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Abstract 

An increasing number of existing structures are approaching the end of their technical service 

life. Therefore, monitoring these structures to get the information of their health condition, 

which is called structural health monitoring (SHM), is becoming more significant. In SHM, 

acoustic emission (AE) technique is one of the useful methods. AE is a phenomenon of wave 

radiation caused by the defect in structures, for example as a result of crack formation, etc.. By 

continuously recording and processing the signals emitted by the AE source, AE technique 

shows promising features in detection, localization and characterization of damage. This 

technique has been applied in many fields, such as steel structures, composite structures and 

concrete structures.  

In dealing with existing concrete structures, cracks can influence the features of AE signals 

when they are on the way from the defect to the sensor. Therefore, it may challenge the 

commonly-used notion of AE monitoring. The influence of crack on AE monitoring has not 

been sufficiently investigated. More quantitative assessment on the crack influence on AE 

signals is believed to be valuable for the evaluation of accuracy and reliability of AE 

monitoring of existing concrete structures. 

In this research, the influence of crack on AE signals has been studied quantitatively. 

Experiments on cracks with different opening have been performed to support the formulation 

of the signals. To have an overall understanding of waves from the source to the receiver in a 

cracked concrete beam, experiments on coupling effect and wave propagation in concrete 

medium, which will influence the recorded signals, are also carried out. The results are then 

used as inputs for an analytical study on source localization influenced by a crack. A three-

dimensional (3D) triangulation technique has been used for source localization on a modeled 

cracked concrete beam. Localization error can therefore be estimated for AE sources in the 

presence of existing cracks. Furthermore, the influence of a crack on the amplitude of AE 

signals has been discussed. With the demonstrated crack-induced errors and attenuations 

ranges, the results can provide insights to the accuracy and reliability of AE monitoring in 

practical situations. 
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Nomenclature 

Abbreviations 

nD n-dimensional (n=1,2,3) 

AE Acoustic emission 

RC Reinforced concrete 

SEM Spectral finite element model 

SHM Structural health monitoring 

 

Greek letters 

  Material attenuation coefficient 
  Poisson’s ratio 
  Density 
  Angle between wave travel direction and 

crack surface normal direction 

 

Roman letters 

ia  Amplitude of signal i  
*

ia  Normalized amplitude of signal i  

iA  Peak amplitude of signal i  

Pc  P-wave speed 

Rc  R-wave speed 

Sc  S-wave speed 

xc  Wave speed in orthogonal direction to the 

crack direction 

yc  
Wave speed in parallel direction to the crack 

direction 

D  Coupling effect function 

ie  Localization error in i  direction, , ,i x y z  

E  Young’s modulus 

f  Wave frequency 

MA   Material attenuation 

P  Received signal 

r  Source sphere radium 
S  Source signal 

bSL   Spread loss of body waves 

sSL   Spread loss of surface waves 

it  Arrival time at sensor i  

0t  Source time 

crT  Transmission function of a crack 

w  Crack width 
W  Transfer function in concrete medium 
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x  Travel distance 

0n  Normal direction of crack plane 

Gx  Location of grid point 

sx  Source location 

*

Sx  Calculated source location 

,R ix  Location of sensor i  
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1 Introduction 

1.1 Acoustic emission (AE) monitoring of existing concrete structures 

The maintenance of the existing concrete structures is getting more significant in the 

consideration of safety, environment and economy [1]. Structural health monitoring (SHM), 

which is a process to implement a damage detection and characterization for structures, can 

offer an evaluation of the integrity of existing concrete structures in real time [2-4]. Structural 

health monitoring may reduce the operational costs and prevent unnecessary maintenance by 

replacing scheduled maintenance with as-needed maintenance [5].  

Acoustic emission (AE) technique is one of the SHM methods. AE is considered as a passive 

phenomenon and mostly related to a damaging process in the load history [6]. The released 

energy excites elastic waves which are recorded by the sensors and converted to electrical 

signals. By continuously recording and processing the signals, AE technique can provide 

insight into fracturing processes in structures remotely and without interrupting its function 

and integrity [7, 8]. One of the promising features of AE technique is that the damage process 

can be tested during the whole load history without disturbing the loading [6].  

The application of AE technique started from detecting fatigue cracks in metallic structures [9, 

10]. However, the AE monitoring of concrete structures is more challenging due to the 

complexity of the concrete material. The complexity can be ascribed to the heterogenous and 

anisotropic property of the material, such as the scattering by the aggregates and the presence 

of cracks. Studies of AE monitoring in concrete structures include many aspects, such as the 

localization of the source [11-13], the characterization of damange [14, 15], AE  tomography 

[8, 16], and decision making in load testing [17, 18]. Figure 1.1 shows the AE monitoring on a 

concrete bridge in Netherland. 

 

Figure 1.1: AE tests on Ruytenschildt bridge 

1.2 Two AE monitoring approaches 

There are two commonly-used approaches of AE monitoring in regard to data acquisition and 

signal processing. One is signal-based method and the other is parameter-based method [6].  
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In the parameter-based method, the stored data are some parameters extracted from the 

waveform, for example, the counts number, the peak amplitude, etc.. This approach can be 

efficient and economic especially for monitoring large structures over long period of time, but 

also may compromise accuracy by only using a few parameters to represent the whole 

waveform. 

In the signal-based method, the whole waveform is recorded and stored by the acquisition 

system for the further processing and interpretation. It is time consuming and costly for data 

management and processing, but more accurate by providing full information of the signals.  

Since parameter-based method is widely used currently, in this thesis, an evaluation of this 

approach in the analysis of AE signals is performed. Firstly, it is evaluated based on a numerical 

simulation of wave propagation in a concrete medium from a point source. The conclusions 

are further evaluated using the acquired data from real tests. 

1.3 Source Localization 

In AE monitoring, one of the main objectives is source localization. It aims at estimating the 

position of the source, which can be the crack opening or closing in concrete structures. The 

recorded signals are processed with source localization algorithms to determine the location of 

the source. Such algorithms are usually based on the traditional triangulation technique [11], 

which assumes a constant wave speed in the medium. In this method, by knowing the arrival 

times of the signals and wave speed can we calculate where the source is. An example of source 

localization in a four-point bending test [19] is shown in Figure 1.2. In the top figure in Figure 

1.2, sensors which were installed on the surface of the beam are shown as the ‘plus’ marks, and 

the cracks are marked as cr1 – cr5. Localization results are shown as black dots in the bottom 

figure in Figure 1.2. It can be found that only cr3 and cr5 of the five cracks can be localized 

with an acceptable error. The deficiency that only a limit number of detected events can be 

localized accurately may due to the heterogenous property of concrete medium, or more 

importantly the presence of cracks.  

 

Figure 1.2: Sensor distribution with crack pattern (top) and localization results (bottom) [19] 

To deal with these shortcomings in the commonly-used source localization method, further 

developments have been explored. Gollob considered the heterogenous property of the material 

with different wave speeds in 2017  [20]. It applied multi-segment wave propagation path based 



                                                                                                                                                Chapter1: Introduction 

 

3 

 

on a heterogenous velocity model in the concrete. Another assessment on the influence of an 

open crack on source localization was also studied by Tsangouri et al, 2016  [21]. It analyzed 

the localization accuracy with respect to the developing of an open crack.  

It is not sufficient for the evaluation of AE source localization in the existing concrete structures 

that only the influence of an open crack is studied. Depending on the loading condition, the 

entailing cracks could be relaxed due to the unloading of the structure globally or locally. In 

this thesis, those relaxed cracks due to the unloading are defined as partially-closed cracks. A 

partially-closed crack may have a different influence on the wave propagation and thus a 

different result of source localization. More AE sources may not lead to more recorded signals 

due to the high attenuation of the signals caused by the partially-closed cracks. The influence 

of a partially-closed crack remains to be researched quantitively, thus it is the subject of this 

thesis. 

1.4 Outline of the thesis 

This thesis mainly contributes to the evaluation of AE monitoring of existing concrete 

structures, by a combination of experimental study and analytical study. A brief description  to 

the organization of the thesis is provided below.  

In Chapter 2, background knowledge on the elastic wave propagation in un-cracked concrete 

structures is reviewed. The concrete medium is assumed to be homogeneous and isotropic. For 

cracked concrete structures, two possible wave propagation paths are discussed, in 

consideration of different status of cracks. 

In Chapter 3, the elastic wave propagation in concrete medium is studied using parameter-

based method. Some commonly-used parameters are evaluated. The study is based on a 

numerical simulation of wave propagation in the concrete medium and measurement 

phenomena. 

Chapter 4 is dedicated to exploring the wave propagation experimentally. Measurements on 

the coupling effect, wave propagation in concrete medium, and the influence of partially-closed 

cracks with different surface widths are performed. The results of the tests provide the basis 

for the later analytical study on source localization. 

The objective of Chapter 5 is to study the influence of cracks on the AE source localization. In 

the beginning, a standard three-dimensional (3D) triangulation technique for source 

localization is implemented. Afterwards, the experimentally-obtained influence of a partially-

closed crack is included in the localization algorithm. Subsequently, an analytical study on the 

accuracy and reliability of source localization on a modeled cracked concrete beam is provided. 

The situations of an open crack and a partially-closed crack are both considered. The 

comparable results offer new insights for the evaluation of AE monitoring of existing concrete 

structures.  
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2 Elastic Wave Propagation in Concrete Structures 

A damaging process in concrete structures can suddenly release energy and excite elastic waves. 

Similar to the seismic waves [22], two basic types of elastic waves can be generated by an AE 

source, i.e. body waves and surface waves. These waves will propagate in concrete structures 

and be detected by the AE sensors. The acquired signals are generally influenced by the wave 

propagation in the medium. Therefore, background of elastic wave propagation in concrete is 

important for the interpretation of AE signals, especially in consideration of the influence of 

existing cracks. 

