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Abstract 
 

This paper reviews various approaches used in acoustic emission (AE) testing of structures 
so that further improvements can be realized in this important application of AE technology. 
Since the late 1950s, many successful AE tests of structures have been completed. Yet, the 
spread of AE technology is underwhelming. To achieve a wider use of AE, we attempt to orga-
nize and reexamine the AE methodology applied to structural integrity monitoring in four steps. 
1. AE Sources: Primary sources of brittle fracture, micro- or macro-cracks in contrast to secon-
dary sources of friction or fretting, rust, etc. 2. Evaluation Tools: Kaiser effects, arising from the 
irreversibility of AE, allow the detection of prior loading level and of damage states. Related in-
dices are also useful. 3. Source Location: This approach identifies the area of integrity loss. 4. 
Source Characterization: Combined AE parameters give good insight to the flaw types, but many 
other methods, including signal amplitude, signal frequency, waveform and wave propagation 
analysis and moment tensor analysis, can be useful. Avenues for better AE technology utilization 
are suggested. These include: to accumulate basic data on structures with standardized proce-
dures, to devise combinatorial approach between localized damage evaluation and long-range 
detection and to develop regional or global database under international cooperation. The final 
goal of determining the structural integrity is attainable only with systematic approach with dam-
age quantification via NDT and with the use of fracture mechanics. 
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1. Introduction 
 

Acoustic emission (AE) testing of structures began in California in the midst of the space 
race [1]. From the early years, R&D activity was high; 400+ papers on this topic were compiled 
for 1970-72 period [2].  By now the methodology has well-established commercial basis in most 
industrialized countries. Yet, we are far from the goal of providing quantitative answers regard-
ing the integrity and remaining lifetime of structures. Current status of AE testing of structures is 
reviewed here to advance this important application of AE technology.  
 

The basic AE testing strategy is to detect AE signals globally from the entire structure under 
test using above-normal loading (or pressure), to identify their locations, to group them (cluster-
ing) and to rank the groups comparing the collective AE characteristics with empirical database 
[3-5]. The key issue is the presence or absence of critical intense sources in the structure. During 
the past 40+ years, many AE tests of structures have successfully utilized this strategy. Most of-
ten, AE has been used as an alternative to internal inspection of tanks and pressure vessels. How-
ever, details remained inaccessible in proprietary reports and meaningful assessment has been 
unavailable.  Some recent articles give valuable insight to industrial AE practices [6-8]. The 
strategy of AE testing relies on the presumed principle that active defects produce AE in asymp-
totically increasing number with rising load. We also assume larger defects give stronger AE. 
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Both are probably true, although we lack the definitive evidence. Complications arise because 
non-defects can also generate AE, often quite vigorously.  These sometimes aid in finding crack 
presence, but are impediment to identifying a critical source.  AE’s main advantage is the global 
inspection capability, while flaw sizing is beyond its scope, requiring complementary non-
destructive evaluation methods. 
 

Here, we examine the AE methodology in four steps. 1. AE Sources: Primary sources of brit-
tle fracture, micro- or macro-cracks vs. secondary sources of friction or fretting, rust, etc. 2. 
Evaluation Tools: Kaiser effect, arising from the irreversibility of AE, allows the detection of 
prior loading level and of damage states. 3. Source Location: Using Zone, 2D- and 3D-source 
location methods or via embedded waveguides, this approach identifies the area of integrity loss. 
4. Source Characterization: Many methods are practiced here, including combined AE parame-
ters, attenuation-corrected signal amplitude, signal frequency, waveform analysis and moment 
tensor analysis.  Finally, possible avenues of improvement are discussed. 

 
2. AE Sources 
 
Primary AE 

Primary AE sources of interest in structural testing originate from brittle fracture and other 
fast cracking fracture [9].  Brittle fracture of structural steels generates AE with low b-values and 
high amplitude. This type also comes from low-energy tear, intergranular and inclusion fracture, 
various embrittlement modes (hydrogen, stress corrosion), weld flaws and heat-affected zone 
failure.  Generally, plastic deformation plays a minor role as its continuous-type AE is usually 
weak and is hard to separate from noise. Ductile (dimple) fracture of typical structural alloys is 
also weak emitters. Some AE from ductile cracking is often related to nonmetallic inclusions [9].  

