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SUMMARY

The application of the acoustic emission (AE) technique to monitoring the crack characterization in masonry struc-
tures is investigated in this paper. An improved approach, modified from the classical crack source localization
method, is proposed to provide more reliable crack locations in masonry structures. The introduced parameter,
degree of inhomogeneity ξ in the modified method, can help to decrease the unavoidable propagation delay related
to refraction due to the layers in masonry material. The modified method is successfully applied to the AE source
detection during the pencil-lead break test and the central pier settlement test of a masonry model bridge to analyze
the crack pattern. It is shown that the proposed method is a reliable tool for crack source location in masonry struc-
tures. Copyright © 2014 John Wiley & Sons, Ltd.
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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 environ-
mental 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. Therefore, it is imperative that sound safety
assessment methods are available in order to preserve these inestimable cultural heritages. As one of
the non-destructive evaluation and diagnostic techniques, acoustic emission (AE) technique can be
employed in the masonry monitoring [3–7].

Within civil engineering practice, the AE technique is a promising non-destructive technique for the
detection of damage onset and growth [8–10]. 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 acoustic signals’ onset times and other characteristics, AE techniques provide an insight
into the deterioration processes of a tested object [11,12]. As the onset times of AE signals at different
sensors are linked to the propagation speed inside the material, algorithms can be used to locate the
emitting sources and to predict their subsequent development [1,7]. AE is already widely used for
monitoring metallic [13,14], rock [15,16], and concrete structures [17,18], because AE is well suited
for homogeneous or qusai-homogeneous materials with good acoustic transmission. However, its
application to heterogeneous materials such as masonry is much more problematic [19].
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The application of AE monitoring to masonry structures 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 structures rather difficult [7]. Attempts were made in [20], involving the location of cracks
during an on-site monitoring campaign. Although a large amount of AE events were detected, only a
small percentage of them could be located. Damage location in masonry arch bridges was performed in
[21] by simply applying a large set of AE sensors and identifying the sensors where most damage was
detected. Some soft computing methods, such as optimized sensor triangulation procedure [22], smart
sensor technology [23], neural-network approach [24], and multiway partial least square method [25]
were employed into the damage detection of composite material in aircraft. Because of the reasonable
detection results from these application, these methods may also can be introduced into the masonry
damage detection application. But much more research should be performed if we want to transfer
one technique from one field to another because the composite material in civil engineering is totally
different with that in the aircraft.

This paper focuses on the applicability of AE technique in order to assess damage regions in masonry
structures. An improved approach, modified from the classical crack source localization method, is pro-
posed to provide more reliable crack locations in masonry structures. A series of tests were designed
and carried out on a masonry bridge model, and the results of the tests are discussed in the following text.

2. SOURCE LOCATION OF AE EVENTS

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 mathe-
matical analysis of acoustic wave trajectories [26,27]. 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 anisot-
ropy of material. In this section, a general overview on the classical localization method and the
corresponding knowledge is depicted.

2.1. Onset time determination of the acoustic signals

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, because multiple side reflec-
tions, 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 [28]. In signal analysis, the onset time is usually
picked as the point where the first difference between the signal and the noise takes place [29]. Deter-
mination of the onset time of AE signals is crucial for the whole localization process and is the major
premise to affect the localization accuracy [8].

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. Two mostly used methods, short term average/long term average (STA/LTA)
picker by [30] and AIC-picker [31] are employed and investigated for the AE signals in masonry struc-
tures. 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 and 4, the
differences Δt between the automatic and the manual picks are examined. Figure 1 shows the results
for the STA/LTA-picker and for the AIC-picker, compared with manually picked onset times.
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The signals have different reading precisions of their first 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, Δt⩽ 1.25μs. Also, the number of mispicks
with Δt⩾ 5μs 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.