2.1 Body waves propagation in infinite medium 

Body waves travel through the interior of concrete structures. Different particle motions can 

result in two types of body waves: primary waves (P-waves) and secondary waves (S-waves). 

P-waves are also called as longitudinal waves since the particle movement is along the direction 

of propagation. S-waves are also called as transverse waves in which particle motions are 

transverse to the direction of propagation. 

If the wavelength is sufficiently large compared to the size of the aggregates, the velocities 
Pc  

and 
Sc  of P-waves and S-waves, respectively, can be theoretically calculated as: 

 
(1 )

(1 )(1 2 )
P

E
c



  




 
  (2.1) 

and 

 
2 (1 )

S

E
c

 



  (2.2) 

where, E  is the Young’s modulus in N/mm2,   is the dynamic Poisson’s ratio, and   is the 

density in kg/m3. 

The derivation of the wave velocities can be found in Appendix A.  

For a concrete specimen with the Young’s modulus of 31000 N/mm2, the dynamic Poisson’s 

ratio of 0.25, and the density of 2324 kg/m3, the speeds of P-waves and S-waves are calculated 

as 4000 m/s and 2310 m/s, respectively. 

The reduction of the amplitude of the elastic waves, which can be referred as attenuation, 

contains geometric spread loss and material attenuation. Body waves propagate spherically 

from the source in space. Therefore, the geometric spread loss follows the spherical spread rule 

and can be calculated in decibels as: 

 1020log ( )b

r
SL

x
   (2.3) 

where r  is the source sphere radius in m, and x  is the travel distance to the source in m.  
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The geometric spread loss of body wave is derived in Appendix B. 

Material attenuation highly depends on the propagation medium and frequency [23]. Material 

attenuation in decibels can be expressed as:   

 MA x f     (2.4) 

where,   is the material attenuation coefficient in dB/(m·MHz), x  is the travel distance to the 

source in m, f  is the wave frequency in MHz. 

2.2 Surface wave propagation on an infinite surface 

Surface wave travel along the surface in two dimensions. In concrete structures, the surface 

waves are mainly Rayleigh waves, in which particle motion can be parallel and perpendicular 

to the travel direction. Surface waves travel more slowly than body waves at an approximated 

speed [24] of: 

 
0.862 1.14

1
R Sc c









  (2.5) 

where   is the dynamic Poisson’s ratio, and 
Sc  is the velocity of S-waves. 

For the same concrete specimen mentioned in the previous section, the theoretical speed of the 

surface waves is 2124 m/s. 

The geometric spread loss of surface follows the cylindrical spread rule. The amplitude of 

surface waves radiated from a point source decays as: 

 1020log ( )s

r
SL

x
   (2.6) 

where, r  is the source sphere radius in m, x  is the travel distance to the source in m.  

The derivation of the geometric spread loss of surface waves can be found in Appendix B. 

From the equations above, over the same distance, surface wave propagates slower and with 

less attenuation compared to body wave. 

2.3 Wave Propagation in cracked concrete beam 

In the presence of existing cracks in a concrete structure, the emitted AE signals can experience 

extraordinary complications on their way from the source to the sensors attached to the 

structure surface. In general, waves may propagate in two possible ways when facing a crack 

depending on the status of the crack. For a fully-open crack, the waves will propagate on a tip-

diffracted travel path [21]. It is schematically shown by Figure 2.1. The red dot indicates the 

assumed source. The blue arrows show the shortest wave propagation path. A general 

assumption is that the tip of a fully-opened crack changes the propagation direction without 

causing attenuation. Along the wave propagation path, the signals can be affected by the source 

pulse, wave transfer function in the concrete medium and the sensor coupling. In the case that 
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only one fully-open crack exists between the source and the receiver, as shown in Figure 2.1, 

the received signal can be described in frequency domain as: 

 ( ) ( ) ( , ) ( )P f D f W d f S f     (2.7) 

where, f  is the frequency, d  is the total travel distance, i.e. 
1 2d d d   (see  Figure 2.1), P  

is the received signal, D  is the coupling effect function, W  is the transfer function in the 

concrete medium, and S  is the source signal. 

 

Figure 2.1: Tip-diffracted wave propagation path 

Cracks can also be closed or partially closed, for example, when the cracks are under 

compressional stress. Waves may propagate through a partially-closed crack, as schematically 

shown in Figure 2.2, and cause additional influence on the detected signal. For the situation 

that a partially-closed crack exists between the source and the receiver, the received signal, 

therefore, can be described in the frequency domain as: 

 ( ) ( ) ( , ) ( , ) ( )crP f D f T w f W d f S f      (2.8) 

where w  is the opening of the crack on the surface, and 
crT  is the transmission function of the 

crack.  

 

Figure 2.2: Direct wave propagation path 

Based on the description of the influential factors of the recorded signals, some factors can be 

measured separately by controlling the other factors. For example, by comparing the two 

signals whose only difference is the travel path, i.e. travel through no crack or travel through a 

partially-closed crack, we can acquire the transmission influence. This approach is used in the 

design of the experiments in Chapter 4. 
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3 Parameter-based Study on the Elastic Wave 

Propagation and evaluation of parameters 

Parameter-based method is introduced in Chapter 1. It has already been realized that the 

simply-calculated parameters may not be sufficiently accurate for distinguishing different 

waveforms. Therefore, an evaluation of some parameters extracted in the parameter-based 

methods is valuable. 

In this chapter, a parameter-based study on the elastic wave propagation in concrete medium 

is carried out based on a simulated model. Since the whole waveform can also be acquired in 

the simulation, by comparing the signal-based results and parameter-based results, an 

evaluation of parameter-based method in the analysis of wave propagation in concrete medium 

can be performed. 

The boundary condition of the simulation is that the responses are the nodal displacements, 

which means that the coupling effect is eliminated. Therefore, the evaluation doesn’t consider 

the influence of couplant and sensor. If the chosen parameters could not give reliable 

information, it will not be reliable for the more complicated practical signals. If the evaluation 

of the parameters is positive, an additional verification using acquired data from real tests is 

added. 

Parameters relate to the wave speed (i.e. arrival time), the wave energy (i.e. peak amplitude 

and energy) and the wave frequency (i.e. counts) are evaluated to check whether they can 

indicate the wave propagation. They are defined in RILEM [25] and illustrated in Figure 3.1. 

The dashed red line is the envelop of the waveform. The dashed black line in bold indicates the 

threshold level. The black circles show the counts. For the signal in Figure 3.1, the number of 

counts is four and the number of counts to peak is two. 

• arrival time (
art ): the time when the amplitude first crosses the threshold level; 

• peak amplitude (
maxA ): largest amplitude in a waveform; 

• duration time (
dT  ): duration observed from the arrival time to the time when the 

amplitude decays to the level lower than the threshold; 

• rise time (
rsT ): duration from the arrival time to the time of the peak amplitude; 

• counts (
dC ): normally, AE counts imply number of times the signal amplitude exceeds 

the threshold; 

• counts to peak (
rsC ): counts between the arrival time and the time of the peak 

amplitude; 

• energy (
dE ): in principle, the area under the envelope of the waveform in range of 

duration time; 

• rise energy (
rsE ): the area under envelope of the waveform in range of rise time. 
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Figure 3.1: AE waveform parameters 

3.1 Simulations 

A two dimensional spectral finite element model (SEM) was implemented as [26]. The 

geometry was divided into elements with size of 2 mm × 2 mm. A beam section with length of 

1.5 m and height of 0.5 m was modeled, with maximum aggregate size of 16 mm and 1% 

porosity, and without reinforcement. The locations, shapes and sizes of aggregates were 

randomly distributed and partly shown in Figure 3.2. Different element types for cement, 

aggregate, voids have been considered and assigned to each element based on the spatial 

location. The material properties of different element types are listed in Table 3.1. The Young’s 

modulus of aggregates had a ± 10% changing from the value shown in the table. They were 

randomly assigned to each aggregate. 

 

Figure 3.2: The finite element model of part of the section in 2D SEM 

Table 3.1: Material properties of different element types 

element type density 

[kg/m3] 

Young’s modulus 

[N/mm2] 

Poisson’s ratio 

[-] 

cement 2010 30000 0.2 

aggregate 2650 60000 0.25 
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A five-cycle burst with center frequency of 60 kHz was generated and applied at position 

0.32x m , 0.3y m  in y-direction. Seventeen receivers were arranged at the top with a 

spacing of 40 mm. The first receiver was right on top of the source. The locations of simulated 

source and receivers are shown in Figure 3.3 and the applied point load in time domain as well 

as frequency domain is shown in Figure 3.4. 

 

Figure 3.3: Beam configuration and locations of source and receivers 

 

Figure 3.4: Applied point load as an AE source: (top) in the time domain and (bottom) in the frequency 

domain 

Snapshots of the response at 50 μs and 150 μs are shown in Figure 3.5. It shows the response 

(displacement) in y-direction, which is the same direction as the applied point source. It can be 

observed that the P-waves which travel faster than S-waves have reached the top boundary at 

about 50 μs. Complicated reflections at the top, bottom and left boundaries can be seen from 

the snapshot at 150 μs. It should be noted that in a two dimensional simulation, the spread loss 

of body waves follows a cylindrical spreading model.  
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Figure 3.5: Snapshots of wave field at: (top) 50 μs, (bottom) 150 μs  

3.2 Evaluation of parameters in parametric study 

Note that the responses at each sensor point is the displacement in y-direction. Therefore, the 

signals mentioned below represent the displacement responses. The amplitudes are in unit of 

m, and the energy is in unit of m·μs. 

Each signal was normalized by dividing the peak amplitude of itself, as shown in Figure 3.6. 

With the increase of the travel distance, the shape of the waveform got complicated by multiple 

wave modes and reflections. The signals were only recorded in a duration of 500 μs, which 

contained 2502 sample points with a spacing of around 0.2 μs. 

