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ABSTRACT

As civil infrastructure ages, the early detection of damage in a structure becomes increasingly important for both life
safety and economic reasons. This paper describes the analysis procedures used for beamforming acoustic emission
techniques as well as the promising results of preliminary experimental tests on a concrete bridge deck. The method of
acoustic emission offers a tool for detecting damage, such as cracking, as it occurs on or in a structure. In order to gain
meaningful information from acoustic emission analyses, the damage must be localized. Current acoustic emission
systems with localization capabilities are very costly and difficult to install. Sensors must be placed throughout the
structure to ensure that the damage is encompassed by the array. Beamforming offers a promising solution to these
problems and permits the use of wireless sensor networks for acoustic emission analyses. Using the beamforming
technique, the azmuthal direction of the location of the damage may be estimated by the stress waves impinging upon a
small diameter array (e.g. 30mm) of acoustic emission sensors. Additional signal discrimination may be gained via array
processing techniques such as the VESPA process. The beamforming approach requires no arrival time information and
is based on very simple delay and sum beamforming algorithms which can be easily implemented on a wireless sensor or
mote.

1. INTRODUCTION

Civil infrastructure around the world is reaching the end its intended service life. In many cases there are known
problems with the structure such as cracking or corrosion, but the severity of this problem is not known, and the
evolution of this problem over time cannot be accurately predicted. The economic benefits of extending the life spans of
these bridges and buildings are enormous, but there is a great need for an effective, efficient, and reliable method of
monitoring and evaluation. Currently, most monitoring is in the form of visual inspections, but these inspections are
infrequent, and in many cases omitted. Passive structural health monitoring techniques such those using strain
measurements and modal analysis can be used to provide some indication of the health of a structure, but the method of
acoustic emissions (AE) offers the potential for damage localization and predictive capabilities.

The method of acoustic emission is usually very costly compared to other forms of structural health monitoring
because it requires very high sampling rates and, for localization analyses, extremely precise time synchronization
between many sensors. Additionally, the results of acoustic emission analyses are often difficult to interpret and hard to
relate to the health of the structure. The beamforming techniques described in this paper offer a first step towards
increasing the reliability of the method while also decreasing costs. Beamforming methods can be used for accurate
azmuthal direction of arrival determination and for rough localization without the use of complicated analysis routines
such as the picking of P-wave arrival times. Additional signal discrimination can be achieved through the use of array
processing techniques such as the VESPA process. Finally, the beamforming approach relaxes the need for exact time
synchronization between spatially distant sensor arrays, which allows wireless sensors to be used for acoustic emission
applications. Wireless sensor networks associated with the method of acoustic emissions are described in detail in
Grosse et al.! These wireless systems are easy to install, easily scalable to the many different types and sizes of civil
engineering structures and are more cost efficient than traditional wired systems.

Acoustic emission beamforming is an analysis approach which is drastically different from traditional acoustic
emission analyses. Traditional analyses use either several sensors and “count” acoustic emissions or collect statistical
measures of acoustic emissions which are very qualitative in nature or they rely on a very large array of at least eight
sensors distributed over a large area in order to locate the sources of the acoustic emission analysis via triangulation®”.
Conventional acoustic emission source location methods use complicated analysis routines, rely on very accurate arrival
time information from arrays of sensors physically located many meters apart, and require exact time synchronization of
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the data acquisition systems. Inaccurate detection of the arrival time of the direct P wave often causes the source location
systems to fail*. Additionally, small errors in arrival times and wave velocity estimates can be magnified by the effect of
blind spots in the sensor array’.

Beamforming methods operate under a different set of assumptions, use an entirely different distribution of
sensors, and are better suited for large structures. AE beamforming localization does not require the identification of P-
wave arrival times. Instead it uses relative time differences of incoming waves to identify the direction of arrival of these
waves. The speed of propagation of these waves and the relative arrivals of different wave phases such as P-waves, S-
waves, and R-waves can be identified via the VESPA process.

