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Abstract 

 

Probability of detection (POD) is a discipline within the field of nondestructive testing, that 

bears on the reliability of the inspection and has been of great value for selecting and validating 

NDT procedures, qualifying NDT personnel, and even establishing the acceptability of structural 

designs.  This paper shows a way to bring the POD concept to AE technology. It reports the de-

velopment of a model, which quantifies each step in the classic AE process – stress stimulus, 

flaw growth, wave release, wave propagation, sensing and detection.  In its first implementation, 

the model treats fatigue crack growth in pressurized cylinders.  A small percentage of the frac-

ture surface is assumed to be formed by cleavage, the source of the AE.  With the help of the 

Paris law for fatigue crack growth, the source theory of Wadley and Scruby, the power-law am-

plitude distribution and other relevant theory, it is possible to determine the probability of detect-

ing AE from a flaw of given initial size, in a given vessel subjected to a given pressurization 

schedule.  Because of attenuation the POD depends on the source position, so the findings are 

presented with POD encoded as color on a map of the vessel.  Use of this POD concept will open 

the way to engineered AE inspections, better quality AE tests, and better integration of AE with 

other NDT methods to meet industrial needs for structural integrity.   
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Introduction: Probability of Detection (POD) in the NDT Industry 

 

"Probability of detection" (POD) is a quantitative discipline with the field on nondestructive 

testing, addressing the topic of inspection reliability.  In the late 1960's and early 1970's, it was 

common knowledge in the NDT industry that many inspections were producing incorrect results 

and that some inspection teams were more reliable than others.  POD methodology was devel-

oped to address these facts and to furnish tools for securing adequate reliability of NDT on high-

visibility, high-cost structures, such as the space shuttle [1].  Continuing to develop during the 

last 30 years, the POD discipline has delivered value in many activities especially selecting and 

validating NDT procedures, qualifying NDT personnel, and even establishing the acceptability 

of structural designs.  

 

POD is the probability of actually detecting a given flaw that is assumed to be present in a 

given nondestructive inspection.  POD is of obvious significance to structural integrity and 

safety.  POD is a statistical quantity.  The probability of detecting a given flaw depends on many 

factors including flaw characteristics (e.g. type, size, shape and orientation), test method and 

procedure, and personnel proficiency.  In the early years of POD development, the approach was 

to collect together a large number of test objects with flaws and a substantial number of inspec-

tors (sometimes teams of inspectors); to have the inspectors perform NDT; and to analyze the 

results in terms of how many flaws were detected.  The outcome of this kind of analysis is con-

ventionally presented as a graph showing POD as a function of flaw size.  Work of this kind has 

provided valuable support to many programs, especially in the aerospace industry where the 

POD concept has been a good partner to the concepts of damage tolerance that were being 
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developed at the same time.  The main setback to the empirical approach to POD (multiple test 

specimens, multiple inspection teams) is that it is laborious and costly.  As the use of POD in-

creased, techniques for modeling the NDT processes were brought in to supplement the empiri-

cal approach.  By using models to handle some of the variables, the numbers of test specimens 

and inspectors needed to estimate POD could be reduced, resulting in a less costly and more effi-

cient analysis. 

 

Model Developed for Estimating POD for AE   

 

A model for the probability of detecting flaws by means of AE was developed in the context 

of a project for monitoring a set of high-pressure gas cylinders during a planned 30-year service 

life.  AE was under consideration both for the pre-service hydrotest and for in-service monitoring 

of these vessels.  Availability of POD numbers for AE would support the project through the de-

sign approval process and lead to a more economical design.   The model was developed first for 

the in-service monitoring scenario. The POD model is essentially a quantification of the classic 

path from AE source to processed data.  All the variables along the path are quantified – stress 

stimulus, source behavior, wave propagation, sensor sensitivity, instrumentation gain and detec-

tion threshold.  Figure 1 is a block diagram of the model, in which the variables are arranged in a 

way that facilitates the desired calculation.  

 
Fig. 1  Method for determining the probability of detecting a flaw with AE. 
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POD is determined at the convergence of two lines of inquiry, related to AE generation and 

AE propagation/detection respectively. The operative questions are:  

1. "How many cleavage-crack events will take place at the specified flaw under the loading 

program under consideration, and what is their size distribution?"   

2. "How big is the smallest cleavage-crack event that will be detected by the AE equipment, 

at the distance under consideration?"    

