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Analysis of AE Signals during Scratch Test on the Coated Paperboard 
 

Hiroyuki Kishi, Akio Matudoe, Ken Yamashita, Shigeru Nagasawa and Yasushi Fukuzawa 
Department of Mechanical Engineering, Nagaoka University of Technology,  

1603-1 Kamitomioka, Nagaoka, Niigata, 940-2188, Japan 
 
Abstract  
 

The deformation and fracture behavior of ink-printed layers on clay-coated paperboards were 
estimated using the scratch tester with the acoustic emission (AE) method. The designed scratch 
tester was custom-designed made for the paper. To investigate the boundary effects of coated 
and printed layers on the fiber matrix, two kinds of paperboards were prepared. Scratch tests 
were carried out using three types of machined spherical indenters with an AE transducer at-
tached on the surface of the paperboard. The shape of compressed marks was observed by the 
laser microscopy. The measured AE signal was analyzed by amplitude and peak frequency and 
related to the deformation and fracture behaviors. The detected AE generation was divided into 
two zones: one corresponded to the micro-crack generation and the other was the generation of 
delamination. This AE generation behaviors varied with the indenter tip radius. 

 
Keywords: Scratch test, paperboard, coated layer, micro-crack, delamination 
 
Introduction 

 
Paperboard has received much attention since it is easily and cheaply recycled. Further, in 

order to meet modern packaging needs, the coloring and texture have both been enhanced using 
different base papers and coating substances. Printed paperboard surfaces are damaged by scuff-
ing and abrasions during careering operation in the shape forming and carton forming processes. 
The fracture behavior of printing surfaces needs to be easily quantified in order to evaluate their 
mechanical properties. Scratching tests are available to evaluate the mechanical properties of 
coating substances. These tests have been used to evaluate the strength of adhesion between a 
hard membrane and a matrix such as a deposited film or plating layer on a metallic surface [1]. It 
has also been reported that the scratching test is useful for evaluating the mechanical properties 
of paperboards [2, 3]. However limited results were obtained regarding the strength of a coated 
layer or paper substrate, based on the compressive load or width of scratching indent. These re-
sults could not be used to completely evaluate the adhesion strength of the printing layer. Fur-
thermore, the relationship between the adhesion strength and the fracture behavior is not clear, 
and is insufficiently understood to confirm the effect of indenter shape on the fracture behavior 
during the scratching process.  

 
 Acoustic emission (AE) is useful in detecting fracture behavior in dynamically deformed 
materials. It reveals AE signals, which correspond to the deformation and fracture behaviors 
during the paperboard cutting process [4, 5]. AE signals during the cutting, ruling and embossing 
machining have been collected and analyzed in the same manner [6-9]. However, AE signals 
from surface fractures such as scuffs and abrasions have not been widely studied. 
 

In this study, scratching tests were examined on two types of paperboards, a black-ink layer 
printed surface and a white-clay layer coated surface, with three scratching indenter diameters 
under constant scratching rates to investigate the abrasion phenomenon and the fracture behav-
iors within the very thin depth region of 50 µm. AE signals were detected in the respective 
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scratching tests, and the compressed traces were observed using microscopy.  These signals and 
microscopic images were synchronized and verified to recognize the fracture behaviors of coated 
layers. 

 
Experimental  
 
Materials: The fundamental structure of the paperboard is displayed in Fig. 1.  Paperboard is 
composed of a pulp fiber structure matrix and clay structured coated layer having a color printed 
layer and varnish. To investigate the boundary strength of the printed paperboard, two pattern 
paperboards were prepared for the scratch test. One was conventional coated paperboard of 230 
g/m2 nominal basis weight and 0.3 mm thickness.  Specimens were cut to 100 mm in length and 
15 mm in width. The second was printed paperboard of carbon black pigment with a varnish 
layer.  It was the same size and weight of unprinted paperboard.  
 

 
Fig. 1 Fundamental structure of the printed paperboard. 

 

 
Fig. 2 Illustration of the dynamic friction test machine. 

 
Estimation of mechanical properties: The machining strength of the base paperboard was exam-
ined using the tensile test along the machining direction (MD) and cross direction (CD) follow-
ing the JIS P8113 specification.  To estimate the friction coefficient between the surface of the 
paperboard and the indenter material, the dynamic friction test (horizontal method) was carried 
out with a specially designed machine. Figure 2 shows a schematic illustration of the frictional 
system.  
 
Scratching test and AE detection system: Figure 3 shows a schematic illustration of scratching 
test configuration and AE system using the universal testing machine.  The automatic X-stage 
was attached to the lower crosshead, and the specimen was placed upon the SUS630 steel face-
plate embedded on the X-stage.  Indenters were made of SKD tool steel and were shaped with 

Load cell
Wire

Weight
Specimen 

SUS630
V:Feed velocity
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tip radii of 0.05, 0.1 and 0.5 mm.  The spherical shaped indenters were attached below the up-
per crosshead with a load cell. The universal testing machine was operated by lowering the upper 
crosshead at a constant speed of 0.001 mm/s in the vertical direction and the X-stage was syn-
chronized at a constant speed of 0.1 mm/s in the horizontal direction.  The applied load was 
measured over the duration of indenter contacts with the surface for a penetration depth of 50 
µm. 
 

The AE waves were detected using AE sensors attached to the sides of the indenter. The AE 
detection and analysis system is shown in Fig. 4. The AE sensor has a resonance frequency of 
220 kHz, and signal processing was operated with a 10 kHz high-pass filter and a 400 kHz 
low-pass filter.  These examinations were performed at 296 K, 50% RH in the thermo-hygrostat 
room, and were repeated ten times.  The scratching traces of the width and depth were observed 
using laser microscopy.  The images of the scratching were synchronized to the time scale of 
the scratching and AE signals, and the elastic waves were related to the fracture behaviors.  The 
scratching mark profiles were also traced from the surface texture measurements.  
 

 
Fig. 3 Schematic illustration of the scratching test with the AE analysis system. 

 
Fig. 4 Schematic illustration of the AE analysis system. 

 
Results and Discussion 
 
Characteristics of the paperboard: To evaluate the structure of the printed paperboard, the cross 
sectional view was observed using a laser microscope. The observed result is shown in Fig. 5.  
A paperboard is composed with a pulp fiber matrix, clay layer, printed ink layer and varnish. The 
clay is adhered on the pulp matrix with 10 to 20 µm thickness, and ink layer has a few µm thick-
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ness. Figure 6 shows the surface conditions on each paperboard surface for (a) non-coated sur-
face, (b) surface of the coated layer with clay and (c) printed surface with black ink (Carbon 
black) and adhered to the varnish on the ink layer. In this observation, the surface roughness 
could also be evaluated. The results are shown in Fig. 7. On the non-coated surface, many fibers 
are adhered and arrayed in one direction. The surface roughness became large. In the clay layer 
coated surface, as the space of the jointed fiber structure is filled with clay, the surface roughness 
become less than the non-coated surface. On the other hand, when the printed surfaces are cov-
ered with black carbon ink and varnish, the surface roughness depended on the printed ink ele-
ments, thickness and flatness. The surface roughness value of the printed paperboard improved 
much more than other surfaces. This indicates that, if the adhesion strength between the coated 
and printed ink layer could be estimated with some mechanical method, the printing condition 
could be evaluated on every printed paperboard. The scratch test and AE method was applied so 
this evaluation could be realized. 

   

 
 

Fig. 5 Sectional view of the paperboard using a laser microscope. 
 
 
 
 
 
 
  
 
 
	  

 
 

Fig. 6 Observed top surface using a laser microscope. 
 

Strength of paperboard: To evaluate the strength of the paperboard, the machine direction (MD) 
and cross-machine direction (CD) tensile tests were carried out on the coated and printed paper-
board, using the tensile machine following the JIS-P8113 specification. The results are shown in 
Table 1. As the difference in tensile strength values between coated and printed paperboard for 
each tensile direction was small, the strength of the printed layer on the coating layer could not 
be evaluated using the tensile test.    

 

 
 
μ     

(a) No coated surface,             (b) Coated surface,              (c) Printed surface,    

100μ
mま

100μ
mま

100μ
m 
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Fig. 7 Results of surface roughness of Ra. 

 
Table 1. Tensile strength of coating and printed paperboard on MD and CD. 

  
Table 2 Results of friction test on coated and printed paperboard. 

 

Material        Coating    Printed (black ink) 
Dynamic friction coefficient       0.24 ~0.25       0.23 ~0.24 

 
The results of the friction coefficient tests are shown in Table 2. The friction coefficient of 

printed paperboard is a little less than that of the coated paperboard. It was concluded that the 
surface roughness slightly affected the friction coefficient. As the scratch test could be carried 
out under small friction force, the deformed depth and width value seem to be almost independ-
ent to the surface conditions. Hence, when the indentation force is sufficiently small, the AE 
signal would be detected under a low noise level without any effects of compressed inside layer 
of paperboard.  
 
Scratch test: Figure 8 shows a typical AE signal with the vertical forces on the same time scale. 
The corresponding scratching trace image on the clay layer is shown in Fig. 9 with an indenter 
radius of 0.1 mm. 
 

 
Fig. 8 Relation between AE amplitude,    Fig. 9 Compressed figure of coating layer 
     vertical force and scratch depth            surface. 

Material      Coated   Printed (black ink) 
  MD         CD  MD         CD 
Tensile Strength (MPa)  36±3        19±1  36±2        19±1 
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Coated paperboard: On the clay layer, AE signals were generated from the moment of indenter 
contact and continued during the scratching process. In the observed compressed surface, many 
cracks could be detected inside the scratched surface. This indicates that the AE signal resulted 
from the friction behavior of the clay layer surface and the flaking behavior of the boundary re-
gion of the fiber layer. To confirm the separation behavior of the coating layer from fiber matrix, 
a one-dimensional compression test was carried out with the same tensile machine on the printed 
layer. Figure 10 shows the penetrated hole shape after the compression test. Figure 10(a) and (b) 
respectively show the results when using a 0.5 and 0.1 mm radius tip.  In Fig. 10(a), it is as-
sumed that the hole surface was evenly deformed, but in case of the smaller tip radius, 10(b), 
some micro cracks could be detected on the hole wall. This shows that the printed and clay layer 
did not break during the compression process in the large tip. An AE signal could not be ob-
served during these tests, but was detected during the scratch tests. Figure 11 shows the typical 
AE signal and vertical forces on the same time scale, and the corresponding scratching trace im-
ages on the printed layer are shown in Fig. 12 with an indenter radius of 0.1 mm. 
 

 
Fig. 10 Compressed hole with a tip radius of (a) 0.5 and (b) 0.1 mm. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 11 Typical relation between AE generation and vertical forces during the scratch test on the 
printed paperboard. (tip radius of 0.1 mm) 
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AE 
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Fig. 12 Observed compressed trace image during scratch test on printed paperboard. 

 
For indentation depth below 40 µm, no AE signal was observed (region S1). In the larger 

scratch depth region of 40 to 100 µm, AE was continuously generated (region S2). In this region 
many micro-cracks could be observed on the surface edge of the scratch mark, as shown in Fig. 
12. When the scratched depth became larger than 100 µm (region S3), AE signal generation in-
creased abruptly. It is assumed that the AE behavior corresponded to the separation of the printed 
layer from the coating layer and the fracture of fibers. 
 
Effects of indenter tip radius: The compressed trace shape of the scratched surface changed with 
the indenter tip radius. To investigate the effects of tip radius, three indenters were machined for 
this experiment, and they were compressed to a depth of 50 µm (50 sec). The scratching tests 
were carried out on a printed surface with carbon black pigment ‘black’, using the indenters with 
a tip radius of (a) 0.5 mm, (b) 0.1 mm, and (c) 0.05 mm, respectively. Relationship between the 
scratch depth, AE amplitude, and vertical force, is shown in Fig. 13 for each indenter tip radius. 
Every vertical force increased proportionally with the penetrating depth, and values in the clay 
layer were always less than the printed layer. This indicates that the clay layer was harder and 
stronger than the printed layer. Figure 13(a) shows the result of the largest indenter radius (0.5 
mm). The AE signal could not be observed under this penetration depth, and only the com-
pressed shape was impressed on the surface. On the compressed trace, no micro-cracks were ob-
served by the estimation system. This indicated that the indenter penetrated into the printed layer 
smoothly in this large depth region.  
 

In Fig. 13(b), when the indenter tip radius was 0.1 mm, the force curve increased with 
scratching depth more smoothly than the 0.5 mm radius case. Further, the first AE signal detect-
ed, corresponding to micro-crack generation, could be observed around 40 µm, as shown in the 
SEM observation result.  The observed AE amplitude existed between the region of 30 to 40 dB.  
In the smallest radius case (0.05 mm), the force curve trended upwards, and AE signal was de-
tected around a depth of 20 µm. The amplitude of the AE signals was observed in the wider re-
gion to be from 30 to 60 dB (compared to the 0.1 mm radius). Micro-cracks and delamination 
were detected in the same compressed region. Comparing the results of Fig. 13(b) and (c), the 
cracks are generated by a vertical force of over 0.3 N and the corresponding AE signal could be 
observed in the amplitude range of 30 to 40 dB. On the other hand, delamination was also de-
tected on the compressed trace surface. It appears that micro-cracks occurred during 
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Fig. 13 AE signals and the vertical force in the scratching test and a typical image. (a) Black, 
r=0.05mm, (b) Black r=0.1mm, and (c) Black r=0.5mm. 
 
delamination under this tip radius condition. Comparing Figs. 13(c) with (b), AE signals near 40 
dB were not detected, and delamination did not occur in Fig. 13(b). It is obvious that the greater 
AE signals can be attributed to the occurrence of delamination.  It was also confirmed that de-
formation without fracture could not be detected in the AE signals in Fig. 13(a).  As a result, the 
AE signal amplitude on the coated paperboard can be classified into three ranges from the 
scratching test: elastic compressive deformation at less than 28 dB (A1), crack initiation in the 
range of 28 to 40 dB (A2) and the occurrence of delamination above 40 dB (A3).  

