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Abstract 

 

Source location is the most attractive aspect of acoustic emission (AE) monitoring. Source 

location relies on the ability of several sensors to detect an AE event and locate the event using 

simple triangulation methods based on the time of arrival of the fastest propagating wave mode. 

Two assumptions are made in any source location calculation; the wave speed remains constant 

and that there is a direct path between sensor and source. This is rarely the case with many struc-

tures containing change in thicknesses, resulting in changes in propagation velocity and disconti-

nuities, such as lugs, that alter propagation paths. 

 

A novel technique, Delta-T mapping, that overcomes the problems of thickness changes and 

discontinuities has been developed. An outline of the novel technique and the results of an artifi-

cial source investigation and two fatigue investigations one with a complex propagation path and 

a further specimen with varying thickness changes are presented. All investigations demonstrated 

that the Delta-T mapping has a great improvement over the current TOA technique. 
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Introduction 

 

Source location is possibly the most attractive aspect of acoustic emission monitoring. If the 

location of an event is known, the number of possible source mechanisms is reduced as only cer-

tain mechanisms are associated with particular geometric features and conditions. In addition 

identifying the location of an AE event can allow other non-destructive evaluation (NDE) tech-

niques, such as dye penetrant or ultrasound, to be utilised.  

 

Current source location techniques rely on the ability of several sensors to detect an AE event 

and locate the event using simple triangulation methods based on time-of-arrival (TOA) of the 

fastest propagating wave mode [1,2]. However these source location methods are based on two 

assumptions; that wavespeed remains constant from source to sensor and that there is a direct 

wavepath between source and sensor. 

 

When considering plate waves, invariably the case in bridges, pipes, pressure vessels and 

aerospace landing-gear modules, the velocity is dependant on thickness of the plate it is travel-

ling in, demonstrating that wavespeed throughout a structure will rarely be uniform. Further-

more, in composite structures wave velocity varies with the angle of propagation depending on 

the direction of travel when compared with composite lay-up. In addition geometric features 

such as holes, lugs and structural discontinuities, often seen in real structures, can dramatically 

alter the wavepath. Indirect paths may include reflection, refraction, diffraction and paths de-

pending on the geometry of the component again. 
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These assumptions introduce errors in a source location measurement. In simple cases, these 

problems can be overcome with expert knowledge, assessment of wavepaths and intelligent sen-

sor locations. However, these are estimations and cannot provide accurate results.  

 

Recent methods aimed at improving the accuracy of the source location technique by allevi-

ating the problems inherent in selection of a single wave velocity include modal analysis, a 

method based on energy attenuation and acoustic tomography. 

 

Single sensor source location [3,4] relies on the measurement of the time difference between 

the arrivals of the two primary modes, however it requires a detailed understanding of the disper-

sive nature of AE signals, which can be open to user interpretation and the arrival of the faster 

propagating S0 mode needs to captured and visible when compare with background noise. 

 

Nivesrangsan et al. [5] have investigated the use of energy attenuation. The methodology fol-

lows TOA, location replacing time difference with energy difference and wave velocity with an 

attenuation coefficient. However, as this method is based on the same principals as TOA source 

location, similar error sources apply. 

 

A further method based on computerised tomography (CT) that was developed for medical 

applications has been presented by Schubert [6] and utilised algebraic reconstruction techniques 

(ART). The method is as follows 

• Set-up an array of sensors around an area of interest 

• Divided the area into a grid, with each grid square assigned an initial wave velocity.  

• Conduct a series of simulated events, either by pulsing each of the sensors or by generat-

ing events within the grids.  

• Use the known wavepath and elapsed time from source to sensor to re-evaluate the wave 

velocity assigned to each of the grid squares that the wavepath intersects using algorithms 

such as ART.  

• Repeat the previous step until the wave velocity in each grid space has suitably con-

verged. It is possible to use the wave velocity map to accurately locate and future events. 

 

Any geometric features, such as holes, will cause an altered wave velocity to take account of 

the change in wavepath. However, in a further paper [7], results using this technique from an alu-

minium plate with a saw cut were presented. The array used was unable to detect the cut until it 

intersects at least one of the wavepaths between sensors, a disadvantage of this method. 

In this paper, a novel method of source location where an AE location array is mapped with 

an Hsu-Nielsen (H-N) source at known positions is presented. A more detailed description of the 

Delta-T technique can be found in [8]; however, a summary of the technique is provided below 

in five steps: 

• Determine area of interest. Though Delta-T source location can provide complete cover-

age of a part or structure, it is best employed as a tool to improve source location around 

specific areas of expected fracture, which could be identified via finite element model-

ling. 