Given the answers to these two lines of inquiry, it is not hard to find the probability of detecting 

the flaw during execution of the specified loading program, using the specified equipment setup.  

Because of attenuation, the probability of detection is naturally a function of source position. It is 

assumed that the AE is produced by "cleavage-crack events" that form a definite percentage of 

the fracture surface area.  This assumption is a key feature of this particular case; i.e., fatigue 

crack growth in these metal cylinders. However, it is not essential to this POD methodology in 

general.  Other cases could be based on different assumptions about AE source mechanisms.  

Indeed, this is a major area for the future growth of this POD methodology.  To show how the 

process works, the less obvious steps of Fig. 1 will be discussed in turn. 

 

1.  Determine crack growth associated with a given flaw and loading program.    

The loading program is a key part of any AE test [2].  For the case of fatigue crack growth in 

the high-pressure gas cylinder, the assumption was made that a flaw was growing according to 

the Paris law.  A computer program and graphic user interface were developed to calculate the 

amount of flaw growth with user-entered initial flaw sizes and loading programs. The graphic 

user interface is shown in Fig. 2.  The upper part shows the vessel dimensions, the pressures ap-

plied and the cycling process to be monitored.  From the dimensions and pressures, the hoop and 

axial stresses and stress intensity factors are calculated by conventional techniques. Then, the 

program calculates the flaw growth cycle by cycle, finally arriving at the total new crack area 

opened up during the entire specified loading program.    

 

2.  Characterize the cleavage increments (AE events) that will make up this crack growth. 

The model used here for fatigue crack growth is a synthesis of insights from several sources.  

The pioneering work of Pelloux [3] showed that in Stage II fatigue, the new surface is created 

mainly by slip-like dislocation movements; but, occasionally, this process is punctuated by 

abrupt transgranular cleavage events that can even be seen on fractographs.  The studies of Wad-

ley and Scruby on emission amplitudes from various source mechanisms, summarized in [4], in-

dicate that such cleavage events would give useful AE signals while the dislocation movement 

would not. The early observation of Harris and Dunegan [5], that peak load emission does not 

occur on every cycle until the crack is growing relatively fast towards the end of its life, also fits 

our story that just a certain fraction or percentage of the fracture surface area is formed by cleav-

age, and that this is the source of the AE.  This fraction or percentage is an input parameter to the 

POD model. 

 

This gives us a total cleavage area resulting from the loading program under consideration. 

The next step is to break up this total area into discrete increments – AE events.  This is done 

with the help of the amplitude distribution power law [6], whose exponent b is an input parame-

ter to the POD model.  It is assumed that the smallest event is single-grain cleavage, while large 

events correspond to cleavage extending over multiple grains simultaneously.  Using the power 

law, the number of AE events F(A) is calculated as a function of A, the cleavage area of the in-

dividual event.   This completes the first line of inquiry, Steps 1 and 2 in Fig. 1.  
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It is generally agreed that different flaw types have different AE characteristics. Therefore, 

the above argument is only a specific, limited prototype of this generic step in the POD model.  

Fresh thought will be needed when the scope of the methodology is extended to cover flaw types 

other than cracks, and/or loading regimes other than Stage II fatigue. 

 

3.  Specify instrumentation characteristics, sensor layout, attenuation.  

The specified instrumentation characteristics include the sensitivity of sensor and preampli-

fier, the preamplifier gain and the detection threshold.  These obviously influence whether a 

wave of given strength will be detected by the instrument.  Another instrumentation characteris-

tic that comes into the model is a characteristic frequency of the sensor.  This is used to convert 

the stated sensor sensitivity from V/(m/s) to V/m.  This approach does not consider the full com-

plexity of sensor spectral responses or directional effects, but it does allow a calculation of the 

smallest displacement at the sensor that will be detected at the characteristic frequency.    

 

4.  Source theory and wave attenuation.  

The focus of this step is to determine the smallest cleavage increment detectable by the sen-

sor.  First, this requires some source theory, which is drawn from reference [2].  This source the-

ory relates the cleavage event area to the resulting AE motion (displacement) as a function of 

distance in an infinite medium.  We apply this source theory at a reference distance of one plate 

thickness from the source. Then, the measured attenuation from that distance outwards is used to 

infer the smallest detectable cleavage event area at any arbitrary distance.  