 
Concrete is another material class producing brittle cracking [10].  In the strong AE emitting 

materials, the sign of imminent structural failure comes from rapidly increasing numbers of AE 
signals from a few concentrated sources.  The approach we use in finding if the failure of a struc-
ture is about to happen from a rapid increase in AE is embodied in Fig. 1. This is the AE generat-
ing behavior of a sound concrete, moisture-cured for 28 days, re-plotted in log-log scale from the 
data of Suzuki et al. [11]. Stress was normalized to the fracture strength, while AE hits were 
normalized at 80% stress. This kind of power-law behavior between AE events and stress or 
stress-intensity factor [N ∝ σn or N ∝ KI

n] has been known for many years [12] and was first cor-
related experimentally to the stress dependence of microcrack formation in steels at low tempera-
tures [13].  

 
In microseismic testing, seismic magnitude has been correlated to crack sizes [14]. Distinc-

tion of AE from micro-cracks and macro-cracks is shown as changing b-values and amplitude. 
For concrete, see Fig. 2 [15]. In this graph, improved b-values (or Ib-values) are used, which are 
evaluated over the amplitude range of the mean amplitude ± standard deviation [15]. This elimi-
nates the uncertainty from arbitrarily selecting a linear region in the amplitude distribution curve.  
Unfortunately, they omitted a factor of 20 used in the definition of decibels, so Ib-values need 
this factor to make them comparable to traditional b-values. It is hard to identify convincing evi-
dence of cracking processes on large-scale structures from AE alone, but a recent comprehensive 
study of concrete fracture [16] using computed tomography imaging with AE traced crack de-
velopment and associated AE behavior; initially, cracks are tensile, changing to shear-type to-
ward final fracture. In composite structures like tanks, vessels and piping, matrix cracks, inter-
laminar failure and fiber failures are of main interest [17, 18]. 
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The power-law AE behavior was recently given a stochastic basis [19]. Re-plotting the final 
parts of composite tank AE data, the data was found to obey critical phenomena (CP)-based 
power laws.  Another formulation refers to the fracture (critical) time τ’ and cumulative AE “en-
ergy” E ∝ [(τ’ – t)/τ’]–γ, with time t and an universal critical exhibitor without dimension, γ  [20].   
Figure 3 includes such CP curves with γ–values of 0.025 to 1. A theoretical value is 0.27 [20], 
but obviously the curves fit a power law only locally. Thus, the current CP approach needs re-
finements in analyzing fracture. Practical benefit from the CP approach is also unclear, but better 
insight may be expected eventually from CP physics. 
 

 
 
 
 

 
Fig. 1 A log-log plot of AE hits (ref. at 80% 
stress) vs. stress normalized to the fracture 
strength. A sound concrete, moisture-cured 
for 28 days. From the data of Suzuki et al. 
[11].  

 
Fig. 2  Loading curves of concrete L-shape with 
corresponding improved-b (I-b) values. Stage VI 
nears yielding with an increase in I-b, stages VII 
and VIII show I-b below 0.05 indicating macro-
damages beyond yielding. Shiotani et al. [15]. 

 

Secondary AE 
Secondary AE sources arising in structural tests can be useful in locating harmful disconti-

nuities, but others interfere with proper AE testing.  Structural noise, such as that originated from 
bearings, can be loud and annoying and its elimination required AE analysis [21]. Structural 
joints also emit many AE.  Friction and fretting of crack faces are widely used to locate other-
wise quiet cracks.  In concrete structures, the presence of crack networks is common and crack-
face friction is a major source of AE. Such AE has different characteristics that can be used to 
identify them. In Fig, 2, for example, friction-AE during unload at 1750 to 1900 s has high I-b 
values [15]. Rust in steel cracks acts in similar manner.  Rust, oxidation and corrosion products 
can be active emitters, as demonstrated in [22]. Finding gas and fluid leaks is by itself an impor-
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tant goal of AE testing [6, 23]. Weather-induced noise can be a serious obstacle in field tests. A 
recent study is a good reference on this topic [24]. 

