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Acoustic emissions are propagating transient waves through material due to the release 
of energy by the formation of inelastic deformation. Acoustic Emission (AE) method is 
a direct way of identifying damage in critical bridge components using non-invasive 
sensors. However, the challenges for the successful implementation of the method in 
highway bridges are the data contamination with background noise and secondary 
sources such as friction, difficulty of quantitative results due to the complexity of 
damage growth, and difficulty of developing a standard test procedure applicable to 
various materials and geometries. The source localization in 1D, 2D or 3D depending 
on the sensor array is one of the advantages of the AE method; however, it can be 
adversely influenced by these challenges. The variables that affect an accurate source 
location using the AE method are relative location of the sensors and source, wave 
velocity, amplitude/threshold ratio and system busyness. In this paper, the probability of 
source location accuracy for a given event is measured under the conditions of source 
amplitude, threshold and angle with respect to the first hit sensor. The probability of 
each variable is identified using experimental measurement. The distribution of the AE 
source location variables can be modeled using the beta distribution as the random 
variables are bounded by limits.  The distributions of each case for the ratio of 
(calculated location)/(actual location) as CL/AL is identified. Based on the error 
probability of each event identified by combining mutually exclusive variables, an event 
is accepted or rejected for further analysis. In summary, the reliability of the AE method 
in challenging highway bridge application can be improved further via linking the 
method with the probabilistic measures. 
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ABSTRACT: Acoustic emissions are propagating transient waves through material due 
to the release of energy by the formation of inelastic deformation. Acoustic Emission 
(AE) method is a direct way of identifying damage in critical bridge components using 
non-invasive sensors. However, the challenges for the successful implementation of the 
method in highway bridges are the data contamination with background noise and 
secondary sources such as friction, difficulty of quantitative results due to the 
complexity of damage growth, and difficulty of developing a standard test procedure 
applicable to various materials and geometries. The source localization in 1D, 2D or 3D 
depending on the sensor array is one of the advantages of the AE method; however, it 
can be adversely influenced by these challenges. The variables that affect an accurate 
source location using the AE method are relative location of the sensors and source, 
wave velocity, amplitude/threshold ratio and system busyness. In this paper, the 
probability of source location accuracy for a given event is measured under the 
conditions of source amplitude, threshold and angle with respect to the first hit sensor. 
The probability of each variable is identified using experimental measurement. The 
distribution of the AE source location variables can be modeled using the beta 
distribution as the random variables are bounded by limits.  The distributions of each 
case for the ratio of (calculated location)/(actual location) as CL/AL is identified. Based 
on the error probability of each event identified by combining mutually exclusive 
variables, an event is accepted or rejected for further analysis. In summary, the 
reliability of the AE method in challenging highway bridge application can be improved 
further via linking the method with the probabilistic measures. 

 

1 INTRODUCTION 

The monitoring methods to assess the long term behavior of bridges include vibration 
and strain measurement, displacement sensors and several other sensory systems located 
at critical locations. These methods measure the presence of damage indirectly, e.g., 
change in natural frequencies or increase in stress, and they cannot detect the nucleation 
of newly formed damage surfaces. The number of sensors needed for monitoring entire 
bridge can be expensive, and result in excessive information which may be difficult to 
evaluate. Beside SHM methods mentioned above, the Acoustic Emission (AE) method 
is a direct way of identifying the damage using non-invasive sensors, and can be 
implemented for evaluating the localized condition of critical bridge elements. The AE 
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method has been already applied for damage detection in steel and concrete bridges 
(Nair and Cai 2010). As presented by Holford et al. (2001), the AE method provides a 
good measure of structural integrity and the ability for local and global monitoring of 
structures. However, the method has not been linked with probabilistic approaches to 
identify the reliability of the data as the application of the AE method to detect the 
presence of damage has various challenges. As discussed by Nair and Cai (2010), the 
challenges are the data contamination with background noise and secondary sources 
such as friction, difficulty of quantitative results due to the complexity of damage 
growth, and difficulty of developing a standard test procedure applicable to various 
materials and geometries. This paper presents a probabilistic measure to increase the 
reliability of the source location capability of the AE method.  