   
It is assumed that the three deformation behaviors would be generated by:  

1. Elastic deformation of the entire structure.  
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2. Plastic deformation of the printed surface layer after a yield point.  
3. Break-down of the surface and clay layer.  

The generation point of these deformation behaviors varied with indentation tip radius. The de-
formation behavior of advanced indentation surface area changed with the applied load surface 
area, which depended on the stress concentration. On the other hand, a notable number of AE 
signals are observed in Fig. 13(a).  These AE signals can be classified by their amplitude, 
greater than 40 dB and less than 30 dB.  In Fig. 13(b), the AE signals decreased drastically, and 
the upper level signals did not appear on this time scale.  Despite the high vertical force, AE 
signals could not be detected, as shown in Fig. 13(c). The detected AE signal corresponded to 
accelerated motion phenomena such as brittle crack generation and delamination. As the results 
of AE generation behavior on Fig. 13(a), the AE signal generation level were divided into three 
region in comparison with the crack and delamination. The schematic AE generation behavior on 
small tip radius of 0.05 mm, is shown in Fig. 14. In the early stage (A1), there were no AE sig-
nals but only deformation was observed. Cracks generation occurred in the lower AE amplitude 
region (A2), and the delamination occurred higher amplitude region (A3), almost same indenter 
compressed depth area.    
 

 
Fig. 14 The classification of the AE signals corresponding to fracture behaviors. 

 
Summary 
 

To evaluate the deformation and fracture behaviors of printed paperboard surfaces, the 
scratch test was carried out and the AE method was used simultaneously. The main results are 
summarized below. 
1. The strength of the surface layer on the printed paperboard could not be evaluated using the 
normal mechanical method. 
2. On the clay coating layer, many cracks occurred after a very low applied load, and many AE 
signal were detected at the same time. 
3. During the compression test, micro-cracks were detected in the penetrated wall when a small 
indentation radius was used, but no AE signal was observed. 
4. When an indentation radius of 0.1 mm was used AE signal generation began at 40 µm, which 
corresponded to the occurrence area of micro-cracks. Abrupt AE generation occurred over 100 
µm, which was attributed to delamination. 
5. The deformation and fracture behavior of surface printed layers changed with the indentation 
tip radius, and the generation of AE signals also varied with changes in fracture behavior. It was 
considered that stress concentration effects in the advanced deformation surface area, depended 
on the micro-crack occurrence phenomena.  



 10 

6. The AE signals could be detected and categorized into three regions in order of amplitude, 
and on the same time scale corresponded to compressive deformation, crack initiation, and de-
lamination.  It was revealed that the AE method provides an effective evaluation of the printed 
layers on paperboards.  
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Abstract 
 
 The aim of the present study was to test if acoustic emission (AE) detected on leaves and 
stem surfaces of young trees gives information about stomatal closure and thus about a tree’s per-
formance under drought stress. Two diffuse-porous (conduit size shows little variation within an 
annual ring) and two ring-porous (conduits in earlywood are much bigger than in latewood) spe-
cies were tested for their reaction to drought stress. In both diffuse (Populus alba L., Fagus syl-
vatica L.) and ring-porous (Fraxinus excelsior L., Quercus pubenscens WILLD.) species, AE 
activity of leaves ceased when stomatal conductance reached minimum values. In some species, 
AE rate and amplitude distribution can be a useful parameter to discriminate between AE result-
ing from conductivity loss and from other processes such as shrinkage and wilting. AE activity of 
stem wood showed a clear pattern with two amplitude peaks in ring-porous species whereas no 
such pattern was found in diffuse-porous species. The results are discussed with respect to the 
species-specific reaction to drought stress.  
 
Keywords: Drought stress, stomata response, stomatal closure, vulnerability to cavitation 
 
1.  Introduction 
 
 Knowledge about the hydraulic performance of long-living plants under drought stress is of 
high importance with respect to global change. Water is transported from the roots to the leaves 
of the crown in a metastable state (i.e. under tension) [1]. Due to this metastable state the water 
column inside the small conduits is likely to break when the water tension increases above a cer-
tain level. Breakage of the water columns (cavitation) produces acoustic emission (AE) in the 
high frequency range [2, 3]. Cavitation induces a reduction in the hydraulic conductivity of the 
plant, which impairs water supply of the transpiring leaves. Cavitation would result in total loss 
of hydraulic conductance in the absence of any regulative mechanisms of transpiration [4]. Plants 
therefore respond by closing their stomata, which should reduce transpiration and keep the water 
potential (i.e. tension) above the species-specific cavitation threshold value, preventing further 
loss of conductivity [1]. Limitation in gaseous exchange due to stomatal closure restricts, how-
ever, simultaneous carbon assimilation by the plant and thus growth [5]. 
 
 Drought stress induced stomatal behavior differs widely among species and may be a critical 
factor in the regulation of survival and mortality during extended drought periods and thus for 
species distribution [6]. Plants fall into two categories according stomatal regulation of transpira-
tion; “drought avoiders of the saving type” (isohydric plants) and “drought avoiders of the spend-
ing type” (anisohydric plants) [7]. Isohydric plants maintain high leaf water potentials during the 
day for extended periods of drought, thus preventing cavitation. Anisohydric species let midday 
leaf water potentials decline as soil water potential declines with drought. They can keep their 
stomata open because their xylem is either less prone to cavitation or they are able to compensate 
rapidly for water loss, due to a deep and large root system [6, 8]. Ring-porous woody species, 
with a band of wide vessels in earlywood followed by much narrower vessels in latewood should 
be successful if plants maintain similar water status throughout the season. This strategy would 
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however be less essential for diffuse-porous species, with narrower conduits, packed more dense-
ly per unit wood area [10]. 

 
 The control of stomata under conditions of drought is achieved due to chemical or hydraulic 
signaling processes [4, 11]. ABA (abscisic acid) is the most likely candidate for chemical root-
to-shoot signaling [12]. It might however also be possible that a combination of both hydraulic 
and chemical signaling is important in the stomatal regulation in plants [4, 9, 13]. Stomata have 
to respond directly to some component of the leaf water status because a lack of response to dis-
tal shoot water potentials would be dangerous and potentially fatal to plants. Moreover, ABA 
transport will be limited under severe drought by increased hydraulic resistance in the xylem 
[14]. Stomata might not respond to leaf water potential per se [15], but to factors affecting leaf 
water status, such as cavitation, which decreases the hydraulic conductivity in stems [13, 16] and 
leaves [17, 18]. The onset of stomatal closure is in some species reported to coincide well with 
the onset of cavitation [19-21], whereas in other species no such relationship was found [16]. AE 
counting combined with water potential measurements is a reliable method to detect cavitations 
in different plant organs, but provides little information on the loss in hydraulic conductance [16, 
22]. If conductivity loss is a trigger for stomatal closure [13, 18-20], AE testing with subsequent 
feature analysis could give additional information on stomata’s responses to drought stress [22].  
 
 Within this study, the response of stomata to drought stress induced cavitation in leaves and 
in stem wood was tested in two ring-porous and two diffuse-porous woody species with different 
demands on water availability. The aim was to test if AE testing combined with AE feature anal-
ysis gives information about the species-specific strategy to avoid severe losses in hydraulic 
conductivity. 

 
Fig. 1. Species investigated were European ash (Fraxinus excelsior L.) (A), Downey oak 
(Quercus pubescens WILLD.) (B), silver poplar (Populus alba L.) (C) and European beech 
(Fagus sylvatica L.) (D). 
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2.  Experiment 
 
2.1 Plant Material 
 Young trees (2-3 years) grown in the botanical garden at BOKU, Vienna, were harvested 
during the morning hours and re-hydrated for 24 hours in the dark in order to refill all sapwood 
conduits with free water (Fig. 1). Species used within this study were European (common) ash 
(Fraxinus excelsior L.), occurring in riparian mixed forests along big rivers in central Europe, 
Downey oak (Quercus pubescens WILLD.), a submediterranean species native to southern and 
eastern Europe, silver poplar (Populus alba L.), a relatively drought tolerant riparian pioneer 
species, and European (common) beech (Fagus sylvatica L.), which can be found in pure as well 
as in mixed stands across central and northern Europe [23]. Common ash and Downey oak are 
ring-porous woody species, whereas silver poplar and beech are diffuse-porous woody species. 
In ring-porous wood, wide conduits are produced in the early growing season and narrow con-
duits during the rest of the growing season. In diffuse-porous species, all water-conducting ele-
ments have quite similar diameters and are evenly spread across the annual ring. 
 
2.2 Bench drying experiment 
 Whole above-ground biomass of young trees was dehydrated at the laboratory bench (“bench 
drying”) at ambient conditions (25°C, 50% r.h.) for 24 h. During dehydration, AE from leaves 
and the main trunk as well as changes in water potential and stomatal conductance of leaves were 
acquired. Prior to the dehydration experiment, cut ends of the small trees were tightly wrapped in 
Parafilm® (Pechiney Plastic Packaging, Chicago, IL, USA). 
 

 
Fig. 2. Experimental setup: Drought stress experiment on silver poplar (Populus alba L.) shoot. 

 
 AE testing was performed with the µDiSP™ digital AE system from Physical Acoustics Cor-
poration (PAC, Princeton Jct, USA). Preamplifiers (40 dB) were used in connection with WD 
transducers (100 to 1000 kHz). One WD transducer was positioned on the upper side of the leaf, 
at the proximal third of the leaf midrib [24], except in common beech, where better results were 
obtained when the sensor was positioned on the lower side of the leaf. AE signals were recorded 
with a detection threshold of 32 dB (0 dB = 1 µV input). Data analysis was done with Vallen 
VisualAE™ software (Vallen Systeme GMbH, Munich, Germany). 
 
 Bark was thereafter removed from the young stems and the second WD transducer was posi-
tioned directly on the wood surface (Fig. 2). Silicone grease served as a coupling agent (Wacker, 
Burghausen, Germany). Open cut faces, which were not covered by the transducer, were sealed 



 

 14  

with Parafilm®. All preparation steps were performed while the main parts of the small trees 
were covered by dark polyethylene sheets in order to avoid moisture loss due to transpiration. 
 
 During dehydration, water potential was measured at intervals of 10-120 min by means of a 
plant water status console (“Scholander pressure bomb”, Soilmoisture Equipment Corp. Santa 
Barbara, CA, USA). Continuous changes in stomatal conductance in leaves were measured with 
the AP4 leaf porometer (Delta-T Devices Ltd, Cambridge, GB) in intervals of 1-20 min. 
 
2.3 Anatomical investigations 
 Wood sections and sections from the midrib of leaves (20 µm) were produced on a sliding 
microtome (Jung Reichert, Germany). Sections were stained with Astrablue/Safranin dye and 
mounted in Entellan (Merck, Darmstadt, Germany). Microscopic views of tree stems and leaf 
midribs were produced by means of a Leica DM4000M microscope interfaced with a digital 
camera and Leica image analysis software (Leica Microsystems Wetzlar GmbH, Germany).  
 
3.  Results and Discussion 
 
3.1 AE characteristics of tree stems 
 AE from tree stems of ring-porous species (ash and oak) showed different amplitude distribu-
tion compared to diffuse-porous species (poplar and beech) (Fig. 3). In ash and oak, a distinct 
amplitude cluster could be detected, whereas poplar and beech wood had a similar amplitude dis-
tribution throughout the whole dehydration experiment. The amplitude cluster of ring-porous 
species coincided with their first AE rate peak. A distinct rate peak was also found in poplar but 
not in common beech. It is suggested that AE of the first peak were produced from the breakage 
of the water columns in conducting elements, whereas AE detected thereafter represents sound 
produced from capillary action in wood fibers (non-water conducting wood elements), wood 
shrinkage or crack formation [25]. In Fig. 3, AE results are shown only for the first 10 hours of 
dehydration, since AE production thereafter is of no physiological relevance, meaning that most 
of the hydraulic conductivity was lost already by then. 
 
 Dehydration of whole plants on the laboratory bench simulates extreme drought stress. Out in 
the field, all these reactions will proceed much slower and plants will have the chance to refill 
emptied conduits during the nighttime provided that water availability from the ground is suffi-
cient. Nevertheless, AE monitored from living, extremely drought stressed trees should show a 
similar pattern. If it is assumed that almost all hydraulic conductivity is lost when the AE rate 
reaches again very low values after the first AE rate peak, decreasing AE rates indicate a begin-
ning of dramatic loss in hydraulic conductance. Common ash and especially silver poplar devel-
oped sufficient mechanisms to prevent further cavitation in stem wood, when most of the hy-
draulic conductivity was lost already, whereas Downey oak and common beech exhibited quite 
high AE rates after the first rate peak. 
 