P-waves 

S-waves 
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Figure 3.6: Normalized signals 

A constant threshold was used for the extraction of parameters, since this applied in many 

practical cases. The peak amplitude (displacement in y-direction) of the source signal in this 

simulation was around 1.62×10-10 m and a constant threshold level of 3.23×10-13 m was set. 

The setting of threshold level was practical with a 54 dB drop from the source signal. For 

example, for a source with a peak amplitude of 90 dB, the threshold level was set to be 36 dB, 

which is what we normally use in the tests. 

Parameters listed in the beginning of this chapter were extracted as definitions. The extraction 

of parameters from the signal in receiver 1 is shown in Figure 3.7, as an example. The red solid 

and dashed lines show the original signal and its Hilbert-transform envelope. The vertical back 

dashed lines indicate the range of duration, and the horizontal black dashed line shows the 

threshold level. The vertical and horizontal green dashed lines show the time when the signal 

reached the peak amplitude and the level of peak amplitude. The blue filled and hollow dots 

show the counts to peak and the total counts, respectively. In this signal, the distracted 

parameters are listed in Table 3.2. By comparing different values of one parameter in signals 

received at different locations, the performance of this parameter over travel distance can be 

evaluated. 
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Figure 3.7: Extraction of parameters from signal in receiver 1 

Table 3.2 Parameters of signal received in sensor 1 

arrival time [μs] 51.18 

peak amplitude [m] 2.54×10-11 

duration time [μs] 428.23 

rise time [μs] 42.18 

counts [-] 26 

counts to peak [-] 3 

energy [m·μs] 3×10-9  

rise energy [m·μs] 5.85×10-10  

 

3.2.1.1 Arrival time 

In the process of arrival time picking, some errors may occur in the processing of signals. For 

a signal which is attenuated more, a larger picking error can be generated. This is expected 

since the threshold level is constant while the signal-to-noise ratio decreased. The results of 

arrival time picking in signals 1 and 10 are compared in Figure 3.8. The red lines show the 

signals at receiver 1 with a larger peak amplitude, and the blue lines show the signals at receiver 

10 with a smaller peak amplitude. The black dashed line shows the constant threshold level, 

with two hollow dots shown the picked arrival times of the two signals. As can be seen that the 

picked arrival time in the signal at receiver 10 was around 7.5 μs later, which should be picked 

at around the arrow position shown in Figure 3.8, compared to the picked arrival time in the 

signal at receiver 1. 



                                                                          Chapter 3: Parameter-based Study on the Elastic Wave Propagation 

 

15 

 

 

Figure 3.8: Comparison of arrival time picks in signals at receivers 1 and 10 

The arrival times of received signals and source signal were calibrated manually according to 

the onset of arrival time in signal 1. The constant-threshold-picked arrival times and the 

calibrated results are shown in Figure 3.9 as the blue dots and red dots, respectively. The blue 

and red dashed lines show the estimated wave speeds according to the constant-threshold-

picked arrival times and calibrated results. They were around 4000 m/s and 4400 m/s, 

respectively. It can be concluded that in a case that the first mode can be detected, the 

parameter: arrival time can give useful information about travel distance, with an error around 

10% by using constant threshold method. This concluding remark is further evaluated in a 

practical case in section 4.2. 

 

Figure 3.9: Constant-threshold-picked arrival times and the calibrated arrival times 

3.2.1.2 Peak amplitude 

The picking of peak amplitudes can be found to be influenced by the shape of the waveform. 

Figure 3.10 shows the waveforms at different receivers with different travel distances. The 

receiver number is shown on the top, corresponding to the travel distance shown in x-axis. The 

manually-calibrated arrival times are marked as blue dots, and the times of the peak amplitudes 

are marked as red dots. It can be seen that the peak amplitudes were not always the maximum 

amplitude of the first wave mode (e.g. signal 6). It can be caused by reflections (e.g. signals 6, 



Evaluation of Acoustic Emission Monitoring of Existing Concrete Structures 

16 

 

11, 12, 13, 14), other wave modes (e.g. signals 7, 8, 9, 10), or a combination of multiple wave 

modes and reflections (e.g. signal 15).  

 

Figure 3.10: Waveforms received at different receivers different receivers 

The waveform of signal 12 is shown as an example in Figure 3.11, with some parameters 

marked in the same way as Figure 3.7. As can be seen, the first wave mode (P-wave mode) 

interfered with the second wave mode (S-wave mode). The peak amplitude was picked later 

around 340 μs possibly a reflection from the boundary of the beam. The peak amplitude of the 

first wave mode was less than 2×10-12 m, and the picked peak amplitude in parameter-based 

method was around 6.5×10-12 m. Therefore, the peak amplitude in decibel should be corrected 

at least 

12

12

2 10
( ) 10.24
6.5 10

dB dB





 


.  

 

Figure 3.11: Waveform of signal 12 and extraction of parameters 

P-wave 

S-wave 

reflection 
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The changing of the peak amplitude can be expressed by the ratio of the peak amplitudes in 

decibels: 

 0

0

( ) ( ) ( )i
i

A
ampdrop dB A dB A dB

A
     (5.1) 

where, iA  is the peak amplitude of signal i , and 0A  is the peak amplitude of reference signal.  

The calculated peak amplitude drops of the received signals from the reference are shown in 

Figure 3.12. Although a decreasing trend can be observed, it may not be sufficient to draw a 

reliable conclusion since the peak amplitudes may relate to different wave modes or other 

reflections. 

 

Figure 3.12: Peak amplitude drops 

3.2.1.3 Rise time, counts to peak, rise energy 

These parameters are influenced by the time of peak amplitude according to their definitions. 

The mispicking of the peak amplitude can make these parameters unreliable. For example, in 

signal 12 (shown in Figure 3.11), the number of counts to peak was extracted to be 13, while 

the number of counts to peak for the first wave mode was only 3. The results of counts to peak 

in the source signal and the received signal are plotted in Figure 3.13. As expected, the data 

distribution over travel distance was not regular. 

 

Figure 3.13: Counts to peak 
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The results of rise time and the drop of rise energy are plotted in Figure 3.14, left and right, 

respectively. The drop of rise energy in decibels is calculated in dB scale. By comparing the 

counts to peak, rise time and drop of rise energy, it could be found that a longer rise time will 

correspond to more counts to peak and less drop of rise energy. It is expected since these values 

are all related to the pick of the peak amplitude. 

It has been studied in some research [14] that the RA value which is the ratio between rise time 

and peak amplitude can be used for crack classification. It could be further studied 

experimentally, however, in our simulation, only one type of source was performed. Therefore, 

the parameter RA value for crack classification is not evaluated in this thesis. 

 

Figure 3.14: Rise time (left) and rise energy drop (right) 

3.2.1.4 Duration, counts, energy 

These parameters are influenced by the threshold level and the waveform. The waveform 

shape, which can be much influenced by reflections and multiple wave modes, can make the 

interpretation of these parameters complicated. In a case that the threshold level was so low 

that nearly the whole waveform was considered, these parameters would be determined by the 

sample lengths. For example, the duration of signals at receivers 13 and 16 (shown in Figure 

3.15) ended both near 500 μs, which was the end of the sample length.  

 

Figure 3.15: Signals in receiver 13 (left) and receiver 16 (right) 

3.3 Concluding remarks 

Wave propagation in a 2D concrete section was simulated and parameters were extracted from 

the simulated signals following the definitions which are normally-used in parameter-based 
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method. The performance of parameters over the travel distance was studied. Several 

conclusions could be acquired and listed below: 

1) The results indicated that the arrival time could give useful information for the study of 

wave propagation. A constant threshold method could generate an error of around 10% 

of the wave speed.  
2) Waveforms were observed to get complicated by the influence of different wave modes 

and reflections from boundaries. Therefore, parameters related to arrival of the peak 

amplitude (e.g. counts to peak) and duration time (e.g. counts) could not be used for the 

study of wave propagation in most cases since they were sensitive to the shape of the 

waveform.  

Based on these conclusions, in the data processing in the following tests, a signal-based method 

is used to eliminate the error caused by parameter-based method. 
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4 Experiments 

Measurements of the coupling effect, the material attenuation coefficient, and transmission 

function on several cracks with different widths, as mentioned in Chapter 2, were carried out. 

The applied transducers were of series R6I-AST by MISTRAS, narrowband and with center 

frequency of 60 kHz. Therefore, the measured results were on AE signals with a frequency of 

around 60 kHz. Experiments were conducted on a cracked concrete beam, with length of 10 m, 

width of 0.3 m, and height of 0.8 m. The concrete class was C65 with compressive strength fcm 

= 68 MPa and the maximum aggregate size da = 16 mm. The beam was pre-cracked in a shear 

test (not shown). The beam number is R803B1 which can be found in the measurement report 

[27]. Cracks were marked as partly shown in Figure 4.1. It has to be remarked that 

measurements were all carried out when the member was unloaded. That means the cracks 

were partially-closed during the measurements.  

 

Figure 4.1: A part of side view of the test concrete beam with several cracks 

4.1 Sensor coupling effect 

Coupling effect can influence the received AE signals. In AE monitoring, the stability of 

coupling effect is important for the reliability of the monitoring results. Therefore, a study of 

the variance of coupling effect, which also includes the unavoidable installation errors, is 

necessary before applying them in the real conditions.  

The couplant used in the measurements in this thesis was a putty-like pressure-sensitive 

adhesive, shown in Figure 4.2 (1). It is commonly used to attach lightweight objects to hard 

dry surfaces, and is described as a synthetic rubber compound without hazardous properties 

under normal conditions. This kind of material is easy to be shaped, which hardly allows voids 

in the connection. Another consideration is that this couplant is convenient to be removed. The 

steps of installation and removal are shown in Figure 4.2. The steel bar in step (2) was used to 

apply the couplant uniformly. The thickness of the couplant can be controlled when applying 

a same volume of couplant uniformly in a specified area, which can improve the consistency 

of coupling.  
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Figure 4.2: Steps of installation and remove (1)-(6) of adhesive putty 

To investigate the variance of coupling effect, other influences in Equation (2.8) were designed 

to be the same. Four sensors were mounted in the un-cracked area to avoid the influence of 

crack. They were at the four points of a square whose side length was 150 mm. Pencil break 

(PB) tests were done in the central point of the square. It means that every source-receiver 

combination had a same travel distance of 106.07 mm. The mold for the sensors positioning 

and PB test location was pre-fabricated, which improved the accuracy of the tests, see Figure 

4.3. Number 1 to 4 indicates the positions of four sensors, and the center of the middle circle 

is the location of the PB test. Therefore, for a same source, propagation distance and medium, 

the comparison of the received signals can lead to a result of the variation of coupling effect. 