2 ACOUSTIC EMISSION METHOD 

Acoustic emissions are propagating elastic waves due to the release of energy by the 
formation of inelastic deformation. One of the advantages of the AE method is to 
identify source location in 1D, 2D or 3D if an array of sensors is used. If unknown 
coordinates are n dimensional, minimum number of sensors required is n+1. For 
example, Figure 1 shows a 2D source location on a steel connection, which requires a 
minimum of three sensors in order to determine damage coordinates. Propagating elastic 
waves due to a newly formed damage source reach the AE sensors at different times due 
to their relative locations to the source. Using the arrival times of three sensors, 
locations of the sensors and wave velocity as known variables, unknown coordinates are 
calculated using the following equations (Miller et al. 2005): 
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where V is wave velocity, ∆t1 is the arrival time difference between the first and second 
hit sensors, ∆t2 is the arrival time difference between the first and third hit sensors. 
Wave velocity V is a known parameter that changes with material and structural 
thickness. The variability of the wave velocity as a function of frequency due to the 
dispersion in plate like structures can be considered in the equations (Kundu et al. 
2008). The remaining variables are shown in Figure 2 where sensor-1 represents the 
first hit sensor (the closest sensor to the source), R (unknown) is the distance between 
the source and sensor-1, θ (unknown) is the angle between the source and sensor-1. 
Equations 1 and 2 have two unknowns as R and θ, which are identified by an iterative 
method. Once two unknowns are identified, the source location in global coordinates (-x 
and -y) is determined. If there are more than three sensors used in the AE testing, 
additional equations similar to equations 1 and 2 can be written, and used in the 
regression analysis in order to minimize the source location error. The sensors should be 
in the same plane for proper implementation of the conventional triangulization 
approach as given by the equations 1 and 2. The assumptions of the source location 
algorithms are: (a) the AE event originates from a point source, (b) the source to the 
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sensor path is straight, (c) the medium is isotropic and (d) a set of acoustic arrivals is 
related to a single source (Collins and Belchamber 1989). Ozevin (2011) developed a 
method for the case that the source to the sensor path is not straight. 
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Figure 1. The application of the Acoustic Emission method on a structural connection.  
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Figure 2. AE source location variables. 

Errors in the conventional triangularization method can be classified as the following: 

� Two hyperbola equations presented in the equations above may intersect at two 
points if the source is too close to one of the sensors. The error can be prevented by 
placing the sensors around the potential damage sources centered at the triangle, or 
by using more sensors for error minimization regression analysis. 

� If the AE source is weak, or if the sensitivity of AE sensor is insufficient, or if the 
threshold is too high, determining arrival time accurately is not possible. The error 
in arrival time causes error in the source location result. 

� If one sensor is busy, then the location algorithm may not pick up the correct 
sequence of sensors for the calculation. 

� If the specimen is dispersive, using arrival times of different frequency transducers 
leads to error because of frequency dependence of the wave velocity.  

� If the material is anisotropic, the wave velocity is direction dependent.  

In summary, the variables that affect an accurate source location using the AE method 
are relative location of the sensors and source, wave velocity, amplitude/threshold ratio 
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and system busyness. In this paper, the source-sensor angle and amplitude/threshold 
ratio are studied. 

2.1 Random and Deterministic Variables for Source Location 

The nature of the AE method and the environmental and structural variability of bridges 
lead to random variables that affect the accuracy of the AE source location. Two 
variables that control the system busyness, assuming that the sensors are properly 
distributed around high stressed area and the material is homogenous, are threshold and 
background noise level. The threshold is a pre-set voltage level for the AE system to 
record the outputs of the AE sensors, and a deterministic variable that is decided based 
on the level of background noise. If the system is heavily busy due to high background 
noise and low threshold level, the location algorithm may not pick up the correct 
sequence of sensors for the calculation, or the sensors may be busy recording 
background noise when wave propagation occurs due to damage. The other variable that 
affects the source location is AE amplitude over the threshold ratio. The ratio can be 
used as an indication of error in arrival time pick-up as the further the AE sensor is, the 
higher the attenuation is, and the lower the amplitude reaching the AE sensor is, 
resulting in higher dispersion. If the amplitude is low and the sensor-source distance is 
high, then dispersion becomes effective; consequently, using single wave velocity can 
cause erroneous location results. In summary, the variables that control the probability 
of incorrect AE source location are: 

� The system busyness B and its probability for erroneous location as P(B); 

� The ratio of source amplitude (A) and threshold (T) as A/T and its probability for 
erroneous location as P(A/T); 

� The source-sensor distance (R) and amplitude (A) ratio and its probability for 
erroneous location as P(R/A); 

� The angle α between the source location and the first hit AE sensor and its 
probability for erroneous location as P(α); 

These variables are subject to change; therefore, they are random. The probability of 
their union is equal to the summation of their individual probability (Haldar and 
Mahadevan 2000). The total probability of location error (E) can be calculated as: 

  )()/()/()()( αPARPTAPBPEP +++=                                                         
(3) 

For a given event, the error probability can be identified using the equation 3, and based 
on its time of occurrence (i.e. busyness), amplitude, distance and angle with respect to 
the first hit sensor. The probabilities of each variable are based on experimental 
measurement.  

3 RESULTS 

3.1 Variables 

The experimental results constituted the sample space for mathematical representation 
of random variables. A crack source was simulated using a piezoelectric transmitter on a 
steel plate at varying angles and amplitudes to the AE sensor. The sensor threshold was 
also varied to simulate the effect of source distance to the sensor. When the source is 
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away from the sensor, the amplitude reaching to the sensor location decays due to 
attenuation; therefore, amplitude/threshold influences the correct identification of the 
first wave arrival if fixed threshold methodology (typically used in real time 
applications) is implemented. The source location was calculated for each case using the 
equations 1 and 2. The pulsing rate was set as 1 Hz so that there were sufficient samples 
to represent each data set, and the selected pulse rate allows sufficient time for the wave 
to decay before new wave is transmitted to the structure. The random variable ranges 
(the first and the third values) and increments (the second value) studied in this paper 
are: angle [180, -45, 0], excitation amplitude [10V, 5V, 20V], and threshold [45dB, 
5dB, 55dB]. 