3.2 AE characteristics of leaves 
 Stomatal closure and cavitation started right from the beginning of the drought stress experi-
ment [19-21]. AE rate of drought stressed leaves showed a distinct peak during the first two 
hours of dehydration [26], which coincided with a first AE amplitude cluster in both ring- and 
diffuse-porous species and the course of stomatal conductance (Figs. 4 and 5). At the AE rate 
peak, single hits with highest amplitudes were detected. Highest amplitudes were found in oak 
leaves, which might be explained either by bigger lumen diameters of the sound producing 
sources, the xylem conduits [22, 27, 28], or by less attenuation of the (denser) plant tissue. 
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Fig. 3. AE amplitudes and AE rates/10 min (red lines) received from stems of different broad-
leaved species (common ash, Downey oak, silver poplar, common beech plotted against time. 
Microscopic views of transverse cuts (20 µm) of the same stems where the AE transducers were 
positioned are show below the AE plots. The reference bars represent 250 µm. 
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Fig. 4. AE amplitudes (blue dots) and AE rates/10 min (red lines) received from leaves of two 
different ring-porous species plotted against time. The courses of the water potential (green line) 
and the stomatal conductance (pink line, in % of the maximum value measured during dehydra-
tion) and a microscopic view of the leaf midrib (where the transducer was positioned) for each 
species are shown below the corresponding AE plots. On the left side, results for common ash 
(Fraxinus excelsior L.), and on the right side, results for Downey oak (Quercus pubenscens 
WILLD.) are presented.  

 
  (Total) stomatal closure is reached when stomatal conductance approaches towards minimum 
percentage values. Thereafter, AE rate decreased rapidly, but increased again when leaves started 
to wilt. Most of the hydraulic conductivity was probably lost already by then. In common ash 
and silver poplar, stomatal closure proceeded very fast and was quite efficient; after the first 
peak, AE rate did not increase within the next 6 hours. In common beach and Downey oak, how-
ever, AE rate increased again after another hour of dehydration. These results coincided with the 
drop in the water potential: whereas Downey oak and common beech reached quite negative wa-
ter potentials between -5 and -4 MPa, water potentials of silver poplar and common ash did not 
drop below -2.5 MPa, although leaves started to wilt already.  
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Fig. 5. AE amplitudes (blue dots) and AE rates/10 min (red lines) received from leaves of two 
different diffuse-porous species plotted against time. The courses of the water potential (green 
line) and the stomatal conductance (pink line, in % of the maximum value measured during de-
hydration) and a microscopic view of the leaf midrib (where the transducer was positioned) for 
each species are shown below the corresponding AE plots. On the left side results for silver pop-
lar (Populus alba L.), and on the right side results for common beech (Fagus sylvatica L.) are 
presented.  
 
Thus, a decline in the AE rate of leaves after a pervious rise indicates that plants reacted to 
drought stress by closing their stomata. Common ash and silver poplar had the most efficient 
strategy to prevent transpiration, since water potential reached a quite stable high (less negative) 
value; furthermore, in silver poplar no increase in AE rate of stems could be detected after total 
stomatal closure.  
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3.3 Drought avoiders of the spending or of the saving type? 
 Based on these preliminary results, common ash and silver poplar would be classified as iso-
hydric species; as “drought avoiders of the saving type”, whereas common beech and Downey 
oak as anisohydric species; as “drought avoiders of the spending type” [7]. 
 
 Isohydric plants have a high degree of stomatal control enabling them to maintain high leaf 
water potentials during the day for extended periods of drought, thus preventing cavitation. An-
isohydric plants can keep their stomata open because their conducting elements in the xylem are 
either less prone to cavitation or they compensate for water loss due to a deep and large root sys-
tem [6, 8, 9]. A deep root system is typical for oak species [23]; however, ring-porous species, 
with a band of wide vessels in the earlywood followed by much narrower vessels in latewood, 
should show in theory isohydric behavior of stomatal control, i.e., a tighter stomatal regulation of 
transpiration to extremes in vapor pressure than diffuse-porous species and conifers [15, 29-32]. 
 
 Although isohydry would be less beneficial in diffuse-porous species [10], silver poplar ex-
hibited an efficient stomatal control, thus a near-isohydric behavior in order to avoid cavitation 
and keep the water potential at high (less negative) values. It has been reported in literature that 
diffuse-porous species with a tendency to half-ring-porosity, such as beech (Fagus sylvatica L.) 
and poplars (Populus spp.), might exhibit isohydric [33-35] as well as anisohydric behavior [30]. 
 
4.  Conclusions 
 
 At least in some broad-leafed species, AE rate and amplitude distribution of dehydrating 
stems can be a useful parameter to discriminate between AE resulting from conductivity loss and 
from other processes such as cavitation from non-conducting wood elements, wood shrinkage 
and wilting. The pattern of AE activity of dehydrating stem wood was strongly related to wood 
anatomy, where ring-porous species show clear clusters, which can be separated by their ampli-
tude characteristics. AE activity of dehydrating leaves gives information on the (a) onset of sto-
matal closure and (b) achievement of maximum stomatal closure. Together with water potential 
measurements, AE activity and peak amplitude analysis should give thus a quite good insight 
into the species-specific strategy to survive drought stress. 
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Abstract 
 
 The carbides in tool steels act as hard particles and dictate the wear resistance. The origin of 
failure of these steels is mostly related with the carbide cracking, as a nucleation site of final 
cracks. This paper shows the acoustic emission (AE) signals related with the nucleation (carbide 
cracking) and the crack growth (in the metallic matrix) during a monotonic bending test of a tool 
steel obtained by ingot metallurgy routes  (DIN 1.2379). The paper presents a relationship be-
tween the frequency spectrum of AE signals obtained and the microscopic images during the 
test.  
 
Introduction  
 
 Understanding the fracture events of tools in the manufacturing process is crucial to foresee 
tool lifetime and develop tool steels with improved mechanical performance [1]. Failure detec-
tion helps in predicting premature failure of the tool, which directly affects the price of the man-
ufactured part. The interaction between the two main constituents of the tool steel microstruc-
tures: the primary carbides and the metallic matrix, determines their mechanical properties and 
the performance of tools. 
 
 Carbides play an import role in the mechanical response of these steels, since they act as hard 
particles and dictate the wear resistance. The origin of fracture and fatigue cracking of cast tool 
steels is usually associated with the primary carbides, which break under the applied stress and 
act as initiation sites [2]. However, there is a lack of knowledge about the mechanical behavior 
of carbides in tool steels, mainly due to the experimental difficulties associated with its meas-
urement [3]. With conventional non-destructive testing methods, it is difficult to identify the 
moment when carbides begin to break and even more difficult to identify when the crack starts to 
propagate in the metal matrix because it is necessary to stop the test and inspect the trial.  
 
 The acoustic emission (AE) technique “listens” what is happening within the material during 
the test; because the AE is based on the phenomenon of transient elastic-waves generated due to 
a rapid release of strain energy caused by a structural alteration in the solid material. So, it serves 
as a powerful method to monitor progressive damage accumulation in different materials [4-7]. 
 
 Only scarce data exist in the literature concerning the application of AE for the analysis of 
micro-damage of tool steels. Fukaura et al. [8, 9] and Yokoi et al. [10] are amongst the few au-
thors, who employed this technique to determine the progression of internal damage on tool 
steels. These authors successfully detected AE signals from carbide cracking; the signals started 
at a certain applied load and the event rates continually increased until reaching the fracture 
stress. No continuous AE signals existed (related with plastic deformation processes), but that 
numerous burst emissions at close intervals were recorded instead. Yamada and Wakayama [11] 
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observed a rapid increase in cumulative AE energy prior to the final fracture and attributed this 
phenomenon to the main crack formation. They also distinguished two types of AE signal: one 
was a burst-type signal with high frequency and the other was a low frequency and continuous-
type signal. The former was considered to be emitted from micro-cracking while the latter was 
due to plastic deformation of the binder phase.  
 

 
Fig. 1. Example of broken carbides observed by means of CM (Confocal Microscopy) in the 
tensile stressed surface of DIN 1.2379 specimens. [12] 

 
 In a previous work, Martinez et al. [12] applied AE in a three-point bending test. Three dif-
ferent zones were distinguished during a bending test in a tool steel sample with regard to the AE 
events, and the stress level at which cracking carbides start was also found (Fig. 1). This work 
dealt with real time detection of elastic waves signals generated during a monotonic mechanical 
test, a three-point bending test, in case of a tool steel named DIN 1.2379. The main aim is to 
cluster the recorded signals during the test, based on the spectral characteristics, and correlate the 
classification with the failure mechanism that generates the reference waveform, identified by 
microstructural inspection of the specimen. 

 
Experimental Procedure 
 
 The material studied was a conventional ledeburitic high-carbon, high-chromium tool steel 
named DIN 1.2379 (AISI D2) obtained by ingot metallurgy routes. The main alloying elements 
found in their chemical composition are shown in Table 1. 
 

Table 1. Main alloying elements in the chemical composition of DIN 1.2379 (in wt %). 
 

Steel C Cr Mo W V 
1.2379 1.5-1.6 11.0-12.0 0.6-0.8 - 0.9-1.0 

 
 Prismatic samples were machined from forged and annealed commercial bars parallel to the 
forging direction. Heat treatment was applied to the sample material in order to get a hardness 
level of 60 – 62 HRC, as summarized in Table 2. The bending strength, σR, was reported by 
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Picas et al. [1], and the fracture toughness, KIC, was determined as specified in the ASTM E 399-
90 standard. These values are also shown in Table 2. 
 

Table 2. Heat treatment and obtained hardness and bending strength. 
 

Steel Austenitizing (oil quench) Tempering HRC σR [MPa] [1] KIC [MPa·m1/2]  
1.2379 1050 ºC for 30 min 550 ºC for 2 h (x2) 60 - 62 2847 ± 96 28 

 
 Fracture tests were performed by means of three-point bending tests with a constant span 
length of 40 mm. Samples dimensions were 8 mm x 6 mm x 120 mm. Samples were mechanical-
ly ground and their corners were rounded to avoid stress magnifications and remove any defect 
introduced during sample preparation. Faces subject to tensile stress during three-point bending 
tests were carefully polished to mirror-like finish using colloidal silica particles with approxi-
mately 40 nm sizes. 
  
 Microstructural inspection of the samples was carried out using a FE-SEM (Field Emission 
Scanning Electron Microscope) and the fracture tests were performed in a universal testing ma-
chine using an articulated fixture to minimize torsion effects. The applied displacement rate was 
0.01 mm/min. 
 
 The test was monitored using sensors of a fixed resonance frequency of 700 kHz (VS700D, 
Vallen System GmbH). Three pre-amplifiers with a 34 dB gain of the same brand were also used 
(AEP4). Acoustic Emission (AE) signals were recorded and analyzed using the Vallen Systeme 
GmbH AMSY5 analyzer. The experimental set-up is schematized in Fig. 2. 

 
 

Fig. 2. Experimental set-up for the AE-monitored bending tests. 
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 During the measurements, digital filters of 95-850 kHz were applied. In order to avoid the 
multiple reflections due the small dimensions of the specimen, only the first counts of each hit 
were analyzed as purely representative of micro-damage phenomena. 
 
 Using this set-up configuration, 3 to 5 samples of each material were monitored until final 
fracture. Later, 2 to 3 samples were analyzed by means of stepwise loading (Fig. 3a)) in order to 
relate each type of AE characteristic signal pattern to the generated damage in the microstruc-
ture. Surface inspection of samples was carried out after each load increment in a Confocal Mi-
croscope (CM) (Fig. 3b)). 
 

 
Fig. 3. a) Stepwise loading to final fracture of the sample, σR; b) schema of the micrographically 
inspected zone of samples. 
 
Results and Discussion 
 
A. Microstructural Analysis.  
In Fig. 4 the microstructure of the studied steel can be observed. The microstructure was marked-
ly anisotropic, with large carbide stringers forming bands in the metallic matrix. The primary 
carbides of this steel were rather large and had irregular morphologies.   
 

 
Fig. 4. Microstructure of tool steel, DIN 1.2379. 

B.1. Identification of Characteristic AE Signal Patterns in Bending Tests of 1.2379 under Mono-
tonic Loading. 
Figure 5a) shows the results of the AE signals registered in bending tests under monotonic load-
ing for 1.2379. This diagram plots the cumulative number of hits as a function of the stress ap-
plied and the location of each signal on the sample surface (with respect to the center of the sam-
ple). As it can be observed, the highest amount of signals was generated at the center of the 
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sample (X-Loc. = 0 in Fig. 5a), where the applied stress was the highest during the three-point 
bending test, and the quantity of emitted signal continuously increased with the applied stress. 
The Y axis refers to the applied stress and the Z axis to the cumulated number of hits registered). 
 

 
 
Fig. 5. a) Cumulative number of hits (Z) as a function of the stress applied during the bending 
test (Y) and the location of the signals (X). b) Cumulative number of hits vs. applied stress dur-
ing a monotonic bending test in which two different types of AE signals could be identified; c) 
Cumulative number of hits vs. frequency for the two signals registered. 

 
 A closer look to the AE signals obtained allowed us to classify them into two categories de-
pending on the frequency spectrum. As shown in Fig. 5b), at the beginning of the test, no AE 
signals were detected. At a certain applied stress level, a first type of AE signal started to be rec-
orded (green line in Fig. 5b)). These signals were not continuous but they were emitted in a 
burst-like manner, and the quantity of hits registered increased along with the applied stress. Lat-
er as the stress increased, a second type of signal was distinguished (red line in Fig. 5b)). This 
signal also increased in number of hits together with the applied stress, but at the moment of final 
fracture it attained lower hit values than the first signal type. 
 