 

Figure 4.3: Mold of sensors positioning and PB test location (left) and schematic graph (right) 

PB tests were performed three times to limit the accidental error. For example, the peak 

amplitudes in decibel received by sensor 1 in three PB tests were 80 dB, 79 dB and 82 dB, 

respectively. The average value 80.3 dB was therefore selected to be the peak amplitude 

received by sensor 1.  

The variation of the coupling effect of the four sensors can be descried by the coefficient of 

variation 
rc , which is the ratio of standard deviation   and mean value   of the peak 

amplitudes received by the four sensors. Based on the short installation time which is important 

(1) (2) (3) 

(6) (5) (4) 
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for performing a large number of fundamental measurements, six groups of repeatability tests 

were carried out. In each group, the mean value  , the standard deviation   and the coefficient 

of variation 
rc  of the peak amplitudes received by the four sensors are shown in Table 4.1. 

Table 4.1: Mean value (  ), standard deviation ( ) and coefficient of variation (
vc ) of the peak 

amplitudes received by four sensors 

Group 1 2 3 4 5 6 

 [dB] 84.56 80.22 78.67 79 84.56 82 

 [dB] 4.43 3.41 2.68 4.64 2.45 3.07 

vc [-] 0.05 0.04 0.03 0.06 0.03 0.04 

 

An average value of the coefficient of variation was around 0.042. It means that for a mean 

value of around 85 dB, the amplitude variation caused by couplant was around 4 dB. In the 

following measurements, an observation of a scattering of 5 dB in the amplitude is therefore 

considered to be normal.  

4.2 Transfer function in concrete medium 

As shown in Equation (2.8), transfer function W  in concrete medium can influence the 

received signals. The transfer function relates to the material property and frequency. In this 

test, the transfer function of the medium in a frequency around 60 kHz was measured on un-

cracked concrete which was assumed to be homogeneous.  

An 1-by-14 array of transducers was arranged with a spacing of 40 mm. The first transducer 

(from left to right, in Figure 4.4) emitted ultrasonic waves, and the other 13 sensors acquired 

the responses. Therefore, by comparing the signals received at different locations, the transfer 

function can be extimated. 

 

 

Figure 4.4: Array arrangement: (top) in practice and (bottom) in schematic graph 
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In the processing of the signals, no additional frequency filter was used. The frequency range 

was therefore the same as the sensor operating frequency range, which was effectively in a 

narrow range of [40 100] kHz. Signals were normalized as 
* , [1,2,3, ,14]i
i

i

a
a i

A
  , where 

ia  

is the amplitude of signal received by sensor i , and 
iA  is the peak amplitude of signal received 

by sensor i . The normalized signals received by sensors 1 to 14 are shown in Figure 4.5. It 

could be observed that the arrival of the first wave mode attenuated nearly to the noise level 

when the wave propagated over around 0.5 m at sensors 13 and 14. The signal recorded by 

sensors 1 was not comparable to others in the beginning part. This was because transducer 1 

also emitted waves, which went beyond the dynamic range of the data acquisition system. 

Therefore, the signal recorded by sensor 2 was set to be the reference. 

 

Figure 4.5: Normalized received signals from transducers 1 to 14 

Focusing on the first wave mode, the arrival time was picked based on crossing threshold at 5 

percent of the peak amplitude of signal received by sensor 2. Travel times from sensor 2 to 

other sensors were calculated by subtracting the arrival time of the two channels. Figure 4.6 

showed the travel time from sensor 2 to sensors 2-14. The wave front traveled at the velocity 

of P-wave, which was around 4000 m/s and similar to the theoretical calculation in section 2.1. 

The arrival time was observed to have a scatter of about 5 μs, which was expected considering 

the time picking accuracy. 
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Figure 4.6: Travel time from sensor 2 to sensors 2-14 

This test result can also be used to further evaluate the arrival time in parameter-based method 

in Chapter 3. Since the positive conclusion on the parameter, i.e. arrival time, is based on the 

simulated results, a further evaluation on the signals from tests including influence of couplant 

and sensor is necessary.  

The arrival times picked by a constant threshold without manually calibration, which is the 

condition in parameter-based method, are plotted and compared with the calibrated results in 

Figure 4.7. The blue circles indicate the automatic picking results and the red circles indicate 

the calibrated results. It can be observed that in sensors 10-14, the automatic arrival times were 

picked too early, which is expected since that the first wave mode was reduced near the noise 

level and the picking points may be the noise. For signals whose first wave mode could be 

successfully detected, the automatic picks by a constant threshold were around 2-5 μs later than 

the calibrated results. In this test, the wave speed before calibration is around 0.2m/55μs = 3636 

m/s, which is around 10% less than the calibrated wave speed. It meets with the conclusion 

obtained from simulated results that an error of 10% could be generated. 

 

Figure 4.7: Constant-threshold-picked and calibrated arrival times of test in section 4.2 

The signals received by sensors 2 to 8 are plotted in Figure 4.8. The red line indicates the 

envelop of the signals. The surface waves traveled at a lower velocity, shown by the orange 
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line. It can be estimated that the surface wave velocity was around 2124 m/s which was 

comparable to the theoretical calculation in section 2.2. The surface waves attenuated slower, 

thus had a larger contribution to the picked maximum amplitudes. The reflection effect could 

be neglected, since the distance to the nearest boundary was around 300 mm in this test, which 

made the reflected waves arrive at least 0.3×2/4000×106 = 150 μs later. The amplitude drops 

from the reference are shown in Figure 4.9. The amplitude drop in decibel was calculated as: 

2

20log( )iA

A
, where [2,3, ,14]i , 

iA  is the peak amplitude in mV of the signal received by 

sensor i .  

 

Figure 4.8: P-wave and surface wave arrival time in channels 2-8 

The attenuation of surface wave followed the cylindrical spreading rule. By subtracting the 

theoretical spreading loss from the total attenuation, the material attenuation factor was 

estimated to be around 20 dB/m at the frequency of around 60 kHz. Therefore, red solid line 

indicates the sum of theoretical spreading loss and material attenuation. The red dashed curves 

indicate that the amplitude drops had a scatter of around 5 dB. This was expected since the 

couplant can cause an amplitude variation of 5 dB. 
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Figure 4.9: Amplitude drops of signals recorded by transducers 2-14 

The attenuation of P-wave follows the spherical spreading rule. By combining the spread loss 

and material attenuation which was around 20 dB/m, the attenuation of body wave within 1 m 

may be estimated as shown in Figure 4.10 as the black line. It shows that the attenuation of the 

surface wave and the body wave over 1 m were around 35 dB and 55 dB, respectively, 

assuming a material attenuation factor of around 20 dB/m at 60 kHz. The evaluation for P-

wave attenuation is expected to be conservative since P-waves with larger wavelength are 

scattered less substantially by the aggregates. 

 

Figure 4.10: Attenuation of body wave and surface wave within 1 m 

4.3 Transmission function of cracks with different crack widths 

The faces of partially-closed cracks may be acoustically coupled and allow some waves travel 

through. As shown in Equation (2.8), the coupling of a partially-closed crack may be imperfect 

and have an influence on the received signals. Measurements were designed to control other 

factors witch may influence the received signals except for the travel path, i.e. travel through 

no crack or travel through a partially-closed crack. By comparing the received signals, whose 

only difference is the travel path, we can get the transmission function of a partially-closed 

crack.  
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Measurements were conducted on eight cracks with different crack widths (i.e. 0.05 mm, 0.1 

mm, 0.2 mm, 0.3 mm, 0.6 mm, 1 mm, 1,5 mm and 3 mm). The crack widths were measured 

on the beam surface by a crack width ruler. Therefore, these values were the surface openings 

of the cracks. The sensor arrangement for these tests is shown in Figure 4.11: the middle 

transducer (number 2) emitted ultrasonic waves, and two sensors on the left and right (numbers 

1 and 3 at a center to center distance of 80 mm to the middle transducer) acquired the responses. 

Sensor 1 was placed on the other side of a crack, therefore the signal received by sensor 1 

travelled through the crack, compared to the signal received by sensor 3, which was set to be 

the reference. 

 

Figure 4.11: Sensor arrangement: (left) in practice and (right) in schematic graph 

For each crack, the responses from sensors 1 and 3 were normalized by dividing the peak 

amplitude of the signal received by sensor 3, shown in Figure 4.12. No additional frequency 

filter was used. The frequency range was therefore effectively around 60 kHz. To estimate the 

crack transmission function, the signals with and without (marked as baseline) the influence of 

crack were compared. The blue baseline shows the reference signal received by sensor 3, which 

was not influenced by the crack, and the red line shows the signal received by sensor 1 with 

the influence of crack. A general observation is that the cracks can cause a delay of arrival time 

and attenuation of the amplitude.  

 

1 2 3 
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Figure 4.12: Normalized signals received by transducer 3 (baseline) and transducer 1 (cracked line) 

For a detailed check, a part of the normalized signals from test of 0.3 mm crack between 260 

μs and 330 μs is shown in Figure 4.13 in a zoomed view. Around 20 μs delay of arrival time 

can be observed. 