3.2 Experimental Setup 

The source location experiments were conducted on a 0.635 cm thick steel plate as 
shown in Figure 3. Three AE sensors were placed in an approximately equal triangle 
shape. Wide-band sensors (WD) manufactured by Mistras Group, Inc were used. The 
AE source was simulated with a piezoelectric transmitter and a function generator. The 
transmitted wave profile was a 150 kHz frequency, three-cycle sine wave with sine 
shape. The transmitter amplitude was modified in order to simulate different source 
amplitudes and their influence on the source location accuracy. The transmitter location 
was varied as shown in the figure with a ring. The measurements were taken from 180° 
to 0° with -45° increments. The AE data was recorded with a PCI-8 board with settings 
that could affect the measurement as 20-400 kHz filter and varying threshold. The 
source location algorithm requires the sensor positions and wave velocity. The constant 
wave velocity as 2540 m/sec was selected. The velocity is selected based on the 
dispersion curve of 0.635 cm steel. The value is close to the Ao mode velocity at 150 
kHz.  

  

Figure 3. Experimental setup. 

3.3 Experimental Results 

For each variable, the source location error was calculated using the following equation:  
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where xactual and yactual represents the known source location coordinates, xmeasured and 
ymeasured represents the measured source location coordinates using the equations 1 and 
2. Table 1 shows the source location errors for 180°. The excitation voltage does not 
represent the source amplitude as the piezoelectric sensor converts the electrical signal 
into the displacement perturbation at its location. The amplitude of the first hit sensor 
was used as defining the source amplitude as the source was close to the sensor and no 
significant attenuation was expected. The threshold was varied between 45 dB – 55 dB 
in order to understand its effect on the source location. It is identified that when the 
source amplitude/threshold ratio is below 1.2, the AE sensors cannot locate any event. 
The same conclusion is obtained if threshold/background noise ratio is below 1.1. 

Table 1 – Source Location Variables and Errors for 180o degree from the first hit sensor. 

Excitati
on 
Voltage 

Source 
Amplitud
e (dB) 

Thresho
ld (dB) 

Source / 
Thresho
ld 

x_act 
(cm) 

y_act 
(cm) 

x_me
s (cm) 

y_me
s (cm) 

Error 

1V 58 45 1.29 -
10.16 

0 23.67 0.12 1.33 

  55 1.05 -
10.16 

0 No event  

4V 64 45 1.42 -
10.16 

0 22.04 5.57 1.24 

  55 1.16 -
10.16 

0 No event  

10V 70 45 1.56 -
10.16 

0 22.76 4.43 1.28 

  50 1.40 -
10.16 

0 21.93 5.47 1.22 

  55 1.27 -
10.16 

0 22.52 3.89 1.25 

15V 74 45 1.64 -
10.16 

0 24.22 4.67 1.43 

  50 1.48 -
10.16 

0 21.10 4.53 1.12 

  55 1.35 -
10.16 

0 21.85 5.46 1.22 

20V 76 45 1.69 -
10.16 

0 24.38 6.78 1.49 

  50 1.52 -
10.16 

0 23.46 3.11 1.33 

  55 1.38 -
10.16 

0 22.02 5.68 1.24 

Figure 4 compares the source location error for varying source amplitude/threshold 
ratios and angles. For the cases that no event was detected, the error was defined as 2. 
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The figure shows the effective ratio of 1.2 for source amplitude/threshold required for 
locating AE events with good accuracy. If threshold is reduced in order to increase 
source amplitude/threshold ratio, source location error increases because of incorrect 
arrival time pick-up. If source amplitude is high, different wave mode can be detected 
with low threshold setting. Based on Figure 4, the ideal ratio for accurate source 
location for any given source-sensor angle is identified as 1.3.  

 

Figure 4. Source amplitude/threshold ratio effect on the source location for each source-
sensor angles. 

 

Figure 5. Source-sensor orientation effect on the source location. 

Figure 5 shows the source location error for a selected source amplitude/threshold ratio 
as 1.3 for different angles. The error values are indicated with the diameters away from 
the origin. The first hit AE sensor is located at the origin. The quadrant 0°-90° includes 
the area of sensor triangle. When the source is away from the effective area of the 
sensor group, the location error increases even the source amplitude/threshold ratio is at 
the highest probability of source accuracy.  
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4 CONCLUSIONS 

This paper shows the preliminary results on identifying the source location variables in 
order to link the source location with the probabilistic measures. Source amplitude, 
threshold and source-sensor angle are studied. If source amplitude/threshold ratio is less 
than 1.2, the AE system cannot locate any event. The optimal ratio for accurate source 
location for any angle is identified as 1.3. The error increases when the ratio increases. 
If the source is outside the sensor triangle, the location error becomes significant. 
Therefore, the source-location capability of the AE method should be limited with the 
sensor triangle areas.  
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