2.2. Classical localization method

As shown in Figure 2, in a theoretical model with wave propagation velocity vPi, the onset time t�i at
sensor →xi , unknown crack coordinates →x0 , and origin time t0 can be estimated by an integral along
the actual ray path Γi:

Figure 1. Differences Δt between automatically and manually picked arrival times for the short term average/long
term average (top) and the AIC-picker (bottom). The pie charts show the performance of both automatic pickers.
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Figure 2. Localization of point acoustic emission source involving a generic array of n sensors.
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t�i ¼ t0 þ ∫
Γi

dΓi=vPi rð Þð Þ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
Ι

; (1)

where vPi(r) is the wave velocity field in the specimen or structure. If the material is homogeneous,
Equation (1) can be simplified as

t�i ¼ t0 þ
→x0 �→xi
�� ��

vp
¼ t0 þ

→xi0
vp

: (2)

For each sensor i, there will be residual ri between the detected onset time ti and the calculated onset
time t�i :

ri ¼ ti � t�i : (3)

If tj is the onset time at another sensor→xj, the measured onset time difference between sensors i and j
is used. Usually, we have

rij� ¼ Δtij �
→xi0 �→xj0
� �

vp
; i ≠ jð Þ: (4)

Usually, one sensor is taken as a reference sensor, which can be arbitrarily chosen, for example,
assigned the sensor j = 1 as the reference sensor. Then, Equation (4) is

ri� ¼ Δti1 �
→xi0 �→x10
� �

vp
; i ¼ 2;…; nð Þ (5)

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:

χ2 ¼
Xn
i¼2

r�i
� �2

: (6)

Residuals are reduced by applying correctionsΔ→x and Δvp to the source parameters, which can be
written as

ATA→r ¼ �A Δ→x; Δvp
� �T

: (7)

Thereby, →r is the data vector with the residuals for n observations of an event. A, which is a
(n� 1) × 4-matrix, contains the partial derivatives of the calculated travel times with respect to the
source coordinates, calculated at →x0:

A ¼

∂r�
2

∂x
∂r�2
∂y

∂r�
2

∂z
∂r�2
∂vp

⋮ ⋮ ⋮ ⋮
∂r�n
∂x

∂r�n
∂y

∂r�n
∂z

∂r�n
∂vp

0
BBBBB@

1
CCCCCA

→
x0

: (8)

Due to the linearization of Equation (7), the problem is solved iteratively until convergence,
starting with an initial guess for the crack source location.

2.3. Initial guess selection

As described in Section 2.2, in order to solve the Equation (7), an initial guess to start the iteration
calculation is necessary. From a mathematic point of view, a good initial guess is important to reduce
the iterative steps and to increase the accuracy of the final result. In AE applications, however, methods
to give the initial guess are rarely mentioned in existing publications. If an arbitrary value based on the
subjective opinion of operator is chosen as the initial guess, the calculation will be time-consuming
because of the greater iterative steps and the result may be unacceptable. Accordingly, a general
method is proposed in this section to give a reliable and logical initial guess.
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The method is based on the Equation (2), in which the material is homogeneous. If the medium of
interest is homogeneous and isotropic, wave propagation velocity vp is determined independently from
AE measurement and the propagation direction, but only related to Lame constants λ and μ, and
density ρ:

vp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λþ 2μ

ρ

s
: (9)

Considering the unknown crack source →x0 and the sensor →xi (Figure 2), the distance
→xi0 is

di ¼ x0 � xið Þ2 þ y0 � yið Þ2 þ z0 � zið Þ2
h i1=2

: (10)

If we take the sensor →x1 as the reference one, we have the Equations for the sensors
→xi and

→xj:

→xi0 �→x10 ¼ vp ti � t1ð Þ
→xj0 �→x10 ¼ vp tj � t1

� �
8<
: i ≠ j ≠ 1ð Þ: (11)

Through mathematical manipulation, we have

A B C½ �
x0

y0
z0

8><
>:

9>=
>; ¼ E½ � (12)

where

A ¼ 2 Δtj1 x1 � xið Þ � Δti1 x1 � xj
� �� �

B ¼ 2 Δtj1 y1 � yið Þ � Δti1 y1 � yj
� �� �

C ¼ 2 Δtj1 z1 � zið Þ � Δti1 z1 � zj
� �� �

E ¼ Δti1 xj2 � x12
� �þ yj

2 � y1
2

� �þ zj2 � z12
� �� �

� Δtj1 xi2 � x12ð Þ þ yi
2 � y1

2ð Þ þ zi2 � z12ð Þ½ �
þ vp2 Δtj1Δti12 � Δti1vpΔtj12

� �
: (13)

In Equation (13), all the variables are either known or can be measured, thus if the onset times are
available and together with the predetermined velocity vp by Equation (9), three linear independent
Equations can be formed in this manner and unknowns (x0, y0, z0) in Equation (12) can be solved.

Thus, (x0, y0, z0, vp) can be used as the initial guess value to start the iterative calculation. Obviously,
if the material is strictly homogeneous, our initial guess is exactly the final required result. Therefore,
the initial guess from the proposed method is sure to give a more reliable and logical result than the
arbitrary chosen values.

2.4. The AE velocity field vPi(r)

As shown in Equation (1), the wave velocity field vPi(r) is an important factor in the calculation. The
variation of vPi(r) is affected essentially by the material property of tested structures. If the structure can
be considered as homogeneous, the wave path from the crack source to the sensor is certainly consid-
ered to be a straight line, shown by dashed straight line in Figure 2 and the vPi(r) is also homogeneous.
In this case, the velocity inside the structure is a unique value in each path direction and the value vP
can be estimated by Equation (9). The metal is the typical material that can be considered as homoge-
neous, in which the Equation (2) can be applied well [32].

The concrete cannot be thought to be homogeneous if compared with the metal structure, whereas
the Equation (2) under the homogeneous assumption is still applicable. For concrete, this assumption
is reasonable, because for waves with a wavelength of, for example, λ≈ 20 mm (for a frequency
f = 200 kHz and vp = 4000m/s [33]) signal aggregates or pores are not resolved, though these inhomoge-
neities have a great influence on the propagating wave field. The propagation speed can be averaged over
the propagation path. The ray path Γ i can be treated approximately the same as calculated distance ds
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between the sensor and the crack source, shown in Figure 3(a). The validation of this assumption has
already been testified by numerical analysis of the 2D modeling [11]. One of the main difficulties is the
strong scattering of the waves at those aggregates having a characteristic length similar to the wavelengths.

However, for the masonry structures, the reflection and refraction of the wave at the layers is
unavoidable. Here, we only consider the propagation effects related to the refraction of AE wave,
because the reflection mostly ascribes to the decreasing of the incident power density and of the signal
amplitude. From Figure 3(b), the propagation delays (denoted as P-D) are

P-D ¼ Γi

vΓ
� ds

vds
¼

∫
Γi

k dl

vds
� ds

vds
; (14)

where k ¼ vds
vΓ

and vΓ is the wave propagation velocity along the ray path Γ and vds is the counterpart

along the calculated path ds. Then, we have

P-D ¼
∫
Γi

kdl

vds
�

∫
Γi

dl

vds|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
Velocity delay

þ
∫
Γi

dl

vds
� ds

vds|fflfflfflfflfflffl{zfflfflfflfflfflffl}
Geometrical delay

: (15)

Usually, the velocity difference in the two paths for one sensor event is not very significant and
k = 1.0. Therefore, only the propagation effect of the geometrical delay is considered,

P-D ¼
∫
Γi

dl

vds
� ds

vds
: (16)

In general, the P-D value reflects deviation of the real wave propagation path Γ i from the calculated
path ds between the sensor and the crack source. The value will increase as the distance increases,
because the conditions are more complicated for traveling through more layers. In this respect, the
P-D is unavoidable, existing in the masonry structures, which means the classical method based on
Equation (2) cannot be used directly here.