  

Figure 4.13: Zoomed signals from test of 0.3 mm crack 

The arrival time was picked using the same method mentioned in section 4.2. The results 

showed that the arrival time delay caused by cracks with various surface widths were around 

20 µs with a scatter of about 5 µs, shown in Figure 4.14. The drop of the peak amplitude was 

calculated as 1

3

20log( )
A

A
, where 

1A  and 
3A  are the peak amplitudes in mV of the signals with 

and without the influence of the crack, respectively. The amplitude drops caused by cracks 

t  
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with different surface widths are shown in Figure 4.15. It can be generally observed that the 

amplitude drop increased with the crack width, approximately ranging from 14 dB to 46 dB. 

 

Figure 4.14: Arrival time delays caused by several cracks with different widths 

 

Figure 4.15: Amplitude drops caused by several cracks with different widths 

The attenuation within 1 m from the source can be a combination of spread loss, material 

attenuation and crack influence. From the previous measurements in section 4.2, the material 

attenuation factor was around 20 dB/m at 60 kHz. Assuming a 0.05 mm wide crack is at a 

distance of 0.5 m, the amplitude drop in decibels of body wave and surface wave can be 

compared and shown in Figure 4.16. It indicates that when a narrow partially-closed crack of 

width 0.05 mm is present, the attenuations of the surface wave and the body wave over 1 m are 

around 52 dB and 70 dB, respectively. Therefore, for a source with a peak amplitude of 100 

dB, the peak amplitude of the signal received at 1 m further becomes 48 dB and 30 dB, 

respectively. In field measurements, both could be lower than the threshold of the AE system. 
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Figure 4.16: Amplitude drop in wave propagation, with a 0.05 mm wide crack at 0.5 m away from the 

source 

4.4 Anisotropic transmission function of several cracks 

Micro cracks in the cracked concrete could induce anisotropic mechanical properties [28]. 

Therefore, the transmission function of a crack could also be anisotropic. Measurements were 

designed to test the anisotropic influence of crack on the AE signals. 

In this measurement, sensors were arranged to receive the signals which propagate through a 

same crack but in different directions, shown in Figure 4.17. Transducer 2 emitted ultrasonic 

waves, and sensors 1, 3, 4, 5 received signals in directions of -180°, 0°, 45°, 90° to 
0n  (the 

normal direction of the crack plane, shown with the black arrow in Figure 4.17), respectively. 

Five cracks with different crack widths (i.e. 0.05 mm, 0.1 mm, 0.2 mm, 1 mm, 2 mm) were 

tested.  

 

Figure 4.17: Sensor arrangement with the transducer in the middle and the receivers around 

Responses in four directions, which were at -180°, 0°, 45°, 90° , were recorded. Signal received 

by sensor 1 was set to be the reference in each test (which was not directly influenced by the 

crack). Responses were normalized by dividing the peak amplitude of the signal received by 

sensor 1 in each test. The normalized signals are shown in Figure 4.18. The blue line is the 

baseline, showing the signal received by sensor 1. The red lines are the signals received from 

other sensors. Each row shows the responses in one test. The first column compares the signal 

received by sensor 3 (in direction of 0°) to the reference, the second column compares the 

signal received by sensor 4 (in direction of 45°) to the reference, and the third column compares 

the signal received by sensor 5 (in direction of 90°) to the reference. It can be observed that 

1 
2 3 

4 
5 

0n  0n  
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when the signal propagated parallel to the crack, the signal amplitude and arrival time were 

less influenced. The signal attenuated strongly when it propagated through the crack in 

directions of 0° and 45°. 

 

Figure 4.18: The normalized signals received by sensor 1 (baseline), sensors 3, 4, 5 (cracked line) in 

different directions 

The arrival times were picked using the same method mentioned in section 4.2. Arrival time 

delay and amplitude drop compared to the reference were calculated as 
1it t t    and 

1

20log( )iA

A
, respectively, where 

it  and 
iA  were the arrival time and peak amplitude of signal 

received by sensor i , respectively. They were categorized by angles between wave travel 

direction and 
0n  (shown in Figure 4.19 and Figure 4.20).  

Arrival time delays in the orthogonal and parallel directions to the crack (respectively shown 

in red and blue dots) were observed to be around 20 μs and 5 μs respectively, over a traveling 

distance of 80 mm, as shown in Figure 4.19. This results show that the crack had an anisotropic 

transmission effect on the AE signal. The wave front traveled at the speed of P-wave, which 

was around 4000 m/s from the measurements in section 4.2. Assuming a crack band width of 

48 mm with anisotropic properties [29], the speeds in the orthogonal and parallel directions to 

the crack were calculated to be around 1500 m/s and 3200 m/s, respectively. Black dots in 

Figure 4.19 indicate the arrival time delays in 45 degrees to the crack. It shows a variance 

between 5 μs and 25 μs. 
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Figure 4.19: Arrival time delays caused by several cracks with different widths and angles, categorized 

by angle 

Amplitude drops in the direction parallel to the crack (shown as blue dots in Figure 4.20) were 

observed to be negligible. A scatter of about 5 dB can be seen, which could be the couplant 

variance. In the orthogonal and 45° directions (shown as red and black dots in Figure 4.20, 

respectively), amplitude drops were approximately ranging from 15 dB to 35 dB, when wave 

propagated through cracks with widths in the range [0.05 2] mm. 

 

Figure 4.20: Amplitude drops caused by several cracks with different widths and angles, categorized 

by angle 

4.5 Concluding remarks 

The following conclusions can be made from this chapter: 

1) A viscoelastic adhesive couplant was used in the measurements. It was found that the 

variation of the coupling effect was limited to 5 dB for mean amplitude of  85 dB.  

2) From the 1-by-14 array test on the un-cracked part of the specimen, the speed of the 

front wave in the concrete medium was around 4000 m/s and the material attenuation 

factor of the specimen was around 20 dB/m at a frequency around 60 kHz. The 

attenuation of body waves and surface waves over 1 m were estimated to be around 35 

dB and 55 dB, respectively.  
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3) A partially-closed crack with surface openings in the range [0.05 3] mm could cause an 

arrival time delay of around 20 μs and an attenuation from 14 dB to 46 dB. Combining 

with the attenuation in concrete medium, we can conclude that more cracks may not 

necessarily lead to more AE activities. 

4) The influence of cracks on the AE signals was observed to be anisotropic. In the 

direction parallel to the crack, the wave speed was around 80% of the original speed 

and the attenuation was negligible, while in the direction proportional to the crack, the 

wave speed was reduced to around 37% of the original speed and the attenuation was 

in the range [15 35] dB when the crack width was in the range [0.05 2] mm. 
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5 Source Localization 

One of the objectives of AE monitoring is to estimate the source location, which is called source 

localization. An important issue is to evaluate the accuracy and reliability of the localization 

results. The arrival-time-based localization method, which is introduced in this chapter, is one 

of the commonly used methods. In this method, factors which could influence the recorded 

arrival times may influence the localization results. In concrete structures, the cracks can 

influence the arrival times, thus is one of the main concerns in the evaluation of source 

localization. 

In practice, two status of cracks may occur, one is fully-open crack and the other is partially-

closed crack, which have been introduced in Chapter 2. A fully-open crack has acoustically 

decoupled faces [21] which don’t allow waves to pass through. Therefore, tip-diffracted waves 

are received in this situation. However, a partially-closed crack can allow partial transmission 

of AE signals, as observed in the former chapter. Therefore, the influences of open crack and 

closed crack on source localization are studied. Furthermore, the influence of some other 

uncertainties, for example, the arrival time picking accuracy, are also evaluated. 

5.1 Localization methods 

5.1.1 Analytical solution 

In the arrival-time-based localization method, three inputs are needed in most cases. They are 

the locations of the sensors, the arrival times recorded in sensors, and the wave velocity in the 

medium. There are other types of localization methods which can work with unknown wave 

velocity such as optimization based technique [11], but not discussed in this thesis.  

A basic assumption is that the concrete medium is homogeneous and isotropic. Therefore, 

waves travel on straight paths in the medium with a constant speed. 

For an AE event at location sx , the elastic waves generated by the source are received by N

transducers attached to the surface of the specimen. The locations of the transducers are 

denoted as  ,1 ,2 ,, , ,R R R Nx x x . The recorded arrival times are denoted as  1 2, , , Nt t tt . 

The speed of the fastest wave mode is assumed to be constant and specified by c . The 

relationship among the three inputs is:   

    , 0 , 1,2, ,s R i ic t t i N     x x   (4.1) 

where, 0t  is the unknown source time. Combination of the above equations for arbitrary two 

sensors i  and j  can eliminate the unknown part 0t : 

    , , , , 1,2, ,s R i s R j i jc t t i j N       x x x x   (4.2) 

In a two dimensional localization problem, at least three sensors are required. Analytical 

solutions for Equation (4.2) can form a hyperbolic curve, which is visualized in Figure 5.1. The 
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red line is the solutions from sensor parings 1 and 2, the blue line indicates the results from 

sensor parings 1 and 3. The green line shows the solutions from sensor parings 2 and 3. The 

intersection is the estimated source location. 

 

Figure 5.1: Visualization of 2D source localization using Equation (4.2), with three sensors on the 

surface, AE source inside the detection area (left) and AE source outside the detection area (right) 

In a three dimensional localization problem, analytical solutions for the cubic equation (4.2) 

can form a hyperbolic surface. In an ideal condition, all hyperbolic surfaces determined by 

different sensor parings intersect at one point, which is the source location. 

5.1.2 Grid search method 

In the grid search method, the domain is discretized by a particular grid. The distance from a 

grid point at Gx  to each sensor can be calculated. The comparison of the calculated differential 

distances to the measured differential distances can be used to determine the most likely source 

location. The best fitted grid point can be picked by minimizing the residual between calculated 

and measured differential distances: 

   
1 2

, ,

1 1

( )
N N

G G R i G R j i j

i j i

r c t t


  

      x x x x x   (4.3) 

The localization accuracy partly relates to the grid size. In the 2D localization shown in Figure 

5.1(left), a grid size of 0.15 m is applied for example, as shown in Figure 5.2, and the best 

matched grid point is picked as 
*

0S . Therefore, an error of 0.05 m is caused by the 0.15-m-large 

grid size. Practically, the specimen can be divided more exquisitely. The grid size can be 

reduced to around 5 mm for example, which will cause less error. Furthermore, the grid size 

may also be selected depending on the available computer memory and desired solution time. 