As a collaborative research project between the University of California at Berkeley and the University of
Stuttgart, a series of experimental tests are being performed to assess the effectiveness of beamforming and array
processing techniques for the method of acoustic emission, especially their amenability to wireless sensor networks.
Figure 1 shows a few of the sensor arrays used for these tests and the different types of sensors used. Figure 1 (a) shows
two uniformly spaced circular arrays of different apertures comprised of different sensors. Figure 1 (b) shows these
arrays in addition to four wireless motes used in this testing process. This paper describes some of the analysis
techniques used for analyzing AE signals collected during these preliminary tests.

() (b) '

Figure 1. Array designs used for preliminary tests on a reinforced concrete structure.

2. TIME DELAY BEAMFORMING

The sources of acoustic emissions, such as cracks, create stress waves which propagate through a material. One
sensor on the surface of a specimen samples the stress wave field in the specimen at one location in space over some
period of time (say Sus for a typical acoustic emission). Beamforming is a method of sampling the stress wave field in
both space and time. Beamforming and other array processing techniques are well known in fields such as seismology®,
radar’, and sonar®. These techniques have also been used for nondestructive evaluation of materials™'®!", since
beamforming can be used in active arrays to generate wave fields which are directed or focused on one particular
location in space and time.

The properties of elastic stress waves such as wave velocity and other propagation characteristics are well
known'*"3; by sampling in both space and time, parameters of the propagating waves such as the direction of travel and
velocity of propagation can be identified. For example, stress waves emanating from a localized source such as a crack
propagate outward with spherical wave fronts'* as shown in Figure 2. At large distances from the source, these spherical
waves can be well approximated by plane waves. In beamforming array processing it is assumed that the wave field is
constant across the wave front'*. Therefore, the signals received by neighboring sensors in an array, that has a sensor
spacing which is small compared to the distance from the source to the sensors, will be delayed replicas of one another.
The amount of the delay (d/c in Figure 2) depends on the geometry of the array, the direction of the wave front and the
velocity at which the wave front travels.
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Figure 2. A spherical wave with propagation velocity ¢ impinges upon a planer, circular array of six elements.

An example of eight different signals collected by eight different acoustic emission sensors in a 60 mm radius
circular planar array are shown in Figure 3. These signals are due to an artificial acoustic emission (from the breaking of
a pencil lead) created on an actual reinforced concrete structure. All of the signals have similar features, but there are
small differences in time delays (the signals are slightly out of phase). If the relative time delays between successive
signals are identified then they can be added to form the beamforming array output

g(t.d; ):z u; (t-d;) (1)
=

where u; is the individual signal from the i of n sensors in the array and d; is the relative time delay between the two
signals'®. By taking into account the geometry of the sensor array and the properties of the propagating stess waves, the
amount of the delays d; can be defined as a function of the propagation direction and velocity of the incoming waves.
The beamforming array output (1) is a function of the delays which are a function of expected properties of the stress
wave field; the beamforming array output can be adjusted algorithmically to accept waves arriving at a given direction

and at a given speed. This is known as ‘steering’ the array to a direction or ‘focusing’ it on a given wave velocity.
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Figure 3. Acoustic emission signals collected from the eight sensors which comprise a 60mm radius circular array.

The eight signals shown in Figure 3 can be summed (or stacked) to form the beamforming output as described
in Eq. (1). The beamforming output for these signals is shown in Figure 4. The light colored lines are the time delayed
versions of the individual sensor’s outputs u;(t-d;), while the dark line is the sum of those outputs scaled by the square
root of the number of sensors, g(t,d;)/n"’. In Figure 4 (a) the array is steered to the direction of the direct P, S, and R
wave arrivals for this particular acoustic emission. The array processing has effectively increased the signal to noise ratio
in the beginning of the signal because these waves add constructively when summed. Later in the signal (at about 3.5-4.8
ms) the beamforming array output is not as large as that of the individual components because these waves cancel each
other out. The waves which arrive later in the time record are due to reflections of the initial P, S, and R waves, and
these waves arrive from a different direction than the direct arrivals. Alternatively, the beamforming array can be steered
to the direction of the arrival of the reflected waves. Figure 4 (b) shows the array output and individual records when the
time delays have been adjusted to accommodate waves arriving from the direction of the later reflections (about 90
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degrees different from the direction of the direct wave arrivals). In this plot, the direct arrivals destructively interfere
while the later reflections constructively sum. In this way the beamforming array can be algorithmically steered to accept