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. The model bridge

A two-arch masonry model bridge (Figure 4), designed according to historical rules for the geometry
definition and sharing most of the characteristics of real historical bridges, is investigated. According to

S2

Crack Crack

Concrete Masonry

S1 Si S1 S2 Si

o o

ds

i

(a) (b)

Figure 3. Schematic descriptions of the differences between real wave propagation path and the theoretical path in
concrete (a) and masonry (b).
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the theory of models, the geometry is scaled down to obtain the model dimensions. The scale of the
model bridge is 1 : 2 and it is 5.90m length, 1.60m width, and 1.75m height. Constituent bricks made
by hand have a uniform size of 130 × 65 × 30mm, according to the geometrical scale proportion.
Strength and stiffness of masonry brick and mortar have been selected to better reproduce the case
of real historical bridges.

The model bridge is supported by two masonry abutments and a central pier built with the same
masonry. The abutments lay on concrete basements that are linked to the ground through special
reinforcements.

Above the arches, there are containment masonry walls on the four sides of the bridge, which pro-
vide the location for the filling material. The upper part of the bridge is completed with a concrete slab
top, realized with limited cement content.

3.2. Mechanical parameters for the model bridge

Prior to the tests, it is useful to estimate the mechanical parameters of the bridge. The mechanical
parameters to collect are those of the basic material, that is, the masonry.

A number of laboratory tests have been performed (Figure 5), including compression tests, diagonal
compression tests, four-point bending tests on masonry arches, and shear tests. In addition, tests on the
mortar alone, and on the concrete used to support the abutments have been performed. The main me-
chanical parameters obtained are the following: the Young’s modulus E, the Poisson ratio ν, the tensile
strength ft, the compressive strength fc, and the tensile fracture energy GF. The detail description of the
tests can be found in [34], and the useful mechanical parameters for our research are listed in Table I.

3.3. Pencil-lead break tests

In order to analyze the AE propagation property in masonry, it is necessary to know the actual AE
source locations. Usually, artificial sources, such as Capillary break, small ball bearing drop, pulsed
AE sensor, and pencil-lead break are commonly used for calibration purposes or to study wave prop-
agation in solids. Probably the most used source as a simulated source of AE is the pencil-lead break
test [35]. Therefore, pencil-lead break tests with artificial sources at defined positions on the masonry
bridge are carried out, which has the similar procedure with that operated in concrete structures [8].

3.4. AE monitoring system

An AE measurement system (ATEL device) consisting of six piezoelectric (PZT) sensors and six con-
trol units is used to record AE signals in our research, shown in Figure 6. The PZT sensors exploit the
capacity of certain crystals to produce electric signals whenever they are subjected to a mechanical
stress. The sensors are attached to the masonry surface, which is carefully smoothed by means of
vacuum silica grease. The ATEL sensors, acting as strainmeters, transform mechanical vibrations
(AE) of about 10 ± 7mm amplitude into electrical signals (AE signals) of about 10 ± 6V amplitude.

Figure 4. Model bridge realized at the Politecnico di Torino laboratory.
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In the graph shown in Figure 6, the maximum sensitivity of PZT transducer is displayed. The PZT
sensors have a linear frequency response of between 50 and 500 kHz. Considering unknown a priori
the amplitude levels in the HF-range, the AE transducer has been selected on the basis of its great
sensitivity and with a threshold voltage Ath (here, fixed at 100μV in order to filter out the environmen-
tal noise).

They are connected to preamplifiers and then to the acquisition unit. Signal detection is trig-
gered dependently for each channel by a fixed threshold. With the help of the software Labview,
transient signals with 10MHz sampling rate are recorded for later extraction of the first onsets
and source localization.

Table I. Mechanical materials parameters obtained from the tests.