• Construct map system. A grid is placed on the component over the area of interest and 

within which AE events will be located; the higher the resolution of the grid the greater 

the accuracy. It is possible to increase the resolution of the grid around features of inter-

est, however it should not be smaller than one wavelength, as this is the minimum loca-
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tion resolution. It should be noted that sources are located with reference to the grid and 

not the sensors. 

• Apply artificial source event to obtain time-of arrival data. Artificial sources [9,10] con-

ducted at the nodes in the grid provide AE data for each sensor. Several sources at each 

node are required to provide an average result and to eliminate erroneous data. It is not 

essential to have AE data from every node in the grid because missing data points can be 

interpolated from surrounding nodes. 

• Calculate Delta-T Map. From each artificial source, a difference in time of arrival or 

Delta-T is calculated for each sensor pair (an array of four sensors has six sensor pairs). 

The average Delta T for each sensor pair at each node is stored in a map. These maps can 

be displayed as contour plots of equal Delta-T. 

• Compare Actual Data. To locate an actual AE event, the Delta-T for each pair is calcu-

lated. A line or contour on each map corresponding to the calculated Delta-T can be iden-

tified. By overlaying results from each of the sensor pairs, a convergence point can be 

identified; the source location. As with time of arrival, a minimum of three sensors is re-

quired to provide a point location and more sensors will improve the location. In theory 

all lines will intersect at one location, however, in reality this is not the case. Therefore to 

estimate the source location, all of the convergence points can be calculated and a cluster 

analysis can be conducted on the points to determine the final location. 

 

This paper presents three case studies demonstrating the developed novel source detection 

method. 

 

Experimental Procedure 

 

An artificial source investigation was completed on a 1-m
2
 steel plate with a 250-mm ‘rough 

cut’ hole in the centre. Eight sensors were mounted on the plate, four in a regular square array 

and four in a random irregular array (Fig. 1). These two arrays allow comparison between a regu-

lar and irregular sensor groups. A 400-mm
2
 grid with a 50-mm grid density centred on the cut-

out was used (Fig. 1). Ten artificial sources were conducted at each node within the grid. Ten test 

locations were randomly selected within the grid and five artificial sources conducted at each 

location (Table 1).  

Table 1: Artificial source coordinates and source location errors.  

Source Po-

sition [mm]  

Delta-T 

Error [mm]  

TOA 

Error [mm]  

Error 

[%] 

 

Location 

X Y All Reg Irreg All Reg Irreg All Reg Irreg 

1 20 100 6 8 14 20 385 6 70 98 -133 

2 70 230 38 52 24 55 113 62 30 54 61 

3 100 300 4 3 5 108 36 16 96 91 68 

4 130 90 21 22 25 51 103 63 59 78 60 

5 200 330 10 12 25 117 52 530 92 76 95 

6 260 90 24 38 70 47 73 103 48 48 32 

7 300 300 1 13 23 92 120 217 99 89 89 

8 320 160 35 53 24 44 42 33 20 -26 29 

9 350 50 31 26 38 69 74 108 56 65 65 

10 330 390 5 2 14 4 72 n/a -7 97 n/a 

Average n/a n/a 18 24 28 62 107 129 71 77 78 
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Fig. 1. Artificial source investigation showing regular and irregular array. 

 

 
Fig 2. Specimens for validation of developed source location technique (a) disruption of source 

to sensor propagation path, (b) thickness change resulting in changes in propagation velocity (all 

dimensions in mm).  
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The specimen with numerous holes was made from 3-mm mild steel plate, but plate thick-

nesses were increased to 9 mm at the loading pins by the addition of two extra plates bolted to 

either side of the plate, to avoid failure at the loading pins. Physical Acoustics Limited (PAL) 

resonant sensors were mounted to the plates (as shown in Fig. 1 by filled circles), grease was 

used as an acoustic couplant and the sensors were held in position with magnetic clamps. The 

sensitivity of the mounted sensors was evaluated using the H-N source technique.  

 

A 180 x 130-mm grid with a grid density of 10 mm and a 140 x 160-mm grid with a grid 

density of 20 mm were selected for the hole and step specimens, respectively. Five H-N sources 

were conducted at each available node to form the Delta-T grids. The specimens were fatigued 

under a load of 3.5 to 35 kN until failure. All AE feature data was recorded using a PAL MIS-

TRAS system.   