only the waves arriving from one desired direction while the waves arriving from other directions are cancelled out.
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Figure 4. The light colored lines are the delayed individual outputs from each sensor of an eight sensor array. The dark line is the
scaled sum of the eight sensors’ outputs. The delays are steered to accept the direct arrivals (a) and the later arriving reflections (b).

Beam Power Formulation

Beam power is a way of quantifying the beamforming array output. It can be defined in a number of different
ways but the classical data independent beamforming output

1 T
P(d,) = ¥Zg(t,di)2 ()
=1

is among the most common'’. In this equation g(t,d;) is defined in Eq. (1). An alternative beam power formulation which
is normalized by the variance of the individual beam components can be defined

t-14T/2 2
Pnorm(t’di): z ﬂ 3)

=t-T/2 Var(ui ( T'di ))

where

var(u (7-d,)== > (u, (74, (1)) @

Mﬂ=%im@@) )
=1

This beam power formulation penalizes beams when the components are not well correlated. Both beam power
definitions average over time and the length of this time window must be carefully chosen to take into account the
characteristics of the propagating waves. For example, when using the maximum of beam power to estimate the
direction of the source of an AE, the time window over which the beam power averages should be short enough to
include only the direct arrivals of the stress waves because the reflections may arrive from a different direction and it is
undesirable to have these waves bias direction of arrival estimates.

Direction of arrival estimates
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For planar arrays (which are easiest to implement in the method of acoustic emissions because all sensors are
located on one planar surface of a structure), direction of arrival and velocity of propagation are coupled into a parameter
known as horizontal slowness p defined:

p= sin( @)

C

(6)

where ¢ is the propagation velocity of the waves and ¢ is the angle of incidence measured from the normal of the plane
of the array. If the velocity of propagation is known, the incidence angle can be determined and vice versa. For most
civil infrastructure applications such as bridge decks and walls, the angle of incidence is nearly 90 degrees (i.e. the
source is nearly in the plane of the sensor array). In these cases source location can be considered a two dimensional
problem and the slowness is very nearly equal to ¢'. The azmuthal direction of arrival can be determined independently
of slowness.

The direction of arrival and other parameters of incoming stress waves (and thus the direction of the source of
the acoustic emission) can be determined by maximizing beam power. To estimate the azmuthal direction of the source
of the acoustic emissions the beam is systematically steered over a range of different azimuths and the maximum (over
time) of the beam power (as formulated in Eq (3)) was obtained for each azimuth. This resulting relationship—
maximum beam power versus azimuth—was then smoothed (over azimuth) and the resulting peak was taken as the most
likely estimate of the azmuthal direction of arrival of the incoming waves.

Velocity of incoming waves and VESPA

A sensor array can be used to estimate the propagation velocity of incoming stress waves. In the method of
acoustic emission, different modes of waves (P-waves, S-waves, and R-waves) arrive at the sensor array'’, and
distinguishing between these types of wave arrivals can be a powerful signal discrimination tool. In addition to steering a
beamforming array in a particular direction, the array can be focused on waves arriving at a specific velocity or
slowness. Figure 5 illustrates this focusing effect by distinguishing between the fast propagating P-wave which is the
first wave to reach the sensor array and the slower propagating R-wave, which reaches the sensor 250 us later. In Figure
5 (a) the relative time delays of the signals which, when summed, comprise the beam forming output (shown as the dark
line), have been adjusted to accommodate waves arriving at 4000 m/s (an expected P-wave speed in reinforced
concrete). While the P-wave is of a lower amplitude than the later arriving R waves, the traces from the individual
sensors show are well correlated at the time of the P-wave arrival (2.25 ms) and are not as well correlated at the time of
the R-wave arrival (2.55 ms). Conversely, in Figure 5 (b), the array is focused on waves arriving at 2200 m/s (a typical
R-wave speed for concrete). This figure shows the R wave more correlated and the P wave less correlated than in Figure
5 (a).
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Figure 5. The light colored lines are the delayed individual outputs from each sensor of an eight sensor array. The dark line is the
scaled sum of the eight sensors’ outputs. The delays are focused to accept the P wave (a) and slower propagating surface wave (b).