The decision of the grid can be an overall consideration of the accuracy, computation power, 

and computation time. 
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Figure 5.2: The grid search method 

5.1.3 Localization error 

The recorded arrival times highly influence the result of source localization. In existing 

concrete structures, cracks can additionally influence the arrival times. The recorded arrival 

times can be described by the summation of the expected arrival time t  in the undamaged 

specimen and the additional time  1 2, , , Nt t t    t : 

 *  t t t   (4.4) 

By plugging the recorded arrival times *
t  in Equation (4.2) or Equation (4.3), a possibly-

erroneous source location is calculated as 
*

Sx . The localization error is hence defined as the 

distance between the real source location and the calculated source location: 

 *

S Serror  x x   (4.5) 

The error in arrival times may also come from other uncertainties. Generally, these 

uncertainties include the accuracy of time picking, the accuracy of velocity model, the accuracy 

of sensor coordinates, etc.. The influences of some of these uncertainties are discussed further 

in this chapter. 

5.2 Analytical study 

The localization method outlined in Section 5.1 was implemented to numerically study the 

influence of cracks on the accuracy and reliability of AE assessment. A beam with length of 

3000 mm, width of 400 mm, and height of 400 mm was modeled. Four sensors were considered 

on the surface of the beam in six different layouts, as illustrated in Figure 5.3 : two 3D layouts 

each with a coverage area of 1000 mm×300 mm×400 mm (area enclosed by the sensors), three 

2D layouts each with a coverage area of 1000 mm×300 mm, and one 1D layout with a coverage 

distance of 1000 mm. The 2D layouts and 1D layout are particularly relevant for some practical 

cases with one-side access only. A crack at x=1333 mm was assumed, shown as the gray surface 

in Figure 5.3. The crack height was assumed to be 320 mm, which was around 80% of the 

 0
∗
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beam height, inspired by the ratio of crack height and beam height observed on the test beam 

in Chapter 4.  

 

Figure 5.3: Sensor layouts 

By applying the grid search method, the detection volume of 1000 mm×300 mm×400 mm was 

discretized by a uniform mesh of size 5 mm. For each sensor layout, a total number of 165 

source locations were uniformly chosen in the detection volume (on a grid of 11×3×5). The 

source locations are shown by black dots in Figure 5.4. It can be seen that 3D sensor layouts 

can encompass all sources, 2D sensor layouts can encompass sources on the bottom surface, 

and 1D sensor layout can enclose sources in that line. For each source, the arrival times 

(including the crack effect) were calculated first. Next and assuming a baseline situation, the 
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grid point with the minimum computed residual described by Equation (4.3) was marked as 

the calculated source. The localization error (Equation (4.5)) was then the distance between the 

calculated source and the chosen source. 

 

Figure 5.4: The source locations 

5.3 Results 

5.3.1 Accuracy of localization for partially-closed cracks 

The partial transmission of AE signals by a closed crack relates to the stiffness degradation at 

the crack. According to the theory of crack band [29, 30], the stiffness is decreased around the 

crack and a homogeneous and anisotropic band with width of 3cb aw d   and an additional 

tip height of 3ct al d   are assumed, where da is the maximum aggregate size. Considering the 

maximum aggregate size of 16ad mm , a crack band with width of 48cbw mm  and an 

additional tip height of 48ctl mm  was assumed and illustrated in Figure 5.5. The red line 

shows the crack and the grey area shows the crack band. 

 

Figure 5.5: Crack band 

From the test results in section 4.4, P-wave speeds in orthogonal and parallel directions to the 

crack were around 1500 m/s and 3200 m/s, respectively, which were around 37.5% and 80% 

to the P-wave speed in concrete medium. The angle-dependent wave speed distribution in the 

crack band was assumed to conform with the elliptical anisotropy, which can be expressed as: 

 
2 2 2 2
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x y

y x

c c
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where, xc  and yc  are the wave speeds in orthogonal and parallel directions to the crack, 

respectively,   is the angle between wave travel direction and crack surface normal direction, 

shown in Figure 5.5. The wave speed distribution is illustrated in polar system in Figure 5.6. 

The black dashed line shows the original wave speed in concrete medium and the red line 

shows the crack-reducted wave speed. The wave speed declined most in the direction of 0   

and least in the direction of 90  . 

 

Figure 5.6: Angle-dependent wave speed distribution 

Based on the former assumptions of crack band and wave velocity model, the localization 

errors for the 165 sources in each layout were calculated. An approximately normal distribution 

was observed in each layout, as shown in Figure 5.7, with a mean value indicated by a red 

hollow dot. 
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Figure 5.7: Probability distribution of localization errors 

The distributions show that for 3D and 2D layouts, source localization errors were mostly 

around 50 mm. The error deviation in 3D layouts was smaller than that in 2D layouts. The 

localization errors in 1D layout had a more dispersive distribution, with a mean value around 

170 mm and a maximum value around 400 mm.   

The maximum localization errors indicated the localization cases with the largest errors. They 

are summarized in Figure 5.8. For 3D, 2D and 1D sensor layouts, the maximum errors turned 

out to be about 140 mm, 280 mm and 380 mm, respectively. The worst localization results of 

layout 2, layout 4 and layout 6 are graphically shown in Figure 5.9. The black star indicates the 

calculated source location, and the red hollow circle indicates the modeled source location. The 

gray surface shows the crack and the black frame indicates the crack band zone.  

The error in layout 6 is dominated by the y and z components. This was expected since the 

sensors are all located in one line that does not encompass the source. The error in layout 4 was 

dominated by the z-component, since the sensors are all located in the bottom surface and the 

source is outside the area enclosed by sensors. The error in the 3D layouts turned out to be 
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limited to 150 mm, which occurred when the source was at the boundary of the detection 

volume.  

 

Figure 5.8: Maximum localization error in each layout 

 

Figure 5.9: Maximum localization error in (top left) layout 2, (top right) layout 4, and (bottom) 

layout6 
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Let us denote the magnitudes of the x, y and z components of an error vector as xe , ye  and ze  

respectively.  A comparison of the errors calculated as: (i) 2 2 2

x y ze e e   which included all 

components, (ii)   
2

x ye e  which excluded the z-component, and (iii) xe  which excluded 

the y-component and z-component is shown in Figure 5.10. It can be observed that, the 

maximum values of errors which excluded the z-component (i.e.  
2

x ye e ) in 2D layouts 

(i.e. layouts 3, 4 and 5) and the maximum values of errors which excluded the y-component 

and z-component (i.e. xe ) in 1D layout (i.e. layout 6) were reduced to around 120 mm and 100 

mm, respectively, which are comparable to the maximum values of the total error magnitude 

(i.e. 2 2 2

x y ze e e  ) in 3D layouts (i.e. layouts 1 and 2). They were in range of [50 150] mm. 

The mean localization error is reduced to around 50 mm by the exclusion of the component in 

which direction source was outside the area enclosed by the sensors. 

  

Figure 5.10: Comparison of the maximum errors in different directions (left) and mean errors in 

different directions (right) 

Localization for sources inside the sensor enclosed area is more accurate. In our case, the 

maximum and mean localization error inside the sensor enclosed area in the corresponding axis 

was around 100 mm and 50 mm, respectively. In the following discussion in this section, the 

localization errors were calculated including all components, and the larger errors in 2D layouts 

and 1D layout were expected. 

As observed in Figure 5.9, the maximum localization errors were at the edge of the detection 

volume, therefore a closer look on the localization errors for inner sources was taken. Eleven 

uniformly distributed sources in the neutral line of beam were selected and localized. 

Localization errors for sources on the neutral line in layouts 2, 4 and 6 are plotted in Figure 

5.11. The solid blue line indicates the positions of the crack and the dashed blue lines show the 

sensors positions.  Inner source localization had an error of around 50 mm, which was generally 

more accurate than edge source localization. 
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Figure 5.11: Localization errors for sources on the neutral line in layouts 2, 4 and 6 

In the above mentioned localization procedure, the accuracy of localization may be further 

affected by other uncertainties. These uncertainties may be generated from the assumptions of 

crack band size and wave speed model in crack band. Other general uncertainties (i.e. the 

accuracy of arrival time picking, the accuracy of sensor locations) may also influence the 

localization results. The influence of these uncertainties are further discussed. 

5.3.1.1 Influence of wave speed model in crack band 

To study the influence of wave speed distribution in crack band, three cases were analyzed: (i) 

constant time delay of 20t s   in all directions which neglected the angle influence, (ii) 

elliptical distribution which is described by Equation (4.6), and (iii) linear distribution which 

is described by Equation (4.7).  

 
( )

( ) , [0,90]
90

y x

x

c c
c c


 

 
     (4.7) 

where, xc  is the wave speed in orthogonal direction to the crack, yc  is the wave speed in 

parallel direction to the crack,   is the angle between wave travel direction and crack plane 

normal direction. The two angle-dependent wave speed distribution in range of [0 360]° are 

plotted in Figure 5.12. The red line shows the elliptical distribution, and the blue line shows 

the linear distribution. 
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Figure 5.12: Angle-dependent wave speed in crack band in: (left) cartesian system and (right) polar 

system 

The maximum localization errors in three cases were calculated and plotted in Figure 5.13.  

 

Figure 5.13: Maximum localization error in each layout using different speed models 

The maximum localization errors in cases (i) and (ii) were similar and were around 140 mm 

for 3D layouts, 280 mm for 2D layouts, and 380 mm for 1D layout. The maximum localization 

errors when assumed a linear wave speed distribution were around 110 mm, 250 mm, and 390 

mm for 3D, 2D, and 1D layouts, respectively. It shows that assuming an elliptical distribution 

was more conservative with around 30 mm more error. The influence of wave speed 

distribution in crack band on the maximum localization error turned out to be less than 30 mm 

and could be neglected. 

