small aperture
array of four sensors to one wireless mote with a very accurate common clock, the task of synchronizing spatially distant
sensors is avoided. Coupled beamforming arrays are required to be time synchronized only to the rate at which individual
events in a series of successive AE can be identified amid the noise of the previous AE events. For the frequency range found
in AE in large concrete structures, quiescence is reached after about 5–20 ms, therefore there is no need for a time
synchronicity between separate beamforming arrays of better than a few milliseconds. Beamforming AE analyses can be
performed on board the wireless mote in order to reduce the amount of data transmission required from kilo samples to
2 or 3 bytes. Trading transmission for computation can reduce the overall power requirements by at least an order of
magnitude [49]. Wireless AE coupled with beamforming techniques may be the future of condition monitoring in large civil
engineering structures.

7. Conclusions

While acoustic emission analysis has been effectively used as a research tool in laboratory settings and as a qualitative
monitoring tool for in-situ non-destructive evaluation, a robust and quantitative application of the method for use on civil
infrastructure has not yet been achieved. In order for AE analysis to be successful in field applications different approaches
must be used in order to gain meaningful and quantitative information from uncertain and noisy data. It is too costly to
implement a large, distributed array of sensors capable of high resolution source location via the TDOA method. The goal of
AE beamforming is to provide a reliable but less precise method of damage localization for AE applications on large
concrete structures, so that more detailed non-destructive testing procedures can be applied at the proper location.

A small aperture array (80–150 mm for many applications) must be used in this method for spatial aliasing to be
avoided. Using trigonometric relationships, it was found that for angles of incidence close to 901 the small aperture array is
relatively insensitive to changes in incidence angle and range (compared with changes in azimuth), which simplifies source
location in three dimensions to an estimation of angle of arrival. Following a conventional delay-and-sum beamforming
formulation, a beamforming localization scheme was effectively applied to artificial acoustic emission signals collected on
a full-scale reinforced concrete structure, and the direction of arrival of these sources was calculated to within 141 of the
true direction at ranges of up to 4 m with an array of only four sensors. The VESPA process was constructed using a
variance-scaled beam power formulation specifically designed for AE signals. This analysis tool was used to describe wave
phase arrival time and amplitude information which can provide a means of additional signal discrimination.

While the TDOA method is generally more precise than the beamforming localization scheme, at distances greater than
1 m the advantages of the TDOA method become moot since it relies on P-wave arrival times which are impossible to
accurately determine. The beamforming source location technique presented in this paper circumvents many of the
traditional problems presented by the TDOA source location procedure. Because precise P-wave arrival time information is
no longer required, sampling rates can be reduced by utilizing the band-limited nature of the AE signals in concrete. By
arranging the sensors into small clusters the need for precise time synchronization between spatially distance sensors is
also eliminated. These characteristics make beamforming AE well suited for use with wireless sensor networks.
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