Parameter γ [kg/m3] E [Pa] ν fc [Pa] ft [Pa] GF [Nm]

value 1900 1.5 × 109 0.2 3 × 105 4.3 × 106 400

(a) (b)

Figure 6. (a) Frequency bands of sensitivity for the acoustic emission (AE) sensors used in the acquisition; (b)
control units and acquisition system used to record AE signals.

(a) (b)

(c) (d)

Figure 5. Laboratory tests for the mechanical characterization of the masonry: (a) compression test; (b) diagonal
compression test; (c) four point bending of a masonry arch; and (d) shear test.
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3.5. AE signal Attenuation test

A series of pencil-lead break tests are performed on the central pier of the bridge to study the attenu-
ation and the velocity properties. The size of the central pier is of 160 × 50 × 28 cm, shown in Figure 4,
and it can be considered as a representative masonry solid structure.

The released energy is an important source parameter for an AE event. With every crack, energy is
released within the material and a transient elastic wave is generated. The effectiveness of the AE tech-
nique for masonry is primarily reliant on the acoustic transmission of the mortar joints and on the qual-
ity of the mortar and masonry units. In order to define the applicability of AE for locating cracks and
crack propagation, attenuation of AE signals need to be considered.

Pencil-lead break tests are performed on the pier at increasing distances to analyze the wave atten-
uation when propagating in both surface (shown in Figure 7) and body conditions. Signal shape is
stored, and the energy is measured following transmission through the mortar joints in the latitudinal
direction (9.5-mm-thick joints at 130mm distances); see Figure 7. One sensor is used to detect AE sig-
nals from sources at increasing distances of 10 cm on the surface, in which the pencil-lead break point
and the sensor are in the same surface of the central pier. The process is carried out for the central pier
as well as for the concrete basement (shown in Figure 4a) on the surface for comparative purposes. For
the masonry, the body condition, in which the break point is on one surface and the sensor is on the
other side surface of the middle pier to simulate the wave propagation inside of the body, is also inves-
tigated. The total energy W released by an AE event is defined in this study as the total value of area
under the acoustic signal in the signal duration. The attenuation result is shown in Figure 8.

From Figure 8, the AE signal transmission loss in masonry is much higher than in concrete because
of the numerous boundaries between the bricks and mortar joints in the masonry. There is, for example,
approximately 22% reduction in energy when measured at a surface distance of 60 cm from the AE
source in concrete, but 45% of the total energy is lost in masonry. If the wave propagates inside the
masonry pier, only 16% of the total energy remains. When the distance is further than 80 cm, it is

Figure 7. The sketch of fixed pencil-lead break point and the moving sensor in the attenuation test on the central pier.

Figure 8. Conditions of acoustic emission signal attenuation in concrete and masonry.
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difficult to record the signals through the body, because the signal is almost attenuated or mixed in the
noise, which is almost no use for our analysis. Here, we recommend the signal to be discarded when its
percentage of energy remaining is below 15% of the total energy. In order to locate the cracks within
the structure it is determined that the sensors needed to be placed no more than 60 cm apart in the body
and 100 cm on the surface. Of course, this distance depends on the layout of the bricks, the quality of
the mortar-brick connection and the coherence of the masonry in general.

3.6. Wave velocity tests

Six sensors (S0–S5) are used to detect AE signals, and the distance between two adjacent sensors
increased from S1–0 to S5–4 with an increment of five units, shown in Figure 9. On one hand, the pencil
is broken beneath the sensor S0 with 5-cm distance away in the same surface to study the surface
velocity propagation, which is the scenario shown in Figure 9. On the other hand, wave propagation
inside masonry body condition is also investigated by using the same sensors at the same positions
and breaking the pencil at the same corresponding position of the sensor S0, but on the opposite surface
of the central pier.