Figure 5.14 shows the localization results of neutral sources in layouts 2, 4 and 6, considering 

the influence of wave speed distribution. Inner source localization using linearly proportional 

velocity distribution in crack band had around 20 mm less error in 3D and 2D layouts. In 1D 

layout, no evident localization difference was observed among the three speed models. The 

influence of wave speed distribution in crack band on the inner source localization accuracy 

can be neglected. 

As a conclusion, the influence of the wave speed distribution in crack band is negligible and 

the result generated at the beginning of section 5.3.1 (assuming an elliptical wave speed 

distribution in crack band) can be more conservative with around 30 mm more error. 
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Figure 5.14: Localization errors for sources in the neutral axis using different speed models 

5.3.1.2 Influence of crack band size 

The size of crack band may have a variance around the estimated value in the theory of crack 

band. A sensitivity study on the effect of crack band size on localization accuracy was 

performed by changing input values by ± 5%, and ± 50%. The original crack band width was 

assumed to be ,0 3cb aw d  , thus the analyzed inputs were ,1 ,00.5 1.5cb cb aw w d    ,  

,2 ,00.95 2.85cb cb aw w d    , ,3 ,01.05 3.15cb cb aw w d    , ,4 ,01.5 4.5cb cb aw w d    . The 

original crack band length in front of the crack tip was assumed to be ,0 3ct al d  , thus the 

analyzed inputs were ,1 ,00.5 1.5ct ct al l d    , ,2 ,00.95 2.85ct ct al l d    , 

,3 ,01.05 3.15ct ct al l d    , ,4 ,01.5 4.5ct ct al l d    .  

Maximum localization errors with different crack band widths ( ,0cbw , ,1cbw , ,2cbw , ,3cbw ,  ,4cbw ) 

are shown in Figure 5.15. It shows that the maximum localization errors did not change with 

the crack band widths in layouts 1, 2, 4, 5. In layouts 3 and 6, the influence was less than 40 

mm, when the crack band width had a fluctuation of ± 50%.  
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Figure 5.15: Max localization error in each layout with different crack band widths 

For inner source localization, the result shows that for 3D and 2D layouts, the localization error 

hardly had any change when crack band widths changed. For 1D layout, the changing of the 

output was less than 40 mm, which could be neglected. Examples of layout 2 and layout 6 are 

shown in Figure 5.16. 

 

Figure 5.16: Localization errors for sources at neutral line in: (left) layout 2, and (right) layout 6 

Maximum localization errors with different crack band tip lengths ( ,0ctl , ,1ctl , ,2ctl , ,3ctl , ,4ctl ) 

are compared in Figure 5.17. In layout 1, when the tip length was half reduced, the maximum 

localization error was increased by 50 mm. A graphical comparison between the localization 

results of using ,0ctl  and ,1ctl  is made in Figure 5.18. When using ,1ctl , the maximum localization 

error happened when the source 0S  was at 1900 , 50 , 300x mm y mm z mm   , in which case  

the wave travel path to sensor 2 on top surface was not influenced by the crack band, while the 

wave travel time to sensor 3 on bottom surface was delayed by the crack. Therefore, the 

calculated source was located up to the top surface of the detection volume, which made the 

localization error dominated by z-component. For a same source localization in the condition 

when crack band was longer, the wave travel paths to the sensors on the top and bottom were 

both influenced by the crack band, which made the localization error around 100 mm less. It is 

reasonable that crack length had hardly any influence in 2D layouts and 1D layout, since all 

the sensors were located at the bottom surface. 
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Figure 5.17: Max localization error in each layout with different crack band tip lengths 

 

Figure 5.18: Source ( 0S ) localization error in layout 1 with: (top) lct,1 = 0.5×lct,0, and (bottom) lct,0 

Localization errors for sources in the neutral line were not influenced by tip length in the six 

layouts. The result of layout 2 is selected as an example and shown in Figure 5.19. 

The conclusion is that in 2D and 1D sensor layouts, the crack band size had negligible influence 

on the localization accuracy, while in 3D sensor layouts, the maximum localization error in the 

detection volume could decrease when the crack band tip length increased. 

 

Figure 5.19: Localization errors for sources in the neutral line in layout 2 
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5.3.1.3 Influence of arrival time picking accuracy 

A widely-used method for arrival time picking is automatic threshold picking method. In this 

method, a threshold level is set and the time of the first crossing point is picked as the arrival 

time. Another picking method is manual picking which requires looking into the shape of the 

waveform manually. Compared to manual picking, automatic threshold picking method can 

manage a vast amount of data, but may have larger picking errors, which can influence the 

localization accuracy. There are two types of automatic threshold picking. One uses a fixed 

threshold value, and the other one uses float threshold values. By comparing the float-threshold 

automatic picks and the manual picks in the data acquired in Chapter 4, an picking accuracy of 

5.0t s   was observed. Another research [19] examined the differences between the 

automatic and the manual picks among 1217 signals of 178 AE events and resulted that 32% 

of the data had an picking accuracy of 1.25t s  , 46% had an picking accuracy of 

1.25 2.5s t s    , and 22% had an accuracy of 2.5 5.0s t s    . The above literature 

also showed that the mispicks were more likely in fixed threshold picking method than floating 

threshold picking method. Based on the observation in the former tests and other research work, 

influence of arrival time picking accuracy of 5.0t s  on source localization was studied.  

Five hundred uniformly-distributed random arrival time picking errors in range of [-5 5] μs 

were considered for the arrival times of each sensor. The assumptions at the beginning of 

section 5.3.1 kept same. The probability distribution of the maximum localization errors 

influenced by the crack and time picking accuracy was a near normal distribution for each 

layout, shown in Figure 5.20. The filled red circle shows the mean value of the 500 results. The 

hollow red circle shows the result without the influence of arrival time picking accuracy. 
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Figure 5.20: Probability distribution of the maximum localization errors with the influence of crack 

and arrival time picking accuracy 

The maximum localization errors with and without the influence of time picking error are 

compared in Figure 5.21 (left). It can be observed that the influence of time picking accuracy 

of 5.0t s   was less than 20 mm in 3D layouts, which can be neglected. However, the 

influences in 2D layouts and 1D layouts were larger and could reach 100 mm in layouts 3 and 

5. It was expected since some source locations were outside the sensor enclosed area in 2D and 

1D layouts. By comparing the maximum localization errors which were inside the sensor 

enclosed area in Figure 5.21 (right), the influence of time picking accuracy of 5.0t s   was 

limited to 40 mm. 
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Figure 5.21: Influence of time picking accuracy on: (left) total localization errors and (right) 

localization errors inside sensor enclosed area 

5.3.1.4 Influence of sensor location accuracy 

Sensor location uncertainty could probably be caused during installation. An installation error 

of 10d mm   was studied. A number of 8 (4×2) randomly-generated location errors in range 

of [-10 10] mm were applied to the two coordinates of the four sensors in the source 

localization. The assumptions at the beginning of section 5.3.1 kept same. After an iteration of 

500 times, the probability distribution of the maximum localization errors can be generated. 

Figure 5.22 (left) shows the probability distribution in layout 3 as an example. The filled red 

dot shows the mean value of the 500 results. The hollow red dot shows the result without the 

influence of arrival time picking accuracy. Figure 5.22 (right) shows a comparison between 

localization results with and without the influence of sensor location accuracy. It can be 

concluded that the influence of sensor location accuracy of 10d mm   was less than 30 mm, 

which can be neglected. 

 

Figure 5.22: Maximum localization errors influenced by crack and sensor location accuracy: (left) in 

layout 3 and (right) in six layouts 

5.3.2 Reliability of localization for partially-closed cracks 

A partially-closed crack can also influence the reliability of the source localization when the 

AE signals are attenuated by the crack to a level lower than the acquisition threshold. If some 

of the sensors fail to receive sufficiently strong signals, the reliability of the AE monitoring 

will be substantially reduced. From the results of the experiments on the considered beam in 

Chapter 4, the total attenuation over a 1 m distance, with a narrow crack with 0.05 mm width 
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would be around 55 dB at a frequency range of [40 100] kHz. Consequently, an AE source 

with a peak amplitude of 90 dB can only be detected by sensors at 1 m distance if the threshold 

was 35 dB or smaller. Regarding the noise levels in practice, this can be a very challenging 

condition, as a result of which many AE events may be missed. Larger crack widths on the 

surface can naturally have more drastic effects and lead to further-reduced reliability. It is 

therefore important to include the role of existing cracks when designing AE monitoring 

systems for existing concrete structures.  

5.3.3 Accuracy of localization for open cracks 

When the cracks become open with acoustically-decoupled faces [21], the crack tip-diffracted 

waves (shown in section 2.3) may be dominated and picked up upon their exceeding of 

amplitude threshold. With the assumption of straight wave path, larger arrival time difference 

may be induced by a fully-opened crack depending on the relative positions of the source, the 

sensor and the crack tip. The tip-diffracted wave path in the modeling case is shown in Figure 

5.23. The gray surface indicates the crack face. The red dash lines are wave travel paths from 

source to sensors. As can be seen that the wave paths to sensor 1 and sensor 4, which located 

on the other side of the crack, were diffracted by the crack tip, while the wave paths to sensor 

2 and sensor 3 were not influenced by the crack. 

 

Figure 5.23: Tip-diffracted wave travel path and localization error in layout 3 

The localization errors for the 165 selected sources in section 5.2 were calculated and the 

probability distributions in the six layouts are shown in Figure 5.24. The mean values are 

indicated by hollow red dot. Compared to the probability distribution of errors in the situation 

of a partially-closed crack (Figure 5.7), the error distribution in the situation of a fully-open 

crack was more scattered around a larger mean value. Less difference was observed among 

different sensor layouts. The influence of layouts on the localization accuracy can be neglected 

in the case that the crack is fully open. 
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Figure 5.24: Probability distribution of localization errors for 165 sources 

The maximum localization error in each layout was picked, as summarized in Figure 5.25 (left). 