 

5.  Apply Poisson statistics to calculate POD for a given source-sensor distance.  

This is an interesting step in the model.  Here the stochastic nature of the AE phenomenon 

leads naturally to a stochastic (probabilistic) outcome for the detection process. Here also, 

evaluation criteria are considered.  For now, detecting a single AE event is considered equivalent 

to detecting the flaw.  Other evaluation criteria can be found in industrial practice. In tube trailer 

testing, for example, the evaluation criterion is framed in terms of a cluster of several events, lo-

cated close together. The POD concept described here can be readily extended to such cases. 

 

To conclude the present analysis: we have a probability distribution of cleavage event areas 

and we know the smallest cleavage event area that will be detected.  The expected number of de-

tectable events  is immediately found.  Then, this expected number  can be used as the "rate" 

parameter of the Poisson distribution.  This distribution (a function of ) tells about the probabil-

ity of actually detecting 0, 1, 2, ... events in a given test when the expectation number is . The 

probability of detecting no (zero) AE events is e
-

.  So the probability of detecting at least one 

AE event, is (1 – e
-

).  This is the probability of detecting the flaw; a good simple result to close 

out the POD model calculations.   

 

Illustrative Results  

 

Figure 2 shows input data used to generate the POD results in a typical run of the POD soft-

ware.  The structure being modeled is a cylindrical pressure vessel being subjected to 2000 pres-

sure cycles.  The flaw being modeled is a crack, initially 1.0-mm deep.  AE is monitored using a 

50-dB threshold setting.  There are many adjustable parameters but to illustrate the functioning 

of the model, just these three will be varied while the others are held constant.  

 

Figure 3 is map of calculated POD for the test setup detailed in Fig. 2.  Six sensors are placed 

on the vessel, two rings of three sensors each.  The POD values are encoded in color as shown in 
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Fig. 2: Setup for illustrative runs of the POD-POL software. 

 

 

Fig. 3: 1-mm flaw, 2000 cycles, 50-dB         Fig. 4:  1-mm flaw, 1000 cycles, 50-dB 

threshold.            threshold. 

 

the key beside the map.  The color is mostly green, indicating high POD (80-100%) for flaws 

almost anywhere on the vessel surface.  Midway between the sensor rows, the POD is lower (60-

80%).  The model also displays some statistics of the flaw growth - the number of AE events oc-

curring at the crack, the total area of cleavage, and the number of grains cleaved – but these can-

not be shown here for the lack of space.   

 

Figure 4 shows the result of only monitoring 1000 cycles instead of 2000, with the same ini-

tial flaw size.  The POD drops to 40-60% over most of the vessel surface.  The POD is only high 

if the flaw is close to a sensor.  This kind of result can be useful in engineering an AE test, be-

cause it shows how the reliability of the test will depend on the duration of the monitoring. 
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Fig. 5: 0.4-mm flaw, 2000 cycles, 50-dB        Fig. 6: 0.4-mm flaw, 2000 cycles, 40-dB 

threshold.           threshold. 

 

Figure 5 reverts to 2000 cycles of loading, but the initial flaw is only 0.4-mm deep instead of 

1.0-mm.  Now, the POD is only 30-55%, over most of the surface area.  The flaw has to be very 

close to a sensor if it is to be detected with high reliability.  This kind of result is useful because 

it shows how the AE test results will depend on the initial flaw size.  

 

In Fig. 6, the detection threshold is lowered to 40 dB.  This renders the 0.4-mm flaw detect-

able with much higher probability, 70-80% and better, over most of the vessel surface.  In a real 

test, of course, lowering the threshold would also increase the likelihood of picking up noise 

sources. 

 

Finally, Fig. 7 shows a logical extension of the POD concept:  Probability of location (POL).  

This is readily incorporated in the model.  Figure 6 shows how the POL is greatest when the 

source is in the open space surrounded by sensors. POD, in contrast, is greatest when the source 

is close to the sensors. POD and POL can both be considered when planning the strategy for an 

AE test or test series. 

 

Discussion and Conclusions  

 

These results illustrate how POD depends on the many variable parameters involved in the 

AE test.  With this model, the effects of changing sensor layouts, sensitivities and test parameters 

in general can be assessed quickly, easily and quantitatively.  AE test planning often involves 

tradeoffs around cost, technical difficulty and so forth.  With this model, quantitative expecta-

tions about test results can now be included in this planning process.  This quantitative planning 

capability will also make AE more viable in the eyes of reliability engineers, who are consider-

ing its use in their structural integrity assurance programs. 
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Fig. 7: Probability of location (POL). 
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