The results of the measured velocities are shown in Figures 10 and 11. The velocity named
V-homogeneous, is calculated according to Equation (9) based on the mechanical parameters in Table I
for comparison purpose. The V-average is the average velocity value of all the calculated velocities in
the corresponding test.

In Figures 10 and 11, the velocities, detected both on the surface and inside of the masonry, clearly
show that the value of the velocity decreases with the increasing traveling distance. The reason for this
is that the transient wave changes its mode many times from longitudinal to shear and/or to surface
waves and vice versa due to the reflection and/or refraction during traveling in different phases. The

Figure 9. Wave velocity test: (left) the sketch of the pencil-lead break point and the sensor distribution; (right) sce-
nario of the velocity test.

Figure 10. Wave velocity of the acoustic emission on the surface of masonry model bridge.
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longer the traveling distance, the more change happens, which leads to a greater deviation of the real
wave propagation path Γ i from the calculated path ds. This is what we called propagation delay phe-
nomenon in Equation (14).

Another issue noted in the Figures 10 and 11 is that the V-homogeneous has a great difference with
the V-average, which means we cannot use the velocity value from Equation (9) by taking the masonry
as a homogeneous material in initial guess. Thus, the V-average from the velocity test is adopted as the
velocity value in the initial guess to start the iteration of source localization calculation.

4. THE AE SOURCE LOCALIZATION IN MASONRY

4.1. The modified crack source localization method

The classical localization method can be used in the concrete structures according to the analysis in
Section 2.4. But the localization of AE source in masonry structures is highly complicated, as attenu-
ation 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 2.4 and the test result in Section 3.6 both illustrate that the classical localization method
based on Equation (2) cannot be used directly in masonry. A modified method based 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, because the detailed knowledge of the
actual wave path Γ , is not possible to be known. But modification can be made for the time-delay
according to the velocity property in Figures 10 and 11 to reduce the effect of inhomogeneous prop-
erty. In the modified model, the classical model result in Equation (6) is modified into

χ2 ¼
Xn
i¼2

ri1
2 ¼

Xn
i¼2

→x10 �→xi0 � kiti � t1ð Þv1
� �2

; (17)

where ki= (d1/di)
ξ is the modified factor, which is used to modify the effects of the inhomogeneity or

propagation delay. The parameter ξ, denoted as degree of the inhomogeneity, in ki reflects the inhomo-
geneous degree of the material. The degree of the inhomogeneity ξ is determined from the result of the
pencil-lead break wave velocity test, shown in Figure 10. It reflects the relationship between the calcu-
lated velocity and the wave propagation distance. In strictly homogeneous materials, the value ξ is 0
because the wave velocity is a constant value and does not changes with traveling distance. If the
material is not homogeneous, value ξ will theoretically increases with the degree of the heterogeneity.
The degree of the inhomogeneity ξ in our research is 0.14, which is taken from the relation between the
velocity and traveling distance shown in Figure 10.

Figure 11. Wave velocity of the acoustic emission inside masonry bridge. The empty circles means the results are
not so accurate because of the bad signal quality.
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For the initial guess selection, considering the complicated condition in masonry, localized result
(xc, yc, zc, vc) from the classical method is taken as the initial guess for the modified model.

4.2. The procedure of the modified localization method

Figure 12 shows that the procedure to determine the crack source by the modified localization method,
obtained after the discussion from Section 2.1 to Section 4.1.

4.3. Comparison of the two methods

Ad hoc tests are performed to reproduce AE source using pencil-lead break on the right-side surface of
the masonry abutment. Six sensors introduced in Section 3.4 are attached to the surfaces, shown in
Figure 13. In particular, 19 different pencil-lead break points (artificial source) are drawn on this sur-
face, and for each point, the tip of a pencil is broken eight times, so a total of 152 measurements are
recorded. For this test 912 AE events from the six sensors are obtained and then the source localiza-
tions of all the 19 points were calculated according to the procedure that expressed in Figure 12.

The results of the locations are shown in Figure 13 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 Figure 13) have the best crack source monitoring result for both classical and
the modified methods. In the second group, including points 2, 9, 10, 11, and 12, points are distributed
on the nearby region of the sensor covered region. The rest of the points, far from the sensor covered
region, are in the third group.

For points in the first group, both methods give the ideal result, all the errors are smaller than 6mm,
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 Figure 13) in the classical method are about
15–75mm, whereas the counterparts (b value in Figure 13) can be reduced to about 6–27mm in the
modified method. In this condition, about half of the break events can be detected according to the c
value in Figure 13. 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.

Figure 12. Flow-chart of the modified crack source localization method to determine the acoustic emission source
locations.
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Three representative points, 4, 10, and 17, respectively, of the three groups are selected to give the
detailed results in Figure 14.

From the results in Figures 13 and 14, the importance of sensor arrangement for the localization
capability can also be noted. For a given sensor distribution and an arbitrary AE source position, the
localization accuracy can be quantified. The highest accuracy can be achieved for events inside the vol-
ume spanned by the sensors, such as points of the first group. Distances of sources far from the sensor
network are less accurate or of little use. These conclusions can help to emphasize the importance of
the sensor arrangement and to remind us to select proper attached positions for AE sensors instead
of randomly distributions.

Altogether, the three conditions show that in comparison with the classical method, the modified
method appears to give excellent results for the masonry structure in the source localizations.

Figure 13. 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 that can be used for each point.

Figure 14. 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.
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4.4. Central pier settlement test

Experiment of applying different settlements on the central pier to simulate the damage of scour are
operated on the masonry model bridge. Differential settlement with an upper bound of 20mm was ap-
plied incrementally to the central pier, and the detail description of the experiment can be found in [34].
During the settlement test, AE technique is employed to monitoring the crack location by our proposed
modified method.

Four sensors were arranged around the pier-arch conjunctions according to the analysis before the
test, and the AE monitoring system was the same as that used in the pencil-break test. The monitoring
results are shown in Figure 15.

As for the AE monitoring, a total number of 23 AE points was localized by means of the modified
method. Most of the localized points have a good agreement with the crack pattern configuration by
surrounding the main crack on the left conjunction between the pier and the arch.

5. DISCUSSION AND CONCLUSIONS

Monitoring techniques have received considerable attention due to the increasing demand of structural
retrofit and strengthening. As one of the non-destructive monitoring techniques, acoustic emission 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 structure material. The traditional localization method is mostly
adopted to realize the localization in metal and concrete structures. However, for the masonry
structures, the complicated material properties make the classical localization method not directly
applicable.

The modified localization method proposed in this paper allows giving reasonable location results. In
the modified method, a modified factor ki related to inhomogeneous or propagation delay is introduced.
The degree of the heterogeneity ξ in ki plays a key role to eliminate the effect of the inhomogeneous of
the material. Accordingly, the pencil-lead break velocity tests on the masonry structure to measure the
relation between wave velocity and traveling distance should be fulfilled before the monitoring. Based
on this test result, the value ξ can be obtained and employed in the monitoring process.

The sensor arrangement is another task that 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. Events detected 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. There-
fore, the proper arrangement of the sensors can give us more available points, which is well testified by
the c value in Figure 13.

Figure 15. The monitored conjunction before the test (left); the comparison of the crack positions between the ex-
periment and the acoustic emission monitoring. The black points are the results from the modified model (right).

LOCALIZATION OF ACOUSTIC EMISSION SOURCES IN MASONRY BRIDGE 327

Copyright © 2014 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2015; 22: 314–329
DOI: 10.1002/stc



The results of an ad hoc experiment have shown that the results by the modified localization method
are all located near the actual positions. This evidence allows considering the proposed method to be a
reliable and suitable one compared with the classical method. In addition, the application of the
modified method in the central pier settlement test confirmed the validity of the method. Thus, 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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