 These two signals identified not only differed because of the number of hits, but also they 
had very different characteristic frequencies and waveforms. As shown in Fig. 5c), the first type 
of signal had a main frequency of 280 kHz, while the frequency of the second type was around 
650 kHz. These different frequency ranges of the two signals indicated that the responsible 
mechanisms for emitting them took place at different velocities in the microstructure, i.e. the 
second mechanism would be much faster than the first one. 

 
B.2. Relationship between AE Signals and Micro-Damage during Bending Tests of 1.2379 a un-
der Monotonic Loading. 
Stepwise bending tests permitted to inspect the tensile surface of the samples at different increas-
ing stress levels, and correlate the registered AE data (namely the two different identified signal 
types) to the micro-damage observed in the microstructure. 
 
 In Fig. 6a) the cumulative number of hits as a function of the stress applied at the first load 
step can be observed. This test was stopped at 800 MPa, when the first signals were detected. 
These signals indicated the same pattern as those of type 1 identified before. However, no dam-
age could be observed at the sample surface, as shown in Fig. 7a); it is likely that something 
happened at the microstructure but it could not be detected yet by microscopy. 
 
 The next test was stopped at 2200 MPa, when a higher quantity of AE signal was detected. 
Practically all signals responded to the characteristics of the type 1 identified before, and a small 
number of hits of characteristic type 2 signals were first detected (Fig. 6b)). In this case, the first 
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cracks were observed in the microstructure and they were located at primary carbides (Fig. 6b) 
and c)). However, despite many carbides were broken, none of the cracks nucleated from them 
were observed to have started propagating through the metallic matrix surrounding the broken 
carbide. The last load step at 2600 MPa revealed a notable increase of the type 2 signal, even 
though the number of hits of the type 1 had not ceased to increase (Fig. 6c)), as well as the num-
ber of broken carbides in the sample. The inspection of the surface permitted to observe that 
some cracks had now propagated through the metallic matrix (Fig. 7d)). 
 

 
Fig. 6. AE signal results of monotonic stepwise tests in 1.2379 in terms of the cumulated number 
of hits vs applied stress to: a) 800 MPa; b) 2200 MPa and c) 2600 MPa. 
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Fig. 7. Images of the microstructure of 1.2379 at: a) 800 MPa; b)-c) 2200 MPa and d) 2600 MPa. 

 As it followed from the obtained results, the first and the second AE signal types were related 
to different damage mechanisms occurring in 1.2379 samples as the applied stress increased. The 
first type of signal corresponded to the breakage of carbides in the microstructure, i.e. the nuclea-
tion of cracks, while the second type was emitted by the subsequent propagation of these cracks 
through the metallic matrix. 
 
 The data shown above demonstrate that the AE technique, coupled to the bending tests under 
monotonic conditions, was able to provide accurate information regarding the acting micro-
mechanical and damaging mechanisms of 1.2379. In this case, the nucleation and propagation of 
cracks in the microstructure was well identified by means of two different types of AE signals 
reporting respectively, the breakage of carbides in the microstructure, i.e. the nucleation of 
cracks, and the moment when these cracks left the carbide and grew through the metallic matrix, 
i.e., the propagation of cracks. Therefore, this technique provided a unique and very accurate tool 
to determine the threshold stresses, at which carbides started to break and the stresses at which 
the first cracks were nucleated. 
 
Summary  
 
 The method developed in this study by which bending fracture tests were coupled to AE 
techniques provided helpful results to understand in great detail the failure mechanisms of tool 
steels under such applied loading, as well as the interaction of their microstructural constituents. 
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In the 1.2379 steel studied, two different AE signal wave patterns were identified during a frac-
ture test. These signals were respectively assigned to crack nucleation in primary carbides, and 
the propagation of these through the metallic matrix.  
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Abstract 
 
 Recurrence quantification analysis (RQA) represents a recent method for processing non-
linear time series, already addressed to different topics concerning earth sciences and others. 
RQA is applied in this work to analyze time series of acoustic emission (AE) triggered by 
Earth’s crust phenomena, so to detect feasible precursors of catastrophic events. The AE records 
of rms values were acquired at two different sites, placed close to the Peteroa volcano (Argenti-
na) and at Valsinni (Matera, Italy), considering two ultrasound frequencies (25 and 150 kHz) 
with 30-sec sampling rate. The preliminary results of the application of RQA to the AE data of 
Valsinni with respect to the L’Aquila earthquake (Italy, on April 6, 2009), and to those related to 
the activity of the Peteroa volcano (Argentina) are described and appear suited to stress relation-
ships with an impending catastrophic event.   
 
Keywords: AE sensor, AE time series, signal analysis, RQA, precursors, paroxysmal events. 
 
1. Introduction 
 
 Humankind often faces the hazard due to catastrophic natural phenomena, such as earth-
quakes and volcanic eruptions. They occur mostly with no feasible warning and cause often vic-
tims, serious damage to buildings and civil structures according to the involved energy. As re-
gards the seismic events, the best protection is to plan earthquake-resistant dwellings, while 
against volcanic eruptions, especially for the explosive ones, the main safety suggestion is relat-
ed to the definition of an appropriate escape strategy and of a land planning that foresees an ur-
ban development enough far away from the volcanic edifice.  
 

Hence, reduction of danger for people, goods and structures should be a main task of society 
having available tools addressed to highlight impending earthquakes or volcanic eruptions. This 
is possible by identifying a so-called precursor, that is, a timely index providing a warning for 
approaching paroxysmal events. One of such parameters yielding suitable results is based on 
monitoring and analysing acoustic emission (AE) signals [1]. The AEs are elastic waves, in ul-
trasound frequencies (25 - 800 kHz), due to the energy release within natural or manmade struc-
tures affected by mechanical stress [2]. AE frequencies lower progressively almost up to the in-
frasound when the collapse occurs (Fig. 1). 
 
 The catastrophic stage is preceded (months, weeks, days, hours in advance) by the occur-
rence of ultrasonic AE according to the force that yields the structural stress and to its strength. A 
constant monitoring of AE signals and their time-series analysis allows to achieve anticipated in-
formation on the collapse risk choosing appropriate threshold values, defined on the basis of la-
boratory studies [3]. This way, the AE technique can be applied to geological structures, provid-
ing information about impending seismic, volcanic and hydrogeological (landslides, mudflows) 
events. 
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Fig. 1. The decrease of the frequencies sequence of the observed AE vs. time [1]. 

 

 
Fig. 2. Present configuration of an AE acquisition station. 

 
Consequently, a suitable surveillance service for early warning handling can be provided by 

an AE recording equipment connected to an ICT network (Fig. 2), thus exhibiting AE as a chal-
lenging precursor. AE signal amplitude varies with the acoustic impedance, related to local rock 
stress conditions and particularly sensitive to fracture density and water content; therefore, the 
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application of a method such as Recurrence Quantification Analysis (RQA) [4-6] to the AE time 
series is particularly suited; in fact, RQA is focused on pinpointing peculiar recurrence pattern 
without taking into account the amplitude. RQA allows studying the change in correlation struc-
ture of the observed phenomenon; a relevant increase of correlation is known to precede the cat-
astrophic event in many different systems ranging from physiology to economy [7].  
 

This technique belongs to a category of recent methods of analysis of so-called disordered 
systems. Such methods show that many objects and processes that earlier were considered as 
completely random reveal clear evidence of having some ordered structure in both time and 
space [8].  Hence, this paper shows the absolutely new application of RQA to AE time series 
recorded in areas undergoing earthquakes and volcanic eruptions. The RQA method is applied to 
the non-stationary AE signals, in order to investigate the evolution features of the quiescence and 
activation status of the crustal system. Two case histories, recorded at Valsinni (Matera, Italy) 
and at Peteroa volcano (on the Argentina – Chile border), are presented.  
  
2. RQA Method  
 
2.1 RQA general description 
 

In the study of the numerical series, among various statistical analysis techniques, the "dy-
namic" techniques are relatively new. They are generally based on representing, in a multi-
dimensional space, a one-dimensional or time-dependent signal, through the technique of em-
bedding [5]. This way, with the same analytical techniques, it is possible to identify in the nu-
merical series members, i.e. the profile of hydrophobicity of the protein sequences or the varia-
tion over time of biopotentials such as the ECG (electrocardiogram), those 'hidden' variables, 
which are supposed to help define the dynamic characteristics of the system. These characteris-
tics are analyzed individually, and this allows detecting subtle periodicities and recurrences not 
caught by the traditional methods (e.g. Fourier analysis or wavelet analysis [9]). A further ad-
vantage is that the reliability of the results is not conditioned by any assumptions of stationary or 
minimum length of the signal [5, 10]. 

 
Among these methods, the RQA includes an embedding procedure that allows expanding a 

mono-dimensional signal into multi-dimensional space, thus permitting the identification of fine 
peculiarities of the sampled series that in turn are described by few global parameters allowing 
for a synthetic description. RQA has been recently applied in medicine for the analysis of time 
series of oto-acoustic emissions [11, 12]. It introduces some parameters of the overall complexity 
of the signal, derived from the so-called "Plot of Recurrence" (RP). The trend of the original sig-
nal over time is represented by a set of n points equally spaced (e.g. {a1 a2 .... an}, where ai is the 
signal value at time i. Next, the series is copied into successive columns (the number of columns 
is defined as a dimension of embedding, N), each one shifted by a given number of points (lag): 
this way, the embedding matrix is created. Finally, the graph of recurrence is built by drawing a 
dot in the space that represents the distances between the corresponding rows if the distance be-
tween the jth and the (j + 1)th  rows of the embedding matrix is less than a fixed value (called ra-
dius), producing a graph pattern. In the so obtained plot, the horizontal and vertical axes repre-
sent the relative position of the n points of the time series. The presence of horizontal and verti-
cal lines in the recurrence plot shows that part of the considered signal matches closely with a 
sequence farther along the time.  
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The RQA descriptors are calculated based on the number and location of dots on the plot. In 
particular, percent of recurrence (%Rec) is the percentage of recurrence points in a recurrent plot; 
percent of determinism (%Det) is the percentage of recurrence points, which form diagonal lines 
and it indicates the degree of deterministic structure of the signal. Entropy (Ent) is the Shannon 
entropy of the probability distribution of the diagonal line lengths and is linked to the richness of 
deterministic structure [11]. Laminarity (LAM) is the percentage of recurrent points that are in-
cluded in line segments vertical to the upward diagonal and whose length meets or exceeds the 
minimum length threshold. It measures chaotic transitions and is related to the amount of laminar 
phases in the system (intermittency) [6, 10].  

 
Within this framework, Chelidze’s team applied RQA to study the dynamics of earthquakes’ 

temporal distribution by considering the inter-arrival times between two events of Caucasian 
earthquakes with Magnitude 3 [13]. They calculated the correlation dimension of the integral 
time series (14,100 time intervals) for a large period of observations; the possible control of dy-
namics of a complex seismic process by strong electromagnetic impacts in the temporal domain 
was observed. The result obtained by Chelidze et al. was that the qualitative methods testify the 
presence of some non-random nonlinear structure in energetic, spatial and temporal distributions 
of earthquakes. The predictive potential of complexity analysis of seismological time series is re-
cently considered in the review by Chelidze and Matcharashvili [8].  
    
2.2 RQA input parameters for AE application 
 

For this work an average on 120 points (1 hour) as a first smoothing of the recorded AE sig-
nals is reckoned, reminding that sampling rate was 30 seconds. Then, the optimization procedure 
suggested the following parameters: the delay (lag) is set to 1; the number of the embedding ma-
trix columns (embedding dimension) is set to 10 and the cut-off distance (radius) is set to 15.  

 
If RQA is carried out by the computation of many small distance matrices corresponding to 

consecutive and overlapping sliding windows (epochs) along the series, the changing values of 
RQA variables in the subsequent windows allow for the detection of abrupt changes in the dy-
namical regime of the signal. This procedure, Recurrence Quantification over Epochs (RQE) 
was used to test the presence of phase changes in AEs. 

 
 RQE analysis was carried out by adopting the same parameters setting as for the global 

mode (RQA), plus the definition of windows having length of 24, 150 and 300 points (1 point = 
1 hour) and shifting of 24, 150 or 300 points between consecutive windows, respectively (to ob-
tain non-superimposed windows). 
 
3. Case Histories 
 
 Figure 1 shows how a quite extensive range of frequencies in the ultrasound spectrum must 
be monitored in order to collect a satisfactory AE data set. This is an enough hard task taking 
into account the difficulty of simultaneously handling different piezoelectric sensors in the 
natural world. However, the skill acquired on laboratory experiments has allowed to define the 
best selection of transducer frequencies in correspondence of 25 and 150 kHz that depict the 
crack evolution in different materials [14]. Figure 2 shows the instrument sequence for AE data 
collection as well as a typical installation case, at Valsinni site.  
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 In the present configuration of an AE acquisition site the two sensors are connected to a 
rocky outcrop through a glass bar, transparent to ultrasonic signals; then, the AE acquisition 
apparatus’ chain includes a pre-amplifier, an amplifier, a data logger and a remote connection 
module based on GPRS protocol. The incoming AE signals are sampled at 3 kHz, averaged and 
then recorded at 30-seconds time steps as rms values.  
 
 Within this context, two case studies of AE recording sites are described: one is Valsinni, 
Italy (Basilicata region; 40°10’05” Lat. and 16°26’35” Long.), a highly seismogenetic area, and 
the other, along the Argentina/Chile boundary, the Peteroa volcano (35º15´S Lat. and 70º35´ W 
Long.), exhibiting either seismic events or explosive eruptions. By analyzing both AE time-
series, quite remarkable anomalies of paroxysm precursors showed up. Henceforth, the AE data 
collected at 25 kHz will be termed as LF AE, while the AEs recorded at 150 kHz as HF AE. 
 