 

 
Fig. 3. Example of Delta-T source location maps for both specimens. 
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Results and Discussion 

 

Response of all sensors to the H-N source in all investigations was above 98 dB, demonstrat-

ing that all sensors were mounted correctly. A wave velocity for the first threshold crossing was 

determined and used for all TOA source location calculations. The data from the H-N source 

events was used to create the Delta-T contour maps, as discussed previously. It is possible to cre-

ate similar, theoretical maps for TOA using the above first threshold crossing wavespeed. Figure 

3 displays a comparison between the Delta-T and TOA source location maps, for one sensor pair, 

for the three specimens. By examining the Delta-T map it is evident that the wavepaths are inter-

rupted by the holes in the plates, which will cause errors in any source location calculation. 

 

Figures 4 to 6 and Table 1 display the results from the artificial source investigation. Figure 4 

shows the results from using all eight sensors. This array produced the most accurate results for 

both the TOA and Delta-T location methods. This is expected as the use of eight sensors pro-

duces 28 sensor pairs and increases the likelihood of direct wavepaths between source and sen-

sor, thus reducing the effect of the 250-mm cut-out. Delta-T had an average error of 18 mm (38 

mm maximum, 1 mm minimum) compared with 62 mm using TOA (117 mm maximum, 5 mm 

minimum), a 71 % reduction. 

 

Figure 5 and 6 and Table 1 presents the results from the regular and irregular arrays respec-

tively. Both location methods show an increase in error associated with the reduction in number 

of sensors. There is little difference between the regular and irregular arrays when locating with 

Delta-T. A difference in the two arrays is apparent in the TOA location methods, with an average 

error 107 mm for the regular array and 129 mm for the irregular array. It was not possible to lo-

cate source 10 (Table 1) using TOA for the irregular sensor array, however the Delta-T method 

located this source to within 14 mm. The Delta-T technique improved the location in both these 

arrays by 71-78%. The results show that it was more accurate (> 54 % reduction in error) to use a 

four sensor array with Delta-T location than to use TOA location with an eight sensor array when 

locating artificial sources in this plate.    
 

 

Fig. 4. Comparison of location methods of artificial sources using all 8 sensors. 
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Fig. 5. Comparison of location methods of artificial sources using regular array.  

 

 
 

Fig. 6. Comparison of location methods of artificial sources using irregular array. 

 

Figure 7 shows a comparison of the TOA with the Delta-T location techniques of the de-

tected signals for both fatigue specimens. The specimen geometry and the site of fracture initia-

tion have been superimposed. The plots demonstrate how the Delta-T technique shows signifi-

cant improvement. In the hole specimen, the TOA results (Fig. 7a) show four peaks of activity of 

above 70 events, whist the Delta-T results (Fig. 7b) have only one such peak. Furthermore, the 

location of the signals is more compact, demonstrating that a source cluster analysis of the source 
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would be achieved earlier using the Delta-T technique. The position of the peak cluster is also 

much closer to the position of fracture. Figure 7c shows the TOA plot for the change in thickness 

plates, and it can be seen that there is no single peak in close proximity to the fracture region. In 

Fig. 7d, the Delta-T technique clearly identifies the fracture position, although it is not the peak 

of events. 

 

Based on the location of the initiation of fracture and the closest peak cluster, the TOA and 

Delta-T techniques show errors of 15.5 and 8.0 mm, respectively, for the plate with holes, dem-

onstrating a reduction in error of 48%. It is not possible to determine an error for the step plate as 

there is no cluster in reasonable proximity that could be defined as coming from the fracture. 

 

 
 

(a) (b) 

 
 

(c) (d) 

 

Fig. 7. Comparison of source location results from specimen with disruption of source to sensor 

propagation path (a) Hole: Time of arrival, (b) Hole: Delta-T technique, (c) Step: Time of arrival, 

(d) Step: Delta-T technique. 

 

A further advantage of the Delta-T technique is that it has a tighter source clusters, as this can 

be seen when comparing the cluster sizes in Fig. 7a and b. Using the TOA technique (Fig. 7a) 

there are three clusters of >70 events whilst the Delta-T technique (Fig. 7b) has only one cluster 

of >140 events. This suggests that if a spatial cluster were to be used as an indication of develop-

ing damage, the Delta-T method would identify it earlier. 
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Conclusions 

 

Delta-T source location provides a novel approach for overcoming particular problems asso-

ciated with source location in complex structures with some current techniques (TOA and modal 

analysis). All investigations have demonstrated that the Delta-T mapping technique is superior to 

the current TOA technique.   
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