The VESPA (VElocity SPectral Analysis) process allows analyses of the different wave mode arrivals'®. In a
VESPA process the beam power is calculated as a function of slowness and time and plotted in a vespagram such as the
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one shown in Figure 6. Beam power must be carefully defined such that the time interval T over which the power is
averaged is short enough that adequate time resolution is preserved. For the VESPA processes discussed in this paper,
the beam power formulation described in Equation (3) was used and a time window of 115 ps was chosen. As described
above, this beam power formulation penalizes signals which are uncorrelated, effectively reducing the amplitude of most
reflections and accentuates the P and R waves. This time window is sufficient for the P and R waves to remain distinct
even for sources location only one meter away from the sensor array.
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Figure 6. The vespagram (a) and contours of the 3D plot (b) for a typical acoustic emission in a reinforced concrete structure.

For convenience and clarity, contours of this three dimensional surface are plotted (Figure 6 (b)), and slowness is
converted to propagation velocity (a more physically meaningful quantity) assuming that waves arrive the sensor array at
an incidence angle of nearly 90 degrees. This is a realistic assumption for large, plate-like civil engineering structures
where the AE sources are nearly in the plane of the sensor array.

Figure 7 shows a vespagram plotted in parallel with the signals from an AE beamforming sensor array. This
figure shows how the VESPA process illuminates the arrival of different wave phases within the acoustic emission
signal. For example, by looking only at the signals (Figure 7 (a)) the arrival times of the P-, S- and R-wave phases are
ambiguous. The vespagram, on the other hand, clearly shows three peaks in beam power: a small peak at about 4100 m/s
and 2.25 ms, a slightly larger peak at about 3000 m/s and 2.4 ms, and a very high amplitude peak at about 2200 m/s and
2.55 m/s. These three peaks correspond to the P-, S-, and R-waves, respectively, which arrive at distinct times and
distinct speeds. Additionally, the vespagram shows two distinct reflections which arrive at the location of the sensor
array at later times, but the signals from these reflections are not as well correlated or are of a much smaller amplitude
than the direct arrivals. The distance from the common source of these three types of stress waves can be roughly
determined by the relative arrival time information gained from the vespagram using the relationship

r= (tR 'tp)CRCP
Cp-Cr

(12)

where r is the distance from the center of the array to the AE source, tg and tp are the arrival times of the R-wave and P-
wave, and cg and cp are the propagation velocities of these two waves. This simple formula will also work with S waves,
although, in most cases the S wave arrival is not clearly defined, even on the vespagram (see Figure 6).
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Figure 7. Contours of the vespagram (a) and the beamforming corresponding output (b) for an acoustic emission signal which shows
the successive arrivals of the P-, S-, and R-waves followed by reflections.

3. DISCUSSION

Two objectives to strive for in a structural health monitoring system are reliability and low cost. Firstly it is
desirable to have a system which accurately assesses the “health” of the structure or can accurately monitor the progress
of the health of the structure over a long period of time. Secondly, this must be accomplished at a minimal cost to the
owner, otherwise it may be economically preferable to simply build a new structure. Beamforming acoustic emission
offers promising progress towards increasing the reliability of a structural health monitoring system while keeping
economic costs low.