They were around 550 mm without evident difference among different layouts. This error was 

too inaccurate to estimate the source location in a detection volume of 

1000mm×300mm×400mm.  Figure 5.25 (right) shows the mean localization errors, which were 

around 300 mm. 
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Figure 5.25: (left) maximum localization errors and (right) mean localization errors 

5.3.4 Reliability of localization for open cracks 

In terms of the wave attenuation, over a 1.5-m-long tip-diffracted wave path, for example, the 

attenuation of the bulk waves was estimated to be less than 65 dB from the conducted 

measurements in Chapter 4. Assume that the direct wave path from the source to the receiver 

was 1 m. From the test results in Chapter 4, it can be known that the attenuation over 1 m  could 

be 70 dB when waves travel through a narrow partially-closed crack. The tip-diffracted waves 

are less attenuated compared to the waves travel through a partially-closed crack. Therefore, 

the signal diffracted by the tip of the crack has a higher chance to be received, but leads to a 

less accurate localization result. 

5.4 Concluding remarks 

A crack with height of 320 mm was assumed in a detection volume of 

1000mm×300mm×400mm. Analytical studies on the source localization influenced by a 

partially-closed crack and a fully-opened crack were performed. A number of conclusions are 

drawn: 

1) Considering an imperfectly-closed crack, which allowed partial transmission of waves, 

the maximum localization error for sources inside the sensor coverage area was around 

120 mm.  
2) The sensitivities of localization results to the uncertainties of wave speed distribution 

in crack area, size of crack area, arrival time picking accuracy and sensor location 

accuracy were less than 40 mm, which could be neglected. 
3) In the case that the signal, which was attenuated by a partially-closed, could not be 

detected, or the crack was fully-open with faces acoustically decoupled, the picked-up 

signals might be the tip-diffracted waves. It can lead to a larger localization error of 

around 550 mm. 
4) In the consideration of the reliability of source localization in the situation of a fully-

open crack, the waves may be less attenuated than the waves passing through a 

partially-closed crack. Therefore, there is a high chance for the tip-diffracted waves to 

be received. 
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6 Conclusions and recommendations 

An investigation of the accuracy and reliability of acoustic emission monitoring of concrete 

structures in the presence of existing cracks was presented in the previous chapters. The 

important concluding remarks from this research are reviewed in this chapter. Moreover, some 

topics which are related to this work but were not fully studied mainly due to the limitation of 

time are recommended for further research. 

6.1 Conclusions 

A number of main conclusions can be drawn from this research as listed below. 

1) Based on a simulated wave propagation in a 2D concrete section, the parameter arrival 

time could be used with some acceptable error. Parameters related to the arrival of the 

peak amplitude (e.g. counts to peak) and duration time (e.g. counts) could not be used 

for the study of wave propagation in most cases since they were sensitive to the shape 

of the waveform (Chapter 3).  

2) The variance of coupling effect of the viscoelastic adhesive couplant can be limited to 

5 dB for a mean value of 85 dB at a frequency around 60 kHz (Chapter 4). 

3) The speed of the front wave in the tested concrete medium was around 4000 m/s. The 

material attenuation factor of the specimen was around 20 dB/m at a frequency around 

60 kHz. Therefore, the attenuation of body wave and surface wave over 1 m were 

around 35 dB and 55 dB, respectively (Chapter 4). 

4) Measurable AE signals can propagate through a partially-closed crack with stable 

additional travel time of around 20 μs. A partially-closed crack may result in the 

attenuation of AE signals from 55 dB to 85 dB over 1 m. It meant that more cracks may 

not necessarily lead to recording of more AE activities (Chapter 4). 

5) Substantial anisotropic property at the crack area was observed. In the direction parallel 

to the crack, the wave speed was around 80% of the original speed, while in the 

direction perpendicular to the crack, the wave speed was reduced to around 37% of the 

original speed (Chapter 4). 

6) Within the studied situation, the localization error within the area enclosed by sensors 

is around 120 mm with a partially-closed crack, and is around 550 mm with a fully-

open crack. The localization results in an area with a fully-open crack are inaccurate to 

be used for source localization (Chapter 5).  

6.2 Recommendations 

A number of recommendations can be made for the continuation of this research as listed below: 

1) For the estimation of the wave attenuation, an assumption of the same material 

attenuation factor of body wave and surface wave was made. This assumption can be 

verified by conducting more measurements to study the material attenuation factor of 

the body wave and surface wave. With this, a more accurate estimation of the reliability 

of the AE source localization may be obtained. 
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2) The source signals of cracking needs to be accurately studied. More measurements for 

the characterization of the source property should be carried out.  

3) In this research, all sensors and transducers were narrowly sensitive at a frequency of 

around 60 kHz. More investigation on the influence of cracks on the AE signals at other 

frequencies will be valuable.  

4) The open crack and the partially-closed crack in this research can be defined more 

quantified by the loading condition. An investigation of the influence of cracks under 

different load levels will be valuable.  
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A. Appendix: Elastic vector wave equations 

Based on the mechanics of a deformed solid, the normal stresses can be expressed as 

, ,xx yy zz   , and the tangential stresses can be expressed as , ,xy xz yz   , etc. It is the same 

with normal strains (i.e. , ,xx yy zz   ) and tangential strains (i.e. , ,xy xz yz   ). Based on the 

Hooke’s Law, in isotropic solids, the relationship between the elastic stresses and elastic strains 

can be expressed as:  
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where, E  is the Young’s modulus,   is the dynamic Poisson’s ratio. 

The relationship can be inversed to:  
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 It can be re-written as diagonal matrices: 
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where,   is the three dimensional displacement vector:  , ,    . 
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where,  , ,r x y z . 

The net force on a cuboid in a stress-field can be expressed as: 
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According to Newton’s Law we have: 
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where, 
0  is the density of the medium. 

Therefore, we have: 

 

2

0 2t


 


 


  (A.8) 

By combining Equation (A.5) and Equation (A.8), for homogeneous and isotropic elastic 

media, we can have: 
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I
t r r

  
   

      
                       

  (A.9) 

In the right side of the Equation (A.9): 
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  (A.10) 
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  (A.11) 
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 (A.12) 

 Therefore, we can the elastic vector wave equation for  ,r t : 
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0 2t


     


     


  (A.13) 

It is known from Helmholtz decomposition [31] that any vector field can be represented as the 

sum of an irrotational vector field and a divergence-free vector field, which have a scaler 

potential and a vector potential, respectively. 

For irrotational vector field, where 0  , we can get   2      from the identity of 

    2       . 

For the wave equation for irrotational fields, we can have: 

 

2

2

2 2

1
0

t







  


  (A.14) 

where, the wave propagation velocity is 
 

  0 0

12

1 2 1

E  


   


 

 
. 

The irrotational waves are also called as longitudinal waves, or P-waves. 

For the divergence-free waves, the condition of 0   is applied to the waves equation. The 

elastic vector wave equation is then reduced to: 

 

2

2

0 2t


  


 


  (A.15) 

The propagation velocity is 
 0 02 1

E


  
 


. The divergence-free waves are also 

called as transverse waves, or S-waves. 

 

  

https://en.wikipedia.org/wiki/Vector_field
https://en.wikipedia.org/wiki/Irrotational_vector_field
https://en.wikipedia.org/wiki/Divergence


 

60 

 

  



 

61 

 

B. Appendix: Geometric spread loss 

Before the derivation of geometric spread loss, logarithmic notation: decibels need to be 

introduced. Huge acoustic values like pressure or power are normally quantified in decibels. 

The decibel is defined as ten times the base-10 logarithm of the ratio of two powers. The ratio 

in decibels between two powers 
1P  and 

2P  can be expressed as: 1

2

10log
P

P

 
 
 

. In physics, power 

is proportional to the square of the pressure. Therefore, the same ratio of the two powers can 

be expressed as: 1

2

20log
p

p

 
 
 

, where 
1p  and 

2p  are the pressures relate to powers 
1P  and 

2P , 

respectively. Therefore, for quantities similar to power or energy, 1

2

10log
P

P

 
 
 

 is used, while 

for quantities similar to pressure, 1

2

20log
p

p

 
 
 

 is used. Decibel values are used to express 

geometric spread loss. 

Wave propagation is a process that spreads the energy from the source over a larger surface. 

Because of the conservation of energy, the intensity will decrease when the surface increases. 

Body waves and surface waves spread in different rules due to different boundary conditions. 

Body waves follow the rule of spherical spread, while surface waves follow the cylindrical 

spread rule. 

For spherical spread, the sphere surface can be calculated as 
24 r  , where r  is the radius 

of the sphere, or the travel distance from the source. Assuming two points (1) and (2) with 

different travel distances of 
1r  and 

2r , respectively, the decrease in local intensity is inversely 

proportional to the ratio of the areas of the sphere surfaces: 

 

2
2

2 1 1 1

2

1 2 2 2

4

4

I r r

I r r





 
    
  

    (B.1) 

The geometric spread loss of body waves in decibels can be expressed as: 

 2 1

1 2

10log 20logb

I r
SL

I r

   
    

   
  (B.2) 

For cylindrical spread, the cylinder surface can be calculated as 2 r l   , where r  is the 

radius of the cylinder, or the travel distance from the source, and l  is the length of the cylinder. 

The decrease in local intensity between two points (1) and (2) is inversely proportional to the 

ratio of the spread surfaces: 

 2 1 1

1 2 2

2

2

I r l r

I r l r






 


  (B.3) 

Therefore, the geometric spread loss of surface waves in decibels can be expressed as: 
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 2 1

1 2

10log 20logs

I r
SL

I r

  
      

   
  (B.4) 

As can be seen that the geometric spread loss of body waves is larger than that of surface waves 

over a same distance. 
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