 

 
Fig. 3 The power-law AE correlation of N ∝ KI

n for the case of n = 4 and the CP formulation of 
AE “energy” E ∝ [(τ’ – t)/τ’]–γ, with the fracture (critical) time τ’, time t and an universal critical 
exhibitor without dimension, γ  (1, 0.25, 0.1 and 0.025 shown).    
 
Materials Effects 

Structural materials affect the attenuation of AE waves and determine the effective range of 
detection frequency and sensor spacing. In typical metallic alloys, the attenuation is low and pri-
mary AE signals at 100 kHz-2 MHz can be routinely utilized. Buttle and Scruby showed the 
distinction among fatigue cracks, fretting and noise requires MHz-signals, using their special 
conical sensors extending to 7 MHz [25].  It is often found that secondary AE signals have their 
main contents below 100 kHz, allowing frequency-based discrimination [26]. In large metallic 
tanks, pressure vessels and pipes filled with liquids, the usable range is reduced to 30-100 kHz. 
This comes from the loss of wave energy dissipated into liquid via dispersion and absorption. 
Heterogeneous concrete, bricks and rocks have high attenuation and the detection frequency is at 
10-60 kHz [27].  Even at this range, Shiotani et al. [28] showed the frequency-based discrimina-
tion is possible between cracking and fretting signals.  

 
Geological materials have high attenuation and their typically large sizes further limit the us-

able frequency to sub-kHz range.  In the low-frequency range, however, 3-axis sensing becomes 
practical and this allows detailed evaluation of sources [29]. In geological cases, the large size of 
propagation media allows the use of body waves. This is in contrast to industrial structures, 
where guided waves are common and boundaries wield strong effects on the signals reaching 
sensors. Until the work of Gorman and Prosser [30], the guided waves were long ignored in AE 
studies, especially in field AE testing, in part due to the difficulties of analyzing them.  By now, 
Lamb (plate) waves have proven the utility in field inspection as well and even cylindrical waves 
are beginning to be used [31].  Expanded uses of guided-wave analysis should be seriously con-
sidered in AE testing. 

 
Wide-frequency signals in low-attenuation materials can provide more detailed waveform in-

formation, allowing better source characterization [25].  Reverberation presents a challenge in 
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sorting out the original signals, especially in smaller shapes. By combining with source location, 
exact waveform analysis is possible and source parameters can be determined (Suzuki et al. 
[32]). Such laboratory-scale scheme is difficult to scale up to the industrial level, but increased 
capability of Lamb-wave simulation should enable this to happen. In structures with high-
attenuation materials, limited sound transmission forces the use of lower detection frequency. 
Low frequency implies wavelength larger than the scale of inhomogeneity, reducing attenuation. 
While longer transmission becomes possible, low-frequency waveforms carry less information 
regarding the sources and limit the capability of source characterization. In principle, this can be 
compensated by increasing the number of sensors, as demonstrated in laboratory studies [14, 16].  
 

 
Fig. 4  Two classes of AE signal observed during fatigue of riveted coupon. High frequency AE 
(attributed to crack advance) (a) AE waveform; (b) Fourier transform. Fretting-AE signal ob-
served periodically; (c) AE waveform; (d) Fourier transform. Buttle and Scruby [25]. 

 
3. Evaluation Tools 
 

Kaiser effect enables the detection of the prior loading level and in assessing the state of 
structural damages.  AE emitted below the prior load (Felicity effect) implies the presence of 
damages, although other measures are needed to verify the damages.  In metallic structures, a 
clear re-start of AE is usually indicated in the absence of flaws.  Crack-face cohesion and fretting 
provide under-preload AE indication of the crack presence, especially under cyclic loading.  
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Figure 4 shows the comparison of crack advance signal during fatigue cracking of Al sheet 
and that due to fretting [25]. High-frequency components above 500 kHz signify the cracking 
signals that generally have low amplitude. The fretting signals are much stronger and stronger 
low-frequency components. Oxidation and corrosion products amplify this effect.  

 
Successful use of Kaiser effect by Kanagawa and Nakasa in determining the pre-existing 

stresses in under-sea rocks 30 years ago pioneered this AE application [33]. Large background 
AE is always present and careful test procedures are required in correct stress determination [34]. 
See an example of background subtraction in Fig. 5. Refinement of this method continues to pre-
sent [35]. 

 
Fig. 5 Rock stress estimation. AE count rates vs. applied stress of first (filled circle) and second 
(open) reloading. Arrow at 27 MPa indicates the prior load level. Yoshikawa and Mogi [34]. 
 

 
Fig. 6 The structural integrity index from continuous AE monitoring of a defective area during 
plant operation (Wood et al. [36]). 
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Wood [36] in Australia has been using Kaiser effect (by defining “structural integrity index” 
or SII as percent of the prior load where AE starts) in the evaluation of various structures. He 
reported successful predictions of failure based on expected time to reach the critical value of the 
structural integrity index (80 for metals, 90 for FRP and geologic/concrete materials and 100 be-
ing the sound condition).  Figure 6 shows an example, where this area is predicted to fail at 250 
days upon reaching SII of 90. Global definition of such an index must take proper account of 
critical components, and its validity is difficult to confirm. However, this approach is worthy of 
further consideration in integrity assessment. 

 

 
Fig. 7(a) Zone intensity plot of a thermal loading (left) and (b) intensity chart of the first pres-
surization test (right) of a hydrocracker reactor. Zone 20 and 22 are active. Miller et al. [17]. 

 
In AE tests of composites, Felicity effect has played the central role in identifying the dam-

aged states [17, 18].   
Felicity ratio is defined as the ratio of the load at AE start in reloading to the prior load.  

This parameter was important along with two well-known indices;  
Severity Index: a measure of the magnitude of strong emissions or average signal intensity 

of 50 strongest AE events;  
Historic Index: rates of change in AE intensity or characterizing signal intensity of recent 

(20%) AE events over the average.  
 
The cross plot of Severity Index and Historic Index is called Zone Intensity plot and an ex-

ample is given in Fig. 7a [17]. This is used to designate from level A (minor emissions) to level 
E (major defects present). In conjunction with zone location scheme, the test evaluation proce-
dure known as MONPAC® identifies the zone intensity of each zone from A to E. When higher 
level of zone intensity is found in a tested tank, immediate further testing via non-AE methods is 
recommended. Zone intensity level is characterized for each monitoring zone and is shown on a 
schematic chart, as in Fig. 7(b). Results shown here are from tests on a hydrocracker reactor and 
Zones 20 and 22 contain significant damages (levels D and C) [17]. 
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In concrete testing, other parameters have been defined for damage evaluation [11]. For re-
peating loading tests of concrete, “Load ratio” was defined (as in the case of Felicity ratio):  

Load ratio = load at the onset of AE activity under the repeated loading / previous load. 
Another term, “Calm ratio” was defined as 

Calm ratio = the number of cumulative AE activity during unloading / total AE activity at 
the previous maximum loading cycle. 

In concrete, crack face rubbing generates unload emissions, which are indicators of the presence 
of cracks in a structure. By cross-plotting these two ratios, three levels of concrete damage 
(Heavy, Intermediate and Minor) can be identified [11]. This procedure was incorporated in a 
Japanese industrial standard, NDIS2421. This standard also defined another index, RA ratio, as 
  RA ratio = rise time of an AE signal / amplitude in V. 
This parameter is essentially the inverse of rise-time slope, except the latter typically uses dB-
scale so these two are not directly invertible. Ohtsu and coworkers [37] originally developed RA 
ratio and utilized it in conjunction with average frequency to correlate the tensile vs. shear nature 
of AE sources. Recently, Takuma et al. [38] used RA ratio for the evaluation of tool wear suc-
cessfully, so this parameter should be considered in many other applications. 
 
 Mizutani and coworkers [39] recently introduced another parameter for evaluating AE obser-
vations, i.e., the inverse of Maharanobis distance correlating AE hit rates and b-values. It was 
applied to detect the onset of plastic deformation of bolts, but may well be applicable to various 
signal types. Here, Maharanobis distance of AE signals detected is defined as follows [40]: 
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reference AE parameters. 
 
 In the analysis of individual AE waveforms, fast Fourier transform has played a major role 
over the years. In the past decade, wavelet transform (WT) also contributed to our understanding 
of AE signals [41-43]. WT allows the visualization of frequency contents as a function of time, 
especially with the use of AGU-Vallen freeware [43]. An example of WT result is shown in Fig. 
8 (right), where a simulated fiber-splitting in a CFRP was generated by a line-focused laser and 
detected by a Pico sensor [44]. First-arriving So-mode Lamb waves at >300 kHz are followed by 
slower Ao-mode waves below 250 kHz. 

 
Fig. 8 Laser simulation of matrix cracking on the bottom surface using focused laser beam paral-
lel to the 0º fibers. Mizutani et al. [44]. 
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 One needs to appreciate the difficulty of obtaining wideband waveforms of AE signals in 
general structural testing, where guided-wave propagation is the norm and one may have to de-
ploy waveguides. Still, we should strive for getting more than basic AE parameters. In typical 
AE sensor selection, high sensitivity has taken precedence over wideband detection capability. 
Thus, while wave propagation modes have dominant effects on the waveforms received, any in-
formation on a source or the propagation path is lost when a narrow-band sensor is used. In order 
to improve the source characterization capability, we need a comprehensive approach.  One 
should note that some commonly used resonant AE sensors respond at multiple frequency bands.  
Newer wideband sensors also have increased sensitivity. These can work with higher functional-
ity of modern AE processing equipment and provide us with a better data set for new AE pa-
rameters. For example, it is routine now to obtain processed data from multiple frequency bands. 
Recognizing different modes of guided waves in thin-wall structures is another avenue for vast 
improvement in interpreting observed AE data. This may lead to the nature of AE sources even 
under limited frequency band detection.  

 

 
Fig. 9  Total AE event locations seen in the fatigue test of a 9-m-long wind-turbine blade. Photo-
graph shows damages on the blade surface and nearby PAC R6I sensors. Beattie  [45]. 
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4. Source Location 
 

Source location identifies the area of integrity loss. At present, most AE equipment incorpo-
rates the software for source location and clustering scheme and displays results in various user 
interfaces.  High AE activity at a given area of a structure, or a cluster, implies the possible pres-
ence of flaw.  The criteria of “high” activity always need careful attention; AE hit counts and 
rates, amplitude, and energy have initially formed the basis for the grading of clusters.  An ex-
ample of 2D-source location on a cyclically loaded wind-turbine blade is shown in Fig. 9, along 
with the photograph of damage location with sensors (Beattie [45]). Each AE event source was 
located in different triangles formed by the three nearest sensors. Damage development is clearly 
displayed on the source-location map of the fatigue-tested blade after 3.7+ million cycles. An 
excellent correspondence is displayed between observed damage and source locations.  

 
Source location in AE evolved from the procedures used in seismology.  The original electro-

mechanical system at Aerojet [1] developed into current PC-based systems. Recently, Ge [46] 
reviewed available source location algorithms thoroughly with theoretical background.  These 
are applicable to both 2D-source location and 3D-source location.  A simpler Zone-location 
scheme has been used in structures with high attenuation materials. This method works when the 
attenuation of AE signals is high and triangulation techniques require too many sensors (and at-
tendant electronics). AE activities at the first-arriving sensor are associated with this sensor loca-
tion and the “zone” surrounding it. While not as accurate, it identifies the regions of high AE ac-
tivity. Figure 7b shown earlier is an example of zone location. 

 
Fig. 10 The AE locations of a 2-m thick depth interval between the floor of the intermediate level 
and the roof of the lower level (data of one year, 72,902 events). Spies and Eisenblätter [48]. 
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In geotechnical applications, the prediction of rock burst, and coal and gas outburst was his-
torically important from the safety consideration [29, 47].  Increasing AE rates and spatial focus-
ing were carefully evaluated to anticipate impending bursts. The stability of highway and railway 
slopes has also been much worked AE applications. The stability of excavation of underground 
cavities and openings is more recently examined, especially in connection with nuclear waste 
disposal. Microcracking changes the microstructure of the rock so that permeability might in-
crease. Macrofracturing can lead to stability problems. Detected locations of microcracks in a 
radioactive waste disposal facility are shown in a plan view in Fig. 10 [48]. Geothermal energy 
extraction is another area AE is actively used for studying and monitoring the distribution of res-
ervoirs, hydraulic fracturing, reservoir volume and hydro-circulation.  Similar methods are now 
being applied to gas and oil production.  

 
In examining the evolution and distribution of AE sources in a cluster, fractal analysis has 

been used. A fractal dimension of three represents random events occurring in a volume and a 
fractal dimension of two signifies that the events have localized on a failure plane [49, 50]. An 
example of decreasing fractal dimension with the progress of fracturing in a rock sample is given 
in Fig. 11 [50]. Introducing fractal modeling processes, crack distribution is constructed for a 
real coalmine starting from AE data set and laboratory tests [51]. 
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Fig. 11 Load history and fractal dimension for the biaxial test of a rock. Iverson et al. [50]. 
 
Source location in an anisotropic or a dispersive propagation medium requires special con-

sideration. Applications of wavelet transform and affine transformation are examples of such ef-
fort [52, 53].  The use of wavelet transform defines the arrival times at a given frequency with 
precision. See Fig. 12 for arrival time determination of L-mode and F-mode cylindrical waves at 
190 kHz. The propagation of waves in a large pipeline has been of practical importance for many 
years, but it should be noted that different wave modes have different attenuation characteristics, 
as shown in Fig. 13 [54]. Note that fastest moving wave (presumably L(0,1)-mode cylindrical 
waves) and the second fastest attenuated more than slower moving waves of likely flexural 
modes.  The affine transformation speeds up the source location algorithm in orthotropic plates 
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by three orders of magnitude [53].  Hamstad and co-workers have conducted extensive finite-
element modeling analysis of Lamb wave propagation (see [55] and references included). His 
most recent study shows among others the value of using pencil-lead break (PLB) sources on 
edge to represent buried dipole sources and the danger of surface, out-of-plane PLB to assess re-
alistic wave modes.  
 

For very high attenuation media, embedded waveguides provide an effective means of nar-
rowing the zone of AE activity.  Waveguides are also used in tests under extreme environment, 
but often cause severe waveform distortion [56]. 

 
Fig. 12 An AE signal in a brass tube detected at 20 cm from the source (left). Its wavelet coeffi-
cient at 190 kHz showing two cylindrical wave modes. Yamada et al. [52]. 

 
Fig. 13  Wave attenuation in a water-filled buried pipeline. Vahaviolos et al. [54]. 

 
5. Source Characterization 
 

Many methods of source characterization are used.  The most rigorous one relies on signals 
from several sensors on a small sample and conducts deconvolution or simulation analysis to ob-
tain the source rise time and magnitude for Mode-I cracks [9]. This applies to idealized cases 
only and is of little use for large structures. More practical and appropriate approach must be se-
lected.  This also means that identification of AE sources relies on complementary knowledge-
base on possible failure mechanisms from fracture mechanics and from experience. Typically, 
materials study accompanies AE examination and empirical deduction leads to AE characteriza-
tion (although some people are prone to proclaim mechanisms by intuition). The AE analysis 
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methods include the use of combined AE parameters, signal amplitude and distribution, signal 
frequency, waveform analysis and moment tensor analysis. However, selected AE parameters 
(hit rates, amplitude, and their time history, being the typical) are the most common approach 
used in combination with a source location scheme [3-8].  Various evaluation tools discussed in 
Section 3 are employed in combination.  These have been combined with empirical database of 
post-test inspection and used in grading tested structures. The highly successful CARP proce-
dures, developed initially for composite vessels, combined AE cluster grading with zone location 
[5, 17]; cf. Fig. 7.  Here, grading utilized severity and historic indices representing cumulative 
intensity and sudden AE activity jump.  A similar (but almost unknown outside Japan) system 
was actually operational in 1978 [4]. Some have since been packaged into commercial inspection 
technology products, e.g., MONPAC® and TANKPAC®.  

 
Signal frequency remains controversial as to its effectiveness in source characterization, but 

it has been used with much success in (high-pass) filtering out background/frictional noise from 
higher frequency cracking AE signals [26]. This has a firm support from a rigorous experiment 
(see Fig. 4 and [25]). It is tempting to assign an AE mechanism to its characteristic frequency. It 
should be pointed out that the direct signal characterization methods have clearly shown that 
source rise times of a given type of cracking vary by a factor of ten or more so that a single 
“characteristic frequency” of cracking does not exist [9]. 

 
Moment tensor analysis (MTA) is useful in characterizing the nature of AE sources. This 

identifies the magnitude and orientation of displacement vector of an AE source.  From its geo-
logical origin, Ohtsu and Ono [57] set forth this method in AE context initially using theoretical 
simulation. They set a framework for deducing the crack characteristics using only surface AE 
observations. Ohtsu [58] developed the MTA further, applying to real AE observations in 

 
Fig. 14 Loading curve of a center-notched concrete beam, and results of MT analysis within yel-
low shading. Double arrows are tensile crack and X are shear cracks. Shiotani et al. [59]. 
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concrete structures with great success. MTA software has been available with a major AE sys-
tem. The MTA provides the classification of AE signals due to tension (crack-opening) and shear 
modes of fracture.  However, this analysis requires the detection of weak, initial P-wave arrivals 
and sensor spacing cannot be large. It is expected that the MTA of localized sources is the first 
step of integrating this valuable technique into large-scale structural AE tests. 
 

Practical MT analysis relies on the first arrival P-wave motions with calculated Green’s func-
tion, resulting in crack types: tensile, shear and mixed. For the case of a center-notched concrete 
beam, left insert in the loading curve of Fig. 14 shows observed crack types of AE sources 
around the crack starting from the notch root [58]. This shows crack type is mostly tensile before 
reaching the maximum load (Stage 1). Beyond the peak in Stage 2, more shear cracks are dis-
tributed around the crack tip.  The MT analysis method requires 6 sensors receiving clear signals 
for crack type determination, limiting the sample size and applicable geometry. However, it pro-
vides valuable insight to failure processes. 
 

The next stage in AE testing of structures is wider use of pattern recognition analysis (PRA). 
PRA has long been studied in evaluating AE observations [60], but recent improvements in data-
processing speed allow this to be integrated with multi-channel location software [61]. Godinez 
et al. [62] used a supervised PRA scheme to detect flaw in helicopter tail gearbox in real time. 
The energy content of different frequency bands was used as the basis for classification features.  
K-nearest-neighbor and neural-network classifiers are often used in PRA to cluster signals into 
separate groups based on combinations of “features”. Since various schemes of artificial intelli-
gence compare and deduce matching patterns, independent validation is needed to provide ap-
propriate AE context to PRA results. This is especially keen for neural-network results. These 
are obtained from a “black-box”, which was trained by feeding inputs and outputs. 
 
6. Structural Integrity Assessment 
 

Acoustic emission has been used widely in the US since the 1970s as a means of monitoring 
the structural integrity of large pressurized vessels and structures. This statement describes even 
the current state reasonably well in that AE has successfully evaluated thousands of structures 
and alerted conditions of potential failure. Further refining this approach is prudent for AE tech-
nology in the near future. Yet, AE is not seriously contributing to “structural integrity assess-
ment” of critical structures. Here, the “assessment” implies far more ambitious goals of predict-
ing remaining lifetime and calculating failure probability.  For such goals, the size of flaws has to 
be estimated, but AE is not a flaw-sizing method. 
 

The procedures for structural integrity assessment require three main groups of input data: 1. 
material: constitutive (stress-strain) behavior with time and temperature dependence, fracture 
toughness and fatigue parameters; 2. load: loading regime of primary stresses, residual stresses; 
3. geometry: geometry of structure, geometry of flaw.  The last item is the most difficult to ob-
tain unless its size is large enough for ultrasonic or radiographic testing or surface-breaking and 
accessible. Improvement of NDE technology is most urgent in structural integrity assessment.  
Here, AE can contribute in identifying the positions of active flaws, but flaw (or crack) sizing is 
probably beyond AE techniques. Digesting the input with various rounds of analysis via finite-
element codes, fracture mechanics, material damage and loading schemes, probabilistic lifetime 
prediction emerges. Thus, unless AE can address AE source characterization issue in structural 
testing, AE cannot hope for assuming a key role in structural integrity assessment. As suggested 
earlier, combining global flaw evaluation with localized AE source study is the first step we
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should take. Past attempts for structural integrity assessment by AE have been reported, e.g., [63, 
64]. However, meaningful progress has been difficult. 

 
Another front is standardization, where many “international” standards appeared instead of 

consolidation of existing documents. Brunner and Bohse [65] assessed them and concluded that 
irrespective of the area of AE test procedures, well-documented evaluation criteria must be 
available for the success of the procedure.  From the US-side, ISO seems to have become an 
irrelevant regional organization. On the other side, ASTM tries to prevail over the whole world. 
The competitive atmosphere certainly is less than ideal. 
 

In order to fulfill the promises of AE technology, we must continue to accumulate basic data 
on structures with standardized procedures, to devise combinatorial approach between localized 
damage evaluation and long-range detection and to develop regional or global database under 
international cooperation.  The needs for more basic data on structures are obvious, but funding 
for such activity has been low. Mutually beneficial cooperation of laboratory researchers and 
field practitioners may bring forth a break-through.  For example, waveform data may be taken 
during routine in-service tests and provided for post-analysis by graduate students working for 
advanced degrees. Seeking the standardization of sensors, procedures, and analysis methods, etc. 
is likely to stimulate discussion of best possible approach for various test objectives.  
 

Another goal worth pursuing is to devise combinatorial approach between detailed localized 
evaluation and long-range detection for global flaw location.  Waveform data after extended 
propagation is of lesser value than those collected close to sources.  Wavelet and moment tensor 
analysis methods are best applied near the sources, while CARP procedures and Felicity/Calm 
ratios can be evaluated on a large scale. It is of critical importance that guided-wave propagation 
modes are incorporated into any AE analysis of thin-walled structures. A recent work by 
Takemoto et al. [66] shows the benefit of Lamb-wave analysis in the corrosion detection of large 
oil tanks. Various simulation and modeling techniques are also beneficial. 
 

Structural tests are expensive and we need wide international cooperation to establish work-
able and effective standards of AE testing.  We should start thinking about developing regional 
databases for this endeavor that can be expanded to global scale. 

 
7. Concluding Remarks 
 

To raise AE technology into the next level, we must improve it from several fronts.  Only 
then AE can become a serious player in structural integrity assessment. We need to better charac-
terize AE sources; to extract more from AE signals reaching sensors; to devise effective AE pa-
rameters; to integrate new analysis methods, such as WT, MTA, and PRA; to include simulation 
tools in analyses; to accumulate basic data on structures with standardized procedures; to devise 
combinatorial approach between localized damage evaluation and long-range detection and to 
develop regional or global database under international cooperation. Using systematic approach 
along with NDT, fracture mechanics, etc., improved AE can offer more value to industrial users 
and to contribute substantially to structural integrity assessment. 
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