 
Fig. 3. Input AE signals recorded at Valsinni acquisition site during Springs 2008-2009 period. 
Blue line depicts LF AE data, while red one shows HF AE data. L’Aquila earthquake (Magni-
tude = 6.3) occurrence is also reported. 
 
 The AE time series acquired at Valsinni site between May 2008 and April 2009, just after the 
L’Aquila seismic event, are depicted in Fig. 3. In this plot the HF AEs (red line) show a 
considerable activity up to November 2008 and a subsequent depletion until March 2009, one 
month before L’Aquila earthquake; later, they start to increase again. Conversely, LF AEs 
exhibit evident activity from May to July 2008 and a following depletion up to the end of 
September 2008 when a rather remarkable activity begins, decreasing only when the seismic 
event comes up [15]. 
 
 Next, the two AE time series acquired at the HF and LF frequencies on Peteroa volcano be-
tween April 2009 and March 2011 are depicted in Fig. 4. The plots show a periodic pattern of the 
LF AEs (right), as long as six months, perhaps related to Earth’s tide force [16]. The HF AEs 
(left), instead, show a more subdued periodic trend, and exhibit, as main characteristic, an abrupt 
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increase on November 2011, in correspondence to the first eruption phase. Better pictures of the 
two whole AE temporal distributions are shown in the left panels of Figs. 5 and 6.  
 

 
Fig. 4. The AE collected on Peteroa volcano between 17 April 2009 and 23 March 2011. (Left) 
HF AE; (Right) LF AE data. The green vertical lines point out the end of every year. 
 

 
Fig. 5. (Left) Time-series of HF AE (red lines) collected on Peteroa volcano between Falls 2009 
and 2011. Black lines point out the earthquakes (1/10 of Magnitude values larger than 0.3) 
occurred within 300 km from Peteroa volcano (USGS catalogue). Blue line refers to the very 
strong earthquake of Maule (Magnitude = 8.8), while the orange lines identify the explosive 
eruptions periods of Peteroa. (Right) RQA parameters calculated from the HF AE series: the 
green line points out the %DET descriptor, while the brown line the %LAM (51 non-overlapping 
epochs; 1 epoch=300 hours). 
 
4. Results of the RQA Application to AE Data 
 
4.1 Valsinni case history 
 
 The RQA application to LF AE data collected at Valsinni site during the Springs 2008-2009 
period (see Fig. 3) has yielded four RP, depicted in Fig. 7, relative to four different time lags. 
The top-left and bottom right graphs score low values (%DET ~70) before, about six months, 
and just after the L’Aquila earthquake and, moreover, exhibit much similar patterns, which ap-
pear to resemble the one of a sinusoidal trend. On the contrary, the other two RP, related to a 
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%DET ~90, exhibit quite complex patterns quite different from the other two. Thus, the incom-
ing catastrophic event is observed in terms of a change in dynamic regime of AEs. 
 

  
Fig. 6. (Left) Time-series of LF AE (magenta lines) acquired on Peteroa volcano between Falls 
2009 and 2011. Black lines point out the seismic events (1/10 of Magnitude values larger than 
0.3) recorded within 300 km from Peteroa volcano (USGS catalogue). Blue line is referring to 
the greatest earthquake of Maule (Magnitude = 8.8), while the orange lines define the explosive 
eruptions periods of Peteroa. (Right) RQA parameters calculated from the LF AE series: the 
green line points out the %DET descriptor, while the brown line the %LAM (51 non-overlapping 
epochs; 1 epoch= 300 hours).  
 

 
Fig. 7. Comparison of the RP of the LF AEs recorded at Valsinni site in four different time peri-
ods, between September 2008 and April 2009. (Top left) Sep. 26-Oct. 03, 2008; (Top right) Dec. 
12-Dec. 28, 2008; (Bottom left) Feb. 27-Mar. 09, 2009; (Bottom right) Apr. 13-Apr. 19, 2009. 
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Modification in dynamic regime of AEs is observed in Fig. 8, where the trend of the %DET 
values since the installation of the Valsinni AE station (May 2008) is reported. It can be noted 
that there is an almost continuous raise of %DET values until the occurrence of L’Aquila earth-
quake (Apr. 6, 2009) and a successive sudden depletion afterward.  
 

 
Fig. 8. Trend of the RQA %DET values for the LF AEs recorded at Valsinni station since June 
2008 to middle April 2009. The red line indicates the occurrence of the L’Aquila earthquake. 
The time intervals reflect the different periods in which the %DET has been calculated. 
 

 
Fig. 9. Peteroa volcano. Top: An early record of LF AEs (150 hours: 17-23 April 2009). Bottom: 
Corresponding Recurrence plot (RP): the inset on 300 epochs (1 epoch=24 h=24 points). A peri-
odic signal and the very regular pattern of RP can be observed. 
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4.2 Volcano Peteroa case history 
 
 As already mentioned in Sec. 2.2, the volcano Peteroa AE time series were analyzed in dif-
ferent time windows, in order to fine-tune its RQA parameters and to examine events at various 
time scales (Figs. 5, 6, 9, 10). In particular, the results obtained for the LF AE data with two dif-
ferent non-superimposed windows (termed epochs), of 24 and 300 points, are described. In the 
upper panel of Fig. 9, the pattern of the earlier record (the first 150 epochs corresponding to 6.25 
days) of LF AEs is reported, while the upper panel of Fig. 10 shows the pattern of the entire re-
cording period (16,146 points; corresponding to 2 years) of LF AEs. The lower panels of both 
Figs. 9 and 10 exhibit the corresponding RP.  
   

Figure 9 points out a daily Earth’s tide oscillation in the AEs while its RP shows the typical 
pattern of sinusoidal trend, well observed plotting only the first 150 points (top of Fig. 9). Con-
versely, Fig. 10 for the whole monitored period shows a seasonal fluctuation of the LF AE data. 
The corresponding RP (lower panel of Fig. 10) exhibits a blank area around the middle, placed 
between two complex patterns, probably reflecting some modification in the internal structure of 
the volcano. It could correspond to sharp transition of the regime, probably being a threshold 
value in the AE time series, quite coinciding with the Chile Maule earthquake (Magnitude = 8.8; 
Feb. 27, 2010). 

 

 
Fig. 10. Peteroa volcano, (Top) LF AEs recorded in the whole period between Apr. 17, 2009 and 
Mar. 23, 2011 (16,146 points). (Bottom) RP on 600 epochs (1 epoch = 24 points = 24 h). 

 
A better interpretation of RQA results about Peteroa volcano has been obtained by overlap-

ping the time distribution of the RQA descriptors %DET and %LAM to the original AE time se-
ries and to the earthquakes occurred in the neighborhood of the volcano within a radius of 300 
km. In Figs. 5 and 6, respectively, these data for HF and LF AEs are shown with the date of the 
Maule seismic event and the volcanic eruption periods. The HF AEs (right panel of Fig. 5) ex-
hibit three significant patterns of both %DET and %LAM for different periods. The first one, last-
ing about seven months, shows uniform patterns of high values for both parameters, in accord-
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ance with the smoothed sequence of seismic events. Then, the %DET and %LAM trends, about 
after middle December 2009, drop suddenly until the Maule earthquake occurrence, followed by 
a subsequent increase of both parameters. Next, after the intense Maule aftershocks seismic se-
ries, the RQA parameters present both remarkable fluctuations, perhaps driven by the explosive 
eruption sequences occurred on Spring 2010 and Easter-Fall 2011. 

 
The LF AEs (Fig. 6) show a less evident pattern. The %DET and %LAM trends before the 

occurrence of the Maule earthquake appear less uniform than those exhibited by the HF AEs 
with strong fluctuations; they show (particularly %LAM) a remarkable decrease of values as the 
earthquake is approaching. Next, after the Maule earthquake, both RQA parameters exhibit a 
quite  variable  trend  achieving a  relative  maximum  during  the Spring 2010 eruption period 
and a strong value depletion (especially the %LAM) during the inter-period between the two 
eruption phases and a successive abrupt increase before the second eruption period.  
 
 These results seem to confirm the capabilities of RQA method to depict the modifications in 
the volcanic edifice due to the combined action of seismic and volcanic activities. Particular 
interest has to be devoted to the relations between the RQA parameters trends and the occurrence 
of the Maule earthquake (Magnitude = 8.8), while it is difficult to define peculiar relations with 
the volcanic explosive activity. 

 
5. Concluding Remarks 
 

The results of the application of RQA technique to AE time series within two frequencies 
(HF = 150 kHz and LF = 25 kHz) in seismogenetic and volcanic areas are given considering dif-
ferent time scales. The temporal distribution of the obtained RQA parameters (Figs. 5, 6, 8) ex-
hibits remarkable variations as a paroxysmal event is approaching. 

 
Despite any possible warning due to the uncertainty of the underlying relationships with vol-

canic activity and earthquakes and to the merely episodic nature of the observations (more case 
studies are to be analyzed to confirm the obtained results), the anomalies detected in the RQA 
parameters could represent a likely signature of an incoming catastrophic event in terms of AE 
dynamic regime modifications, possibly providing a remarkable finding. The arrangement of dy-
namical processes can be analyzed, so reckoning noteworthy “predictive” RQA parameters. The 
obtained results appear quite interesting, but a fine-tuning of the analysis and more data sets from 
different seismic and volcanic areas are needed to assess the impact.  
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Abstract 
 
 Acoustic emission (AE) technique is well suited for real-time control and detection of active 
defects within a structure. We used AE to monitor a post-tensioned concrete beam for about 
seven months, undergoing stress corrosion cracking (SCC) assisted by hydrogen embrittlement, 
activated by ammonium thiocyanate solution during a laboratory corrosion test. By multivariate 
analysis, three stages of damage mechanisms were identified: activation, propagation and 
rupture. An artificial neural self-organizing map (SOM) analysis was used to identify the 
relationship between the AE variables and to classify AE events. This methodology has in fact 
proved particularly powerful in identifying the evolution and extent of damage of the monitored 
post-tensioned concrete beam with the use of exemplified topological maps. The SOM analysis 
made it possible to correlate each AE stage, with unambiguous significant variables, to a specific 
degradation phase. 
 
Keywords: Signal discrimination, corrosion, damage, prestressed concrete, principal component 
analysis, Kohonen map, SOM analysis 
 
1.  Introduction 
 

Post-tensioning, as well as pre-stressing technology, is widely adopted in civil engineering, 
esp. in bridge engineering [1,2], since it allows to obtain slender but high performing structures.  
Although this technology is effective from a structural standpoint, it is sensitive, depending on 
environmental conditions, in which the structure operates, to corrosion damages. In particular, 
several cases have been described in the literature of premature failures of structures due to 
localized attack such as corrosion fatigue, wear-corrosion, but mainly stress corrosion cracking 
(SCC) [3-5]. This SCC mechanism is more critical than others because it induces a premature 
and unexpected rupture of the steel cables, affecting the mechanical integrity of the structure [6]. 

 
The development of reliable and affordable technique for monitoring and for damage 

evaluation of reinforced concrete structures, and in particular of prestressed concrete structures, 
is therefore becoming a pressing demand since the increasing age of the structures, the 
progression of deterioration processes and the ever increasing demanded performance. Acoustic 
emission (AE) technique is very promising in this field since it is not invasive, allows a volume 
evaluation and at the same time offers the possibility to locate discrete defects.  

 
AE was widely used in studying corrosion phenomena and in particular SCC since the early 

stage of the development of the technique [7]. More recently AE technique was introduced in the 
civil engineering in evaluating SCC of reinforcing cables in prestressed concrete structure [8] as 
well as in the detection of corrosion of reinforcing bar, in the identification of corrosion 
processes [9] and for damage evaluation [10]. 
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Concerning SCC phenomena it has to be underlined that in prestressing steel they evolve 
through complex and different mechanisms, where anodic metal dissolution and hydrogen 
embrittlement (HE) are not unique stages [11-12]. However, many mechanisms can be identified 
by AE [13-14]. AE signals are generated mainly by crack initiation and growth due to metal 
dissolution or HE. Furthermore the hydrogen evolution induced by cathodic reaction within the 
crack, the breakdown of thick surface-oxide films, the fracture or decohesion of phases (such as 
precipitates, second-phase particles and non-metallic inclusions), twin or slip deformation in the 
plastic zone at the crack tip are all mechanisms that can produce detectable AE signals [15].  

 
By considering the above-mentioned aspects it is clear that traditional AE analysis techniques 

are not sufficient to discriminate the different stages of damage in a corroding structure. The 
adoption of new statistical methods of data analysis is necessary to find out the significant 
parameters capable of discriminating the different forms of damage. Pattern recognition 
techniques can be used with this aim [16], and signal processing is performed at the waveform 
level, either by applying digital filtering, Fourier transforms or other processing such as wavelet 
transform, or by extracting AE features as a mean to describe the shape and content of a detected 
AE waveform. However, waveform acquisition requires high data storage capacity and 
sophisticated equipment while feature analysis is based only on the evaluation of the main AE 
signal parameters such as energy, counts, amplitude, without the need of the waveform record 
and is carried out by mean of the cross evaluation of different “health indexes” related to AE 
signal intensity and to loading condition [17]. 

 
Aim of this work is to identify the different damage mechanisms in steel cables in a post-

tensioned concrete beam due to hydrogen assisted cracking by means of AE technique. A self-
organized map (SOM) procedure was applied in order to interpret the experimentally acquired 
data. It was possible to group events into sub-clusters, each being an identifier of a specific 
degradation condition. The topological neural map was implemented in identifying the temporal 
evolution of damage and its related structural risk. 
 
2.  Material and methods 
 
2.1 Experimental set-up 

 
Table 1: Steel wire composition and mechanical properties 

Nominal chemical composition of eutectoid steel 

C Si S P Cr Ni Mn Cu Fe 

0.81 0.24 0.002 0.008 0.12 0.04 0.65 0.1 Bal. 

Mean mechanical properties of cold drawn steel 

Steel type Yield stress fp 0.1k (MPa) UTS fpk (MPa) Elongation (%) 

Cold drawn 1670 1860 3.5 
 
AE monitoring was carried out on a post-tensioned concrete beam during long-term 

hydrogen assisted stress corrosion cracking test (HASCC). The beam had a length of 6.30 m and 
a cross section of 0.40 x 0.25 m (Fig. 1a). It was made by a concrete mix with 430 kg/m3 of 
ordinary Portland cement (OPC) content having the characteristic compressive strength of Rck = 
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55 MPa. It was reinforced with four 18-mm steel bars and post-tensioned with four 7-wire 6/10” 
strands (Fig. 1b). Steel wire composition and mechanical properties are reported in Table 1.  

 
Post-tensioning force induced a stress level on the strand of about 60% of the UTS, of about 

52% UTS after deducing losses due to elastic shortening, creep and shrinkage in the concrete and 
relaxation in the steel. The tendon was completely grouted with the exception of a small 
corrosion cell of 25 cm in length in the middle of the beam [18] (Fig. 1c). The corrosive solution 
used was composed with 250 g/l of ammonium thiocyanate (NH4CNS) in accordance to ISO 
15630 [19]. The solution was kept at room temperature, and with constant liquid re-circulation 
from an external reservoir by a pump.  
  

 (a) 

 (b)  (c) 
 
Fig. 1: a) View of test setup used for corrosion test. b) Close-up view of strands anchorage.  
c) Corrosion cell obtained in the metal duct. 
 
 AE signals were recorded by a 10-channel Vallen AMSY-5 measurement system. It was used 
with 8 piezoelectric transducers for steel, VS150-M type that worked in 100-450 kHz frequency 
range with resonance at 150 kHz. The sensors were positioned on ends of steel wires (Figure 1c). 
The AE acquisition covered a period approximately of 7 months, with a daily 24h monitoring. 
Before analysis, raw data were de-noised as reported in a previous work [20]. The neural 
network analysis has been proposed to provide meaningful information on the quality of 
acquired signals and their interpretation on the status of the structure and damage evolution. In 
particular a self-organizing map (SOM) was constructed. It allowed to homogenize the acquired 
data and to interpret them in explicit form with a topological map that exemplifies the damage 
evolution of the structure during the acquisition time. 
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 All specific algorithms proposed to analyze AE data were written by using Matlab 7.5 
software. The SOM analysis was carried out by using 6 uncorrelated variables (i.e. average 
frequency, amplitude, duration, energy, time and event frequency) extrapolated from the 
acquired AE signal, as resulted by correlation matrix analysis. 
 
2.2 Self Organizing Map 
 
 Self-organizing map (SOM) or Kohonen's map is a neural network used in the classification 
of complex multi-dimensional data [21]. The algorithm could be unsupervised, requiring no user 
intervention. The self-organizing map (SOM) is one of the most prominent artificial neural 
network models adhering to the unsupervised learning paradigm. The model consists of a 
number of neural processing elements, i.e. units. Each of the units i is assigned an n-dimensional 
weight vector mi, mi Є Rm. The training process of self-organizing map may be described in 
terms of input pattern presentation and weight vector adaptation. Each training iteration t starts 
with the random selection of one input pattern x(t). This input pattern is presented to the self-
organizing map and each unit determines its activation. Euclidean distance between the weight 
vector and the input pattern was used to calculate a unit’s activation. In this particular case, the 
unit with the lowest activation is referred to as the winner, c, of the training iteration, as given in 
equation 1. 
  c:mc t( )=mini  x t( )−mi t( )   (1) 
Subsequently, the weight vector of the winner as well as the weight vectors of selected units in 
the vicinity of the winner are adapted. This adaptation is implemented as a gradual reduction of 
the difference between corresponding components of the input pattern and the weight vector, as 
shown in equation 2. 
 mi t +1( )=mi t( )+α t( )∗hci t( )∗ x t( )−mi t( )⎡⎣ ⎤⎦  (2) 
 

Geometrically speaking, the weight vectors of the adapted units are moved slightly towards 
the input pattern. The amount of weight vector movement is guided by a so-called learning rate, 
α, decreasing in time. The number of units that are affected by adaptation as well as the strength 
of adaptation is determined by a so-called neighborhood function hci. This number of units 
decreases in time. Typically, the neighborhood function is a unimodal function, which is 
symmetric around the location of the winner and monotonically decreasing with increasing 
distance from the winner. A Gaussian is used to model the neighborhood function. At the 
beginning of training a wide area of output space is subject to adaptation. The special width of 
units affected by adaptation is reduced gradually during the training process. Such a strategy 
allows the formation of large clusters at the beginning and a fine-grained input discrimination 
towards the end of training process. The training process of the self-organizing map leads to a 
spatial arrangement of the input pattern such that alike input are ordered in a topological map (U-
matrix) [21,22]. Training has enabled the convergence of the system towards a model clustering 
the internal nature of data (Fig. 2).  
 
 The default training algorithm in SOM script is this batch algorithm; this because it needs a 
much smaller number of iterations than the classic one, and each iteration uses a large number of 
input data points. The whole training set is gone through at once and only after this the map is 
updated with the net effect of all the samples. Actually, the updating is done by simply replacing 
the prototype vector with a weighted average over the samples where the weighting factors are 
the neighborhood function values.  
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 mi t +1( )=
hic j( )

j=1

n

∑ t( )x j

hic j( )
j=1

n

∑ t( )
 (3) 

where c(j) is the BMU of sample vector xj, hi,c(j) is the neighborhood function (the weighting 
factor), and n is the number of sample vectors.  

 
Fig. 2: Scheme of SOM training operation. 

 
 Additional information can be obtained by plotting the hit histogram U-matrix. This map 
shows the projection of data samples into map. The data are calculated by finding the BMU 
(Best Matching Unit) of each data sample from the map, and increasing a counter in the map unit 
each time it is the BMU. The colors are related to a specific level of a variable and hexagon size 
is related to the numbers of AE hits related to that cluster point. 
 
3.  Results and discussion 
 
 Figure 3 shows the cumulative hits plot against acquisition time, with the purpose to indicate 
the AE activity evolution with time. We can identify three relevant steps that could be related to 
specific damage evolution of the steel. 
 
Region I: During the early stages of the test there was a significant AE activity due to initial 

electrochemical interaction between the steel wires and the electrolyte solution. This 
period of activity is characterized by several sub-steps due to the activation and 
stabilization of different corrosive phenomena. At first the AE activity is related to the 
homogenization and stabilization of reactions at the metal surface in the corrosive 
solution [23]. Region I is characterized by events in a wide range of amplitude (in the 
range 40-70 dB) and usually medium-high rise-time (> 30 µs). The low amplitude 
events could be attributed mainly to hydrogen formation at the steel surface [24,25]. 
As reported in literature, AE with amplitudes in the range of 40-50 dB with high rise-
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     time can be induced by hydrogen evolution phenomenon [26]. Besides, the presence 
of hydrogen favors the breakdown mechanism of a pseudo-passive layer at the metal 
surface of the strand and the beginning of hydrogen diffusion inside the metal, 
inducing a strong AE activity [27]. During this incubation period, corrosion 
mechanisms are activated, as random pit formation on the surface of the metal [28]. 
The localized corrosion is however not sufficiently energetic to be detected by AE, but 
it could also favor the energetically more relevant SCC [29]. The SCC initiation 
phenomenon induces events with low duration, counts and rise-time and amplitude in 
the same range of hydrogen evolution events (30-50 dB) [30]. The crack initiation is 
followed by short crack propagation, identified with AE at higher amplitude (in the 
range 60-70 dB) [30].  

Fig. 3: Cumulative hits plot versus time. 
 
Region II: After 35 days a new swarm of significant events in a short period occurred (in about 

15 days over 5000 hits were observed) and the cumulative AE hit curve increases 
significantly. Afterwards the structure has a new quiescent phase where the increase of 
AE hits is very low. At this stage, at the strand surface, micro-cracks gradually initiate, 
increase and coalesce [14,31,32]. This phase is the evolution stage concerning 
hydrogen embrittlement and propagation of cracks [23]. This is confirmed by the 
relevant amount of events in the range amplitude of 40-50 dB with the rise-time about 
100 µs. The hydrogen diffusion through the metal lattice occurs. When the hydrogen 
uptake is sufficient for the steel to overcome its threshold stress intensity factor a new 
AE activity will take place, due to initiation and propagation of cracks [23]. In region 
II the time period between two AE events increases significantly; this phenomenon 
could be related with the formation of plastic zone at the crack tip during the crack 
propagation stages [26]. With increasing the crack length an increase of stress 
concentration occurs, which induces larger plastic zone ahead of the crack tips. This 
results in a greater blunting of the crack tip. Larger plastic zone implies that a longer 
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     time is needed for crack to resharpen by dissolution for further crack propagation. The 
period of time between two AE events corresponds to the period of material 
dissolution that induced the crack growth [26]. This could explain the larger time gaps 
between two AE events during later stages of crack growth.  

Region III: High-intensity AE events were recorded after four months. Some steel wires were 
approaching final rupture and the post-tensioned concrete beam was undergoing a 
stabilization phase due to a new redistribution state of stress levels. This phase of 
reassessment was the prelude to new damaging phases progressively much more 
destructive. After this period we acquired about 25,000 AE events for a total of about 
800,000 cumulative counts. In this phase the AE were mainly generated by crack 
propagation. However, corresponding to wire failure, the intense AE activity was 
probably generated due to rapid reduction of the cross-section during its rupture [28]. 
The large burst of activity characterized by very high energy and amplitude up to 90 
dB is symptomatic of final ductile fracture of a strand [30]. 

 
  These considerations are summarized in Fig. 4 that shows the rise time versus amplitude 
distribution of the data discriminated according to the three steps identified in Fig. 3. In Region I,  
it is possible to identify the AE phenomena related with corrosion activation and crack initiation 
(oxide breakdown, hydrogen evolution, SCC initiation). In Region II the acoustic events, 
characterized by low amplitude and medium risetime, were associated to hydrogen embrittlement 
mechanisms. Finally in Region III we have a large amount of data at medium amplitude related 
with crack propagation and few AE events with very high amplitude due to the final fracture of 
the strand. 

 
Fig. 4: Amplitude vs. risetime grid maps; corrosion mechanisms identification was done 
following literature data. 
 
  The Kohonen's self-organizing map algorithm was applied to the uncorrelated variables 
resulting from the analysis of the correlation matrix, i.e. average frequency, amplitude, duration, 
energy, time and event frequency. In Fig. 5 the U-matrix map resulting from SOM analysis is 
reported. The U-matrix map shows distances from map units and their nearest neighborhood, 
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evaluated by Euclidean method. High values of U-matrix map (red and yellow pixels) mean 
large distances between neighboring map units. Elements belonging to the same cluster are, 
therefore, identified by uniform areas of low value (blue pixels). In this specific case, we 
identified many homogeneous areas associated with cluster areas. It is interesting to note that 
using the topological maps of the variables (reported in Fig. 6) it should be possible, on the basis 
of variable magnitude distribution, to relate data cluster to local area of specific variables. In 
particular, according with the regions identified in Fig. 3 and on the basis of time variable maps 
we defined three regions on the U-matrix map. The definition of the area associated to the first 
region is heavy influenced by the event frequency distribution as can be observed in the 
topological map (Fig. 6). 

 
Fig. 5:U-matrix resulting from the application of the Kohonen self-organizing map algorithm. 

 
 In fact, the events characterized by high event frequency (red and yellow pixels in the event 
frequency topological map) are grouped in the right and central area of the map. The second 
region is a left bottom area in the U-matrix map. The events grouped there have a low event 
frequency and middle/average frequency and duration. The third region includes the top and 
right areas of the map. These events are characterized by energy and amplitude variables. In 
particular the AE events with highest energy are grouped in the top-right corner of the map. 
Furthermore, a large variation of duration and average frequency can be observed. In particular 
on the top of the map AE events with high duration and low average frequency are grouped; vice 
versa AE events with low duration and high average frequency are grouped in the right side of 
the U-matrix map. 
 
 Based on these considerations it is possible to say that the U-matrix identifies some clusters 
related to the damage evolution of the steel strand. But further investigation are necessary to 
better clarify the discrimination of that damage phenomena and its time evolution. With this 
purpose a so-called hits-U-matrix (Fig. 7) was performed using the data collected in the regions 
identified in Fig. 3. This graph shows the projection of data samples into the U-map. The 
projection is obtained by finding the BMU (best matching unit) of each data sample from the 
map, and increasing a counter in the map unit each time it is the BMU. The colors are related to a 
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specific event group (activation or quiescence phase as defined in Fig. 3) and colored hexagon 
size is related to the numbers of AE hits related to that cluster point. Figure 7 shows that the 
interpretation of the U-matrix map could be much more complex than the previous analysis.  

 
Fig. 6: Topological maps of the variables as resulted from the application of the Kohonen's self-
organizing map algorithm. 
 
 The clusters associated with the regions I, II and III are characterized by several events, 
which could create internal sub-cluster or interference regions where multiple families of events 
coexist. 
 
Region I: About the data collected in region I, the activation AE are located mainly in the zone 

Ia (characterized by high energy and high duration) and Ib (characterized by low 
energy and low amplitude); in contrast, the quiescence data are not well identifiable in 
a specific area, although a group of hits of these events is identifiable in the zone Ic 
and Id. The area Ic includes AE events of the region I characterized by low energy, 
medium low amplitude and high average frequency. The area Id is related mainly with 
quiescence AE with high amplitude and relatively high average and event frequency.  

Region II: Other considerations can be extrapolated analyzing the hits distribution for region II 
data. A large amount of activation AE are located in IIa and IIb region, with the 
former related with lower event frequency than the latter one. The zone IIc could be 
related with the quiescence phase of region II. 

Region III: The analysis of the hits map for region III data confirms that the AEs of this region 
are located in the top of the map. In particular a large amount of activation data are 
located in the top corner. The AE with very high energy, generated during the 
activation of region III, are located on the top-right corner of the map (area IIIa). The 
quiescence phase is located in peripheral region of this section of the map. In 
particular in the quiescence phase two sub-cluster can be identified. Events with high 
duration and low average frequency are mainly grouped in area IIIb, while events with 
high amplitude and low duration are predominant in area IIIc. 
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 With the purpose to verify the hits distribution and to better clarify the discriminating 
performances of the SOM analysis about the event evolution on SCC tests on post-tensioned 
strands, a hits validation map was analyzed by using a fuzzy response parameter to show the 
relative goodness of each map unit in representing the data. The fuzzy response was calculated 
by summing a function of quantization error as follow [33]: 

 g(x ,ui)=
1

(1+ (qi/a)
2)  (4) 

where qi = x − ui  is the quantization error (i.e. the distance between the sample x and map unit 
ui). The scaling factor a is the average distance between each training data sample and its BMU. 
Consequently, a high value of the fuzzy response is related to high affordability of the 
previsioned hits.  
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7: Hits U-matrix for the data regions identified in Fig. 3. 
 

Fig. 8: Fuzzy response index distribution for data regions identified in Fig. 3. 
  
 Figure 8 confirm that the SOM analysis identified the damage phase of the SCC strand well 
as reported in Fig. 7. The activation and propagation data for each region are well clustered in 
local areas on the U-matrix map. All configurations showed a high fuzzy response index, related 
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with high accuracy of the numerical analysis. A higher uncertainty was observed only for region 
II quiescence data, where we observe a low fuzzy response value (maximum value is only 480). 
 
 Consequently, only for this dataset, we believe that not enough information was available to 
discriminate with good affordability their location on the U-matrix map. Furthermore this 
investigation showed that in the middle of the U-matrix map an interference area generated by 
AE of region I and II was present. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9: Scheme of damage detection areas by SOM. 
 
 On the basis of the above reported considerations it is possible to divide the U-matrix map 
into specific damage mechanism areas, according to the schematic representation shown in Fig. 
9. Here, we can distinguish the activation, propagation and critical damage areas, respectively, 
related with areas Ia and Ib, IIa and IIb and finally IIIa. The peripheral regions, not directly 
related with a specific variable (and characterized by multiple sub-clusters) represent the 
quiescence areas. In particular, the peripheral area Ic includes quiescent events that occurred 
after the electrochemical activation of steel surface characterized by high level of average 
frequency. The so-called pre-critical damaging quiescent area (IIc) was instead characterized by 
low event frequency and middle duration events. Consequently, the lower peripheral region in 
the map is related with the quiescent phase events before the critical damaging of the structure, 
while the peripheral regions at the top and right of the map (IIIb and IIIc) are related to the 
quiescent phase following the critical damaging and characterized mainly by high amplitude 
values.  
 

The changes in waveform patterns of AE hits during the above described damage evolution  
are well visualized in Fig. 10. Starting from the activation phase (Ia) where AE hits are 
characterized by low average frequency, medium amplitude and high duration, in region II (IIa) 
we can observe an AE hit population defined by medium-high average frequency, low amplitude 
and medium duration, while the final damage step (post critical quiescent phase in region III, i.e. 
IIIc) is characterized by very high average frequency, medium high amplitude and very low 
duration.   
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Globally, the authors believe that the self-organizing map algorithms and the related U-
matrix maps are powerful instruments for analyzing multivariate data set. In the specific cases 
their application allowed not only to validate preliminary hypotheses formulated on the basis of 
the interpretation of cumulative hit curve but permitted to discriminate between different damage 
mechanisms occurring over time on steel strands on the basis of the correlation between specific 
AE wave attributes. 

 
Fig. 10: Trajectory plots of  some AE hit patterns during damage evolution. 

 
4.  Conclusions 
 
 Acoustic emission (AE) technique was used to monitor hydrogen-assisted stress corrosion 
cracking of post-tensioned strands stimulated by using accelerated test with an ammonium 
thiocyanate solution. Three damage phases were clearly distinguished from the cumulative hit 
plot, but a more detailed interpretation of the damage mechanisms occurring on steel wires 
during aging time was obtained by using a self-organizing map (SOM) methodology. The 
numerical results show that it is possible to integrate in an effective and synergistic way by using 
SOM with the traditional univariate analysis. Moreover this methodology has proved particularly 
effective in identifying, using exemplified topological maps, the evolution and intensity of 
corrosion damage on steel wires in the monitored post-tensioned concrete beam. Initiation, 
propagation and critical rupture phases were clearly identified and associated to specific features 
of the AE events. Such results allow, also on the basis of further refining of the methodology, to 
hypothesize the use of such a procedure for in situ recognition of damage processes.  
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Abstract 
 
 Acoustic emission coupled with electrochemical measurements have been successfully 
applied for the in situ monitoring of the cracking upon cycling of metal hydride electrodes for 
Ni-MH batteries and Si-based electrode for Li-ion batteries. This method offers the possibility to 
characterize the electrode disintegration process depending on the electrode composition and 
cycling conditions and then, it would become a powerful tool in the evaluation/optimization of 
new electrode materials for different types of batteries. 
 
Keywords: particle cracking, metal hydride, silicon, Ni-MH battery, Li-ion battery 
 
1.  Introduction 
 

In various batteries, the electrode cracking due to the volume variation of the active materials 
with cycling has a negative effect on the battery durability by accelerating the electrode 
corrosion by the electrolyte and/or by inducing a loss of electronic connectivity. For instance, for 
LaNi5-based alloys used as metal hydride materials in commercial Ni-MH batteries, the 
pulverization phenomenon induces the breaking of the native surface oxide layer and increases 
the effective surface area of the electrode. This favors the hydriding reaction but it also decreases 
the MH cycle life by increasing the alloy corrosion rate [1, 2]. For Mg-based alloys, which 
present higher hydrogen storage capacities than the conventional LaNi5-based alloys, the 
pulverization process intensifies the irreversible oxidation of the active material by the KOH 
electrolyte. For instance, amorphous MgNi and crystalline MgTi-10%w Pd alloys obtained by 
high-energy ball milling have a maximum discharge capacity close to 500 mAh g-1, but retain 
less than 50 % and 70 % of it after only 10 cycles, respectively [3, 4].  

 
 For Li-ion batteries, silicon-based anode appears as an attractive candidate to replaced 
carbon-based anode, thanks to a ten-times higher capacity (3572 mAh g-1) and safer behavior 
than that of graphite electrodes [5]. However, the cracking of the silicon-based anodes due to the 
important volume variation of the Si particles (up to ~300 %) with lithiation has a negative effect 
on their cycle life by inducing a loss of electronic connectivity within the composite electrode in 
addition to be unfavorable to the formation of a stable solid electrolyte interface (SEI) resulting 
in severe electrolyte degradation at the surface of the Si particles. 
 

To date, the study of the electrode cracking in batteries is generally limited to a post mortem 
examination of the electrode by microscopy. This does not allow a detailed analysis of the 
cracking process, which can significantly vary depending on the electrode composition and 
processing, and the charge/discharge conditions. However, we have recently shown that the 
acoustic emission (AE) technique is a relevant tool for in situ monitoring of the cracking of 
MgNi and LaNi5-based electrodes for Ni-MH batteries [6, 7]. We have demonstrated that MgNi 
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and LaNi5-based alloys present different pulverization mechanisms. It was also shown that the 
cracking of MgNi increases with the particle size and the charge rate [7]. A new experimental 
set-up constituted of an electrochemical cell connected to a compression load cell and an AE 
equipment was also used to characterize the force and the cracking of LaNi5-based and MgNi 
electrodes generated by their volume expansion/contraction during their cycling [8]. 

 
In the present paper, acoustic emission coupled with electrochemical measurements is 

performed on different metal-hydride electrodes for Ni-MH batteries and on a Si-based anode for 
Li-ion batteries. It will be shown that this methodology is very effective for determining the main 
process responsible of their decrepitation.  

 
2.  Experimental 
 
2.1 Metal hydride electrodes 
 
 A commercial LaNi5-based alloy (MmNi3.68Co0.78Mn0.36Al0.28) powder from Japan Metals & 
Chemicals Co, MgNi and MgTi-10%w Pd alloy powders obtained by high energy ball milling [3, 
4] were studied as active materials. 0.2 g of active material was manually mixed with 0.2 g of 
copper powder. The mixture was then cold pressed on 2 g of copper powder at 6 tons cm-2 for 10 
minutes in a stainless steel die to form a pellet (16 mm in diameter, ~2 mm in thickness), which 
is used as working electrode. 
 
 The experimental set-up coupling AE and electrochemical measurements has been described 
elsewhere [6]. The reference electrode and the counter electrode were respectively an Hg/HgO 
electrode and a nickel wire. The three-electrode cell was monitored by a Voltalab PGZ 301 
galvanostat/potentiostat. The working electrode was charged at -100 mA g-1 for 3 h for the 
LaNi5-based alloy and 5 h for MgNi and MgTi-10%w Pd. It was discharged at 20 mA g-1 until 
reaching -0.6 V vs. Hg/HgO for the LaNi5-based and MgNi alloys and -0.5 V vs. Hg/HgO for 
MgTi . All the experiments were carried out at room temperature in a 6 mol l-1 KOH solution. 
Before the first charge, the potential of the working electrode was maintained at -0.85 V vs. 
Hg/HgO for a few minutes to reduce the native oxide layer present on the Cu and active material 
powders. 
 
 The AE signals were recorded during cycling by a wide band sensor EPA micro 80 
(frequency range 100-1000 kHz) and transmitted via an EPA USB Node acquisition card to the 
computer. For all the experiments, the gain G and the threshold S were fixed at 40 dB and 27 dB, 
respectively. The recorded AE signals were treated and the waveforms were obtained with 
AEWin software (EPA). The AE signals are separated in two classes using Noesis software 
(EPA). The first one, labelled P1, is attributed to cracking of MH particles and the second one, 
labelled P2, is due to the release of H2 bubbles [6, 7]. The temporal and energetic characteristics 
of the P1 and P2 classes were described in detail in ref. [6].  

 
2.2 Silicon electrode 
 
 Pure Si (99.999%, 20 mesh) ball milled for 20 h with a ball-to-powder ratio of 5:1 using a 
SPEX 8000 mixer was used as active material, Super P carbon black (CB) as the conductive 
agent and carboxymethyl cellulose (CMC) as the binder. A mixture of 200 mg of active material 
+ CB + CMC in a weight ratio of 80:12:8 with 0.5 ml of citric acid + KOH buffer solution at pH 
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3 was mixed at 500 rpm for 1 h using a Fritsch Pulverisette 7 mixer. The slurry was tape cast 
onto a 25 µm thick copper foil and dried for 12 h at room temperature and then 2 h at 100°C in 
vacuum. Structural and morphological characteristics of the Si powder and electrochemical 
behavior of the Si/CB/CMC anode were described in detail in ref. [9]. 
 
 Two-electrode Swagelok cells were used for the cycling tests performed at room temperature 
using a VMP3 potentiostat/galvanostat. The cells were assembled in a glove box under argon 
atmosphere and comprised (i) a 1 cm² disc of composite working electrode containing 0.7 mg 
±10% of active material, (ii) a Whatman GF/D borosilicate glass-fiber sheet saturated with the 
electrolyte (1M LiPF6 dissolved in 1:1 dimethyl carbonate/ethylene carbonate and (iii) a 1 cm2 Li 
metal disc as the negative and reference electrode. Cycling tests were performed in galvanostatic 
mode between 1 and 0.005V versus Li+/Li at a current density of 400 mA g-1. The AE signals 
were obtained and treated as before using AEWin and Noesis softwares (EPA). 
 
3.  Results and discussion  
 
3.1 Metal hydride electrodes for Ni-MH batteries 
 
3.1.1 Electrochemical behaviour 
 The evolution of the discharge capacity with cycling for LaNi5-based, MgNi and MgTi-
10%w Pd electrodes is shown in Fig. 1. In the case of the LaNi5-based electrode, a slight increase 
of the discharge capacity is observed during the two first cycles. This increase can be attributed 
to the particle cracking due their volume expansion with hydriding, leading to their activation by 
breaking the native surface oxide layer and by increasing the effective surface area of the 
electrode [1]. For the MgNi electrode, the discharge capacity decreases strongly with cycling. 
This is related to the irreversible oxidation of the active material by the KOH electrolyte (i.e., 
formation of Mg(OH)2), which is intensified by the creation of new surfaces with the particle 
cracking [3]. For the MgTi-10%w Pd electrode, the discharge capacity increases during the two 
first cycles. This activation is associated with the phase transition from a bcc+hcp initial 
structure to an fcc phase induced by the hydriding reaction [4]. After the third cycle, the  

 

 
Fig. 1  Evolution of the discharge capacity with cycling for LaNi5-based, MgNi and MgTi 10%w 
Pd electrodes. 
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discharge capacity decreases with cycling due to the irreversible oxidation of the active material 
by the KOH electrolyte as observed for the MgNi electrode. 
 
3.1.2. AE Measurements 
 The evolution of the P1-type normalized AE activity (related to the particle cracking) and P2-
type normalized AE activity (related to the formation of H2 bubbles) during the first charge on 
LaNi5-based, MgNi and MgTi-10%wPd electrodes are shown in Figs. 2a and 2b, respectively. 
Note that no significant acoustic activity was observed during the discharge step (not shown). 

 

    

  
Fig. 2  Evolution of the P1-type (a) and P2-type (b) normalized acoustic activities as a function 
of the charge input on LaNi5-based, MgNi and MgTi-10%w Pd electrodes. 
 
 For the LaNi5-based electrode, an abrupt increase of the P1-type acoustic activity is observed 
from ~5 to 25 mAh g-1 (Fig. 2a). Almost no additional P1 events are observed during the rest of 
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the charge period, except at the end of the charge (i.e., from ~260 mAh g-1) where a small 
increase in P1 activity is again observed. This indicates that the mechanical stress inducing the 
cracking of the LaNi5-based alloy is concentrated at the beginning of the charge, i.e. in the α-to-β 
phase transition region. This is in accordance with in situ generated stress measurements [8] and 
in situ XRD investigations [1] on LaNi5-based alloys showing that the volume expansion does 
not increase linearly with the H-content in the alloy but occurs abruptly when the α-to-β phase 
transition is initiated. 
 
 For the MgNi electrode, the evolution of the P1 activity with the charge input differs notably 
from that observed for the LaNi5-based electrode. Indeed, a small increase of the P1 activity is 
observed from ~25 to 100 mAh g-1. Then, no P1 activity is detected before reaching a charge 
input of ~365 mAh g-1 where an abrupt and large rise of the P1 activity is observed. At the same 
time, an important increase of the P2 acoustic activity related to the release of H2 bubbles 
through the hydrogen evolution reaction (HER) is detected as shown in Fig. 2b. These 
observations demonstrate that the MgNi particle cracking is mainly induced by the HER rather 
than by the α-β lattice expansion in contrast to that was previously observed for the LaNi5-based 
electrode. It can be explained by the fact that the MgNi alloy produced by ball milling has an 
amorphous structure, which results in the absence of abrupt volume expansion during the 
hydrogen absorption reaction (HAR) [8]. On the other hand, ball-milled MgNi powder is 
constituted of porous agglomerates made up of many particles cold-welded together (Fig. 3a) 
whereas LaNi5-based powders appear much denser (Fig. 3c). These agglomerates are likely to be 
broken down by the mechanical stress induced by the accumulation of H2 bubbles into the 
agglomerate pores during the HER.  
 
 For the MgTi-10%w Pd electrode, no P1 activity is detected before reaching a charge input of 
~300 mAh g-1 where an abrupt and large rise of the P1 activity is observed (Fig. 2a). At the same 
time, an important increase of the P2 acoustic activity related to the release of H2 bubbles is 
detected (Fig. 2b). These observations suggest that the MgTi-10%w Pd electrode pulverization is 
mainly induced by the mechanical action of the H2 bubbles as observed for the MgNi electrode. 
This is not surprising since both materials are elaborated by ball-milling and present the same 
porous agglomerate morphology (Fig. 3b).  
 

   
 

Fig. 3 SEM images of the MgNi (a), MgTi-10%w Pd (b) and LaNi5-based alloy (c) powders. 
 
 The evolution of the P1 acoustic activity with cycling on LaNi5-based, MgNi and MgTi-
10%w Pd electrodes is shown in Fig. 4. On the three electrodes, the P1 activity is maximum 
during the first charge. This clearly indicates that the pulverization of the LaNi5-based, MgNi 

(c) (b) (a) 
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and MgTi-10%w Pd electrodes mainly occurs during the first charge. Note that the P1 activity is 
lower for the MgTi-10%w Pd electrode, which may indicate that this alloy is less sensitive to 
cracking. In addition, the fact that its P1 activity is maximum at the first cycle despite its low H-
storage capacity (60 mAh g-1, see Fig. 1) tends to confirm that its pulverization is mainly related 
to HER and not to the HAR. 

 

 
Fig. 4 Evolution of the P1 AE activity with cycling for LaNi5-based, MgNi and MgTi-10%w Pd 
electrodes. 
 

          
Fig. 5 Evolution of the electrode potential and AE activity as a function of the charge capacity 
during the first lithiation of the silicon electrode. 
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3.2 Silicon electrode for Li-ion batteries 
 
3.2.1. Evolution of the acoustic activity during the first charge (lithiation) 
 The evolution of the electrode potential and the acoustic activity as a function of the charge 
capacity during the first lithiation of the silicon electrode are shown in Fig. 5. During the first 
lithiation, the electrode potential first decreases quickly up to reach a sloping plateau between 
~0.15 and ~0.05 V. During this stage, the crystalline Si reacts with lithium to form amorphous 
SiLix [10]. At the end of the charge (i.e., below ~0.05 V), the crystalline Li15Si4 phase is formed 
[10]. Regarding the acoustic activity, a small increase is observed at the beginning of the charge 
and may be related to surface reactions such as the reduction of the native Si oxides and/or the 
formation of the solid electrolyte interface (SEI). Then, from a charge capacity of ~600 mAh g-1 

to ~2700 mAh g-1, the AE activity increases almost linearly and could be associated with the Si 
particle cracking induced by their volume expansion with lithiation. Then, at the end of the 
discharge (i.e., at ~0.05 V), a abrupt increase of the acoustic activity is observed, which can be 
correlated to  the formation of the crystalline Li15Si4 phase [10]. 
 
3.2.2. Evolution of the acoustic activity during the first discharge (delithiation) 
 The evolution of the electrode potential and the acoustic activity as a function of the 
discharge capacity during the first delithiation of the silicon anode is shown in Fig. 6. An abrupt 
increase of the acoustic activity attributed to the particle cracking is observed when the electrode 
potential reaches 0.4 V, corresponding to a discharge capacity of 1100 mAh g-1. At this potential, 
the phase change from crystalline Li15Si4 to amorphous silicon occurs [10]. This tends to confirm 
that the electrode decrepitation is mainly induced by the abrupt volume variation related to the 
formation/disappearance of the Li15Si4 phase. 
 

 
Fig. 6 Evolution of the electrode potential and the AE activity as a function of the discharge  
capacity during the first delithiation of the silicon anode. 
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3.2.3. Evolution of the acoustic activity and charge capacity with cycling  
 The evolution of the acoustic activity with cycling is shown in Fig. 7a. The acoustic activity 
is maximum during the first charge (lithiation) and discharge (delithiation). Then, the acoustic 
activity decreases rapidly with cycling to reach less than 50 events per cycle after the third cycle. 
Similar evolution with cycling is observed for the electrode charge capacity as shown in Fig. 7b. 
This clearly indicates that the decrepitation of the silicon electrode mainly occurs during the first 
three cycles and greatly affects the electrode cycle life. After the third cycle, it is assumed that Si 
particles have reached a critical size, which limits further particle cracking. Additional AE study 
about the influence of the initial Si particle size on their cracking sensitivity will be performed to 
confirm this issue.  
 

      

 
Fig. 7 Evolution with cycling of the AE activity (a) and charge capacity (b) of the Si electrode. 
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Fig. 8 Peak frequency histogram of the AE signals detected during the ten first cycles of the 
silicon electrode. 
 
3.2.4. Characterization of the AE classes 
 From the analysis of the AE signals performed using Noesis software, the peak frequency 
appears as the most discriminate acoustic parameter. The peak frequency histogram of the AE 
signals detected during the ten first cycles on the Si electrode is shown in Fig. 8. Three classes of 
AE signals can be distinguished. The first one, labeled PA, exhibits peak frequencies between 80 
and 250 kHz with a maximum number of events at ~150 kHz. The second one, labelled PB, is 
characterized by peak frequencies between 250 and 400 kHz with a maximum number of events 
at ~330 kHz. These PB-type signals also exhibit short duration and high energy. This is 
characteristic of AE signals related to cracking phenomenon, as observed on metal hydride 
electrodes [6] and during aluminium exfoliation corrosion [11] or hydrogen embrittlement 
process [12]. The third AE class, labelled PC, exhibits high peak frequencies, between 500 and 
950 kHz. Further investigation using different electrode materials, electrolytes, particle 
morphology, etc. are planned in order to identify the main sources of these three AE classes and 
to evaluate their respective influence of the electrode cycle life. 
 
4.  Conclusion 
 
 The study confirms that acoustic emission techniques coupled with electrochemical 
measurements is an effective in situ method for studying the pulverization of electrodes for Ni-
MH and Li-ion batteries. With metal hydride electrodes for Ni-MH batteries, it was 
demonstrated that the process inducing the pulverization of MgNi and MgTi-10%wPd produced 
by ball milling differs notably from that of LaNi5-based material. The pulverization of this latter 
occurs at the beginning of the charge step and can be related to the abrupt volume change in the 
α-to-β phase transition zone whereas for MgNi and MgTi-10%wPd, it is mainly due to the 
mechanical action of the H2 bubbles produced at the end of the charge step. On silicon electrode 



 

 63 

for Li-ion batteries, the AE measurements tends to indicate that the electrode decrepitation is 
mainly due to the abrupt volume variation related to the formation (in charge) and disappearance 
(in discharge) of the crystalline Li15Si4 phase. 
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Abstract 
 
 Different processing techniques have been previously applied to AE signals coming from 
dynamic tests of reinforced concrete structures on a shaking table. The dynamic test simulated 
the earthquake of Campano-Lucano recorded in Calitri, Italy. After the test, the recorded AE had 
been classified into fracture and noise hits according to various parameters: autocorrelation, 
power wavelet in different frequency bands, kurtosis, RMS from different parts of the signal and 
approximate entropy value. The results of comparing the classifications of the hits according to 
different parameters encouraged the convenience of using the filtered AE signals to obtain 
damage indices in RC structures subjected to earthquake loads. Values of the parameters thus 
obtained are used in the present paper as guidelines of our work, but the philosophy of the 
processing is now different. The hits are not already classified into fracture or noise hits 
according to different parameters, but instead relevant information is extracted from each hit by 
adequate processing and filtering. Continuous wavelet transform, most suitable for non-
stationary phenomena, was applied to each hit; various wavelet bases were tested in order to 
improve scale resolution. Different scale (frequency) bands could be ascribed to different AE 
sources; the bands were separated using statistical clustering methods. The comparison with the 
cumulative dissipated energy related to damage permitted to clearly identify the band, which 
corresponds to concrete fracture. The proposed algorithm is automatic and direct and it improves 
previous procedures, besides providing a deeper physical understanding.  
 
Keywords: Dynamical tests, continuous wavelet transform, signal processing, modeling. 
 
1. Introduction 
 

The applicability of acoustic emission (AE) to assess the damage in reinforced concrete (RC) 
structures subjected to earthquake loading was investigated in previous papers [1-3]. One of the 
main challenges in applying the AE technique to measurements obtained from such complex 
dynamic loading is to remove the spurious information not related to concrete damage. A 
procedure was applied in [1-3] to the measured AE signals obtained from dynamic shaking table 
tests conducted on a RC slab supported on four steel columns. The proposed procedure consisted 
in applying two filters; one of them was a polygonal filter over the Amplitude-Duration diagram, 
and the other one was based on the calculation of the RMS of the AE signal in different temporal 
windows. The filters were applied in order to separate the short-duration signals (associated with 
concrete fracture and, thus, with cumulative damage to the structure) and the long-duration 
signals (corresponding to other noisy mechanisms). A quite good correlation between the 
cumulative AE energy thus calculated and the cumulative damage on the concrete measured in 
terms of cumulative dissipated energy was obtained.  

 
In the present paper we intend to achieve the same or better results applying algorithms that 

involve straight, automatic and physically grounded procedures to each AE signal. In this way 
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we hope to obtain at the same time more efficient codes to assess damage and a deeper 
understanding of the basic phenomena connected with damage generation in RC structures 
subjected to earthquake loads. 

 
In the line of previous work [4,5] performed on scratch-tests on coatings, specific frequency 

bands were intended to be assigned to different failure mechanisms applying the Continuous 
Wavelet Transform (CWT) to AE signals. 
 
2. Modeling and experimental background 
 
 Modeling and experimental details are fully explained in [1-3], and the AE signals processed 
in the present work are some of those used in previous work. A brief description is provided for 
clarity.  
 
 The objective of our work is to calculate the cumulative AE energy (named AE in what 
follows for simplicity) and to perform the comparison with the cumulative dissipated energy 
related to damage (named DE) that was previously obtained in [1,2] and was named WP in those 
works. 
 
From basic principles of dynamics, and assuming that the inherent damping of the structure is of 
the viscous type, in a one-dimensional model, the equilibrium equation can be expressed by   
 0=++ r

t Fxcxm    (1) 
where x is the relative horizontal displacement between the shake table and the slab, tx is the 
absