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Abstract Acoustic Emission (AE) is a promising non-destructive monitoring technique to investigate the
damage location and to evaluate the structural health conditions. Based on the tests performed on a masonry
bridge, three ingredients —sensor distribution, onset time determination and degree of inhomogeneity—
affecting the accuracy of AE localization are discussed. The test result shows a reasonable sensor
arrangement is of great importance for the localization capability. The highest accuracy can be achieved for
damage sources localized among the sensor distributions. Distances of sources far from the sensor network
are less accurate. Onset time determination of an AE signal is another important factor in this technique. A
widely used approach, based on the Akaike Information Criterion (AIC), is confirmed to provide more
reliable onset time determination of AE signals. Moreover, the inhomogeneity of the test object may lead to
errors in the ultrasonic wave travelling model. Different-scale fluctuations and structure variations in the
composite structure can result in random variations of the propagation velocity and systematic errors. A new
proposed parameter, the degree of inhomogeneity &, introduced into the classical method, can effectively
decrease the crack localization unavoidable errors due to inhomogeneities in masonry material.
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1. Introduction

Various masonry structures, such as towers, bridges and historical buildings are widely distributed
all over the world. As a consequence of building with old techniques, long-time exposing to the
environmental conditions and changing loading regimes, many of these masonry structures are
placed in repair and strengthening programs [1, 2]. Prior to repair and rehabilitation, inspections of
the structures to estimate the current state in service are essentially required. As one of the
non-destructive evaluation and diagnostic techniques, Acoustic Emission (AE) technique is
gradually employed in the masonry monitoring [2-5].

Within civil engineering practice, the AE technique is a widely applied non-destructive technigque
for the detection of damage onset and growth [6, 7]. AE is the class of phenomena whereby
transient elastic waves are generated by the rapid release of strain energy when damage occurs
within a material. By investigating onset times and other characteristics of acoustic signals, AE
techniques provide an insight into the deterioration processes of a tested object [8]. As the onset
times of AE signals at different sensors are linked to the propagation speed inside the material,
algorithm can be used to locate the emitting sources and to predict their subsequent development [1,
9]. AE is widely used for monitoring metallic [10], rock [11, 12] and concrete structures [13, 14],
because AE is well suited for homogeneous or qusai-homogeneous materials with good acoustic
transmission. However, its application in heterogeneous materials such as masonry is much
problematic [15].

This paper presented the recent research about the accuracy of the crack localization of AE
technique in masonry structure, which is one of the most important and challenged topics in AE
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applications. The application of AE monitoring in masonry structure is highly complicated, as
attenuation and wave propagation are dependent on the heterogeneity of the material. Besides, the
presence of voids, cracks and cavities does also influence the AE detection itself. The AE waves,
generated at the other side of a large crack to which the sensors are placed, will generally not be
detected by AE sensors. This, for example, would be the case between the disconnected layers of a
multiple-leaf wall, which is often encountered in historical masonry structures. All these ingredients
make the source localization in masonry structure rather difficult [9].

In order to address these issues regarding damage region assessment in masonry, a series of tests
were designed and carried out on a masonry model bridge. The results for the tests are discussed in
this paper.

2. Source location of AE events and classical localization method

Localization of AE sources is important to assess the regions of active damage in the monitoring
technique. Location problems are usually solved by various triangulation techniques based on
mathematical analysis of acoustic wave trajectories [16]. This analysis cannot be simply performed
if the structure of tested specimen is geometrically complicated. Generally, these techniques depend
on the mode of propagation, the elasticity modulus, and signal attenuation due to the heterogeneity
and anisotropy of material. In this Section, a general overview on the classical localization method
and the corresponding knowledge is depicted.
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Figure 1. Localization of point AE source involving a generic array of n sensors.

As shown in Fig. 1, in a theoretical model with wave propagation velocity v, , the onset time t
at sensor X, unknown crack coordinates X, and origin time t, can be estimated by an integral

along the actual ray path T';:
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where v, (r) is the wave velocity field in the specimen or structure. If the material is

homogeneous, Eg. (1) can be simplified as:
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For each sensor i there will be residual r, between the detected onset time t; and the calculated
onset time t; :
=t _ti*' 3

If t; is the onset time at another sensor Xj , the measured onset time difference between sensors i

and j is used. Usually we have:
K= At —('—, (i#1]). (4)

If there are more than four onset times available for one event, the problem is overdetermined.
These residuals are minimized using the least square method, in which the total error for (n-1)
equations is simply the sum of all squared time-residuals:

=20 (5)
Residuals are reduced by applying corrections AX and Av, to the source parameters, which can

be written as:

ATAT =—A(A%, AV,)". (6)

Thereby, F is the data vector with the residuals for n observations of one event. A, which is a
(n—1) x4 -matrix, contains the partial derivatives of the calculated travel times with respect to the

source coordinates, calculated at X :
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Due to the linearization of Eq. (6) the problem is solved iteratively until convergence, starting with
an initial guess for the crack source location.
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3. Experimental setup and operation

According to the aforementioned crack source localization problem in masonry structure, several
tests based on a two-arch masonry model bridge are operated in this research.

3.1. Wave velocity test

A series of pencil-lead break tests are performed on the central pier of the bridge to study the
attenuation and the velocity properties. The size of the central pier is of 160>60>28 cm, shown in
Fig. 2, and it can be considered as a representative masonry solid structure.

Six sensors (So~Ss) are used to detect AE signals and the distance between two adjacent sensors
increased from S;.o to Ss4 with an increment of 5 units, shown in Fig. 2. The pencil is broken
beneath the sensor So with 5cm distance away in the same surface to study the surface velocity
propagation, which is the scenario shown in Fig. 2.

Figure 2. Wave velocity test: (Left) the sketch of the pencil-lead break point and the sensor distribution;
(Right) scenario of the velocity test.

The results of the measured velocities are shown in Fig. 3. The velocity named V-homogeneous, is
calculated assumed the material is homogeneous [6]. The V-average is the average velocity value of
all the calculated velocities in the corresponding test.
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Figure 3. Wave velocity of the AE on the surface of masonry model bridge.
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3.2. Sensor distribution and source localization tests

Ad hoc tests are performed to reproduce AE source using pencil-lead break on the right-side surface
of the masonry abutment. Six sensors are attached to the surfaces, shown in Fig. 4. In particular, 19
different pencil-lead break points (artificial source) are drawn on this surface, and for each point the
tip of a pencil is broken 8 times, so a total of 152 measurements are recorded. For this test 912 AE
events from the six sensors are obtained and then sensor distribution and the source localizations of
all the 19 points are analyzed in the following sections.
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Figure 4. Results of the source localization calculated from the classical and the modified methods. In [a, b,
c], a is the average error of all the available breaks from the classical method, and b is the average error of all
the available breaks from the modified method, and c is the available breaks which can be used for each
point.

4. Accuracy analysis of AE locations based on the test
4.1. Degree of inhomogeneity

The classical localization method can be used in the concrete structures according to the
experiences [6-8]. But the localization of AE source in masonry structures is highly complicated, as
attenuation and wave velocity are dependent on the heterogeneity of the material (not only the
interface between bricks and mortar, but also cracks and cavities in existing structures). The
theoretical analysis in Section 2 and the test result in Section 3.1 both illustrate that the classical
localization method based on Eqg. (2) cannot be used directly in masonry. A modified method based
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on the classical method is introduced in the following part.

The basic idea of the localization in masonry is the same as that in concrete. But propagation delay
due to the layers in the masonry structures makes the homogeneous assumption is unavailable here.
Modifications for propagation delay are implemented.

The geometry distance ds is still taken as the calculated path, since the detailed knowledge of the
actual wave path T, is not possible to be known. But modification can be made for the time-delay
according to the velocity property in Fig. 3 to reduce the effect of inhomogeneous property. In the
modified model, the classical model result in Eq. (5) is modified into:

7 :Zn:rilz :_Zn:[ylo_iio_(kiti _tl)vl]z ) (8)

where ki=(d1/di)'§ is the modified factor, which is used to modify the effects of the

inhomogeneity or propagation delay. The parameter &, denoted as degree of the inhomogeneity, in k;
reflects the inhomogeneous degree of the material. The degree of the inhomogeneity ¢& is determined
from the result of the pencil-lead break wave velocity test, shown in Fig. 3. It reflects the
relationship between the calculated velocity and the wave propagation distance. In strictly
homogeneous materials, the value & is 0 since the wave velocity is a constant value and does not
changes with travelling distance. If the material is not homogeneous, value & will theoretically
increases with the degree of the heterogeneity. The degree of the inhomogeneity & in our research
is 0.14, which is taken from the relation between the velocity and travelling distance shown in Fig.
3.

4.2. Sensor distribution

The results of the locations are shown in Fig. 4 for both the modified and classical methods. It can
be noted that the location accuracy varies with the position of the breaks. The break points can be
approximately divided into three groups. The points 3~8 inside the central area of the sensor
covered region (the dashed line in Fig. 4) have the best crack source monitoring result for both
classical and the modified methods. In the second group, including points 2, 9, 10, 11, 12, points are
distributed on the nearby region of the sensor covered region. The rest of the points, far from the
sensor network, are in the third group.

For points in the first group, both methods give the ideal result, all the errors are smaller than 6 mm,
and most of the crack events can be monitored. For the second group, the modified model shows
better results than the classical method. The errors (a value in Fig. 4) in the classical method are
about 15~75 mm, whereas the counterparts (b value in Fig. 4) can be reduced to about 6~27 mm in
the modified method. In this condition, about half of the break events can be detected according to
the ¢ value in Fig. 4. The result from the classical method for the third group is barely acceptable
for its exaggerated errors, whereas modified method is still in good conditions. Although the errors
were slightly large, about three or four centimeters, the results are still acceptable considering the
entire size scale of the surface. Three representative points, 4, 10 and 17 respectively, of the three
-6-



13th International Conference on Fracture
June 16-21, 2013, Beijing, China

groups are selected to give the detailed results in Fig. 5.
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Figure 5. Detailed localization results of the point 4, point 10 and point 17. The solid points represent the
results of the modified method and the empty points of the classical method.

4.3. Onset time determination

Source localization is based on the onset times or arrival times of the direct body waves.
Theoretically, onset times of the direct body waves, P-wave and S-wave both can be used for source
localization. However, only first wave onset times (P-times) are usually measurable, since multiple
side reflections, structural noise and sensor response will interfere the later phases.

The true onset time of a crack AE event could be described as the moment when the first energy of
a particular signal phase reaches the sensor positions [17]. In signal analysis, the onset time is
usually picked as the point where the first difference between the signal and the noise takes place
[18]. Determination of the onset time of AE signals is crucial for the whole localization process and
is the major premise to affect the localization accuracy [6].

Manually picking is the preferred choice if there are only few events available. It is still necessary
to have reliable automatic picking tools, because human analysts cannot manage the vast amount of
data recorded in the monitoring. In concrete monitoring, many algorithms have been proposed for
automatic detection of onset times and the detailed description can be found in [19]. Two mostly
used methods, STA/LTA (STA Short Term Average, LTA Long Term Average) picker by [20] and
AIC-picker [6, 21] are employed and investigated for the AE signals in masonry structures. The
picking accuracy of the STA/LTA-picker and AIC-picker was quantified by a comparison with
picks that were set manually.

For 1122 signals of AE events recorded at the pencil-lead break tests in Sections 3, the differences
At between the automatic and the manual picks are examined. Fig. 6 shows the results for the
STA/LTA-picker and for the AIC-picker, compared to manually picked onset times.
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Figure 6. Differences At between automatically and manually picked arrival times for the STA/LTA (top)
and the AIC-picker (bottom). The pie charts show the performance of both automatic pickers.

The signals have different reading precisions of their onsets, depending on the signal to noise ratio
and how impulsive onsets are. The results from the two methods are both acceptable, although the
STA/LTA-picker obviously shows a trade-off. With the AIC-picker almost twice as many signals
than the STA/LTA-picker are picked in a very good correlation, At < 1.25us. Also, the number of
mispicks with At = 5us in the noise and picks too late in the signal could be reduced from 26.5%
of that in STA/LTA-picker to 18.5%. Accordingly, the AIC-picker can be suggested as a reliable
and accurate algorithm to determine the onset times of AE signals in masonry structures.

5. Discussion and conclusion

With wide existence of masonry structures, the monitoring techniques have received considerable
attention due to the increasing demand of the structural retrofit and strengthening. As one of the
non-destructive monitoring techniques, acoustic emission technique is employed for the masonry
cracking analysis.

For AE applications in monitoring, localization of AE sources is important to offer the information
of the active damage region. The investigation of the localization accuracy has shown that
monitoring results are greatly influenced by the material of structures. Classical localization method
is mostly adopted to realize the localization operation in metal and concrete structures. However,
for the masonry structures, the complicated material properties make the classical localization
method cannot be applied directly.

The modified localization method proposed in this paper allows giving a reasonable location results.
In the modified method, a modified factor k; related to inhomogeneous or propagation delay is
introduced. The degree of the heterogeneity & in k; plays a key role to eliminate the effect of the

inhomogeneous of the material. Accordingly, the pencil-lead break velocity tests on the masonry
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structure to measure the relation between the wave velocity and travelling distance should be
fulfilled before the monitoring. Based on this test result, the value & can be obtained and

employed in the monitoring process.

The sensor arrangement is another task which should be carefully considered. The investigation of
the localization accuracy has shown that the sensor distribution is essential for monitoring AE
activity in the specimen. The ideal condition is to ensure that all relevant regions are covered by
enough sensors before the monitoring starts. Detected events are only a fractional amount of all
recorded AE signals and, again, only a limited number of all detected events can be localized with a
sufficient accuracy. For a good imaging of crack progression it is necessary that enough events
could be localized. Therefore the proper arrangement of the sensors can give us more available
points, which is well testified by the c value in Fig. 4.

In conclusion, with the assistance of the reliable onset time picker (AIC-picker) and proper sensor
distribution, the source localization in masonry can be realized properly by the modified model.
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