Cost Effectiveness

Beamforming acoustic emission is cost effective because it modifies the method of acoustic emission to a form
well suited for use with a wireless sensor network. Wireless sensor networks reduce costs because they are easier to
install than wired systems, easily scaled to accommodate different types of structures, and reduce the need for expensive
cables".

The geometry of sensor arrays makes the requirements for time synchronization within an array easy to meet. In
traditional acoustic emission, sensor configurations which rely of AE source location based on triangulation the sensors
must be well distributed over the entire structure because only AE sources which are encompassed by the sensor array
can be accurately located”™”. This requires the use of many tens of sensors on a large concrete structure and perhaps km
of shielded cables. Beamforming approaches use small aperture arrays (perhaps 200 mm in diameter and six to eight
sensors) in which all sensors can be hard wired together to provide sufficiently accurate time synchronization.
Furthermore, more than one beamforming AE sensor array (of 4-8 sensors) can be linked wirelessly and precise time
synchronization (down to the ps) between multiple arrays is not required for source location estimates.

Another reason beamforming AE arrays are suitable for wireless sensor networks is that they require less data
transmission. In conventional AE monitoring arrival times and signal characteristics from each distant sensor must be
sent to a main station for analysis. With beamforming AE, the analysis procedures described in this paper can be
performed at the location of the small aperture beamforming AE sensor array, and the only information which will need
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to be sent wirelessly is the direction of arrival of the AE, the time of the AE, and possibly some consolidated array
information such as the beamforming output or characteristics of a VESPA process. This concentration of information
which must be sent wirelessly allows beamforming AE to be more power efficient.

Reliability

AE analysis has the potential to increase the reliability of a structural health monitoring system because
quantitative measures of signal discrimination are achieved. In traditional AE analyses it is often unknown whether the
acoustic emissions measured are the result of the expected damage process (such as known sources of cracking,
corrosion, or failure) or from entirely different sources, since only the relative trends of qualitative statistical measures
such as b-value and hit rate are obtained. Beamforming AE can produce reliable and quantitative measures.

One quantitative measure by which different sources of AE can be distinguished is by the geographical location
of the source. For example, a beamforming acoustic emission array can be used to assess or monitor a suspicious crack
or zone of corrosion in a reinforced concrete structure. Instead of attempting to gain precise source location coordinates
which are often inaccurate, biased, and nearly impossible to attain in previously cracked concrete structures, the
beamforming AE analysis can either confirm or disprove the suspicion that this zone of damage is “active” just by noting
the general direction from which the AE (the stress waves) arrive. If the direction of arrival roughly corresponds to the
direction of the previously identified zone of damage, the emissions are likely to be from that source. On the other hand,
if the emissions arrive from random directions, the emissions may be due to “background” AE activity which is often
present in concrete structures.

AE beamforming is most effective as a monitoring tool which will alert the owner of a deviation from normal
activity. For example, if the number of AE events recorded over time suddenly increases and these events all arrive from
the same direction, this provides an indication that a closer inspection in that area of the structure is warranted. By
coupling an acoustic emission monitoring system with other measurements, such as strain readings, the reliability of the
system can be further improved.

4. CONCLUSION

Beamforming offers a promising step towards increasing the reliability of structural health monitoring systems
for large civil structures while reducing the costs of such systems. Instead of relying on either qualitative, statistical
measures of acoustic emission activity or costly sensor arrays which must encompass the expected location of acoustic
emission sources, beamforming acoustic emission is a cost effective and elegant method of obtaining quantitative
information from acoustic emission signals from one or more small arrays of 4-8 elements. Beamforming analysis
procedures are based on simple delay and sum beamforming techniques which have been utilized for decades in a wide
variety of applications ranging from sonar to seismology. From these analysis methods, the direction of the acoustic
emission source can be reliably estimated and additional signal discrimination based on the arrivals of different wave
types which propagate at different speeds can be attained via the VESPA process. The most promising feature of the
beamforming acoustic emission method is its suitability to wireless sensor networks which will lower the cost of
implementing this structural health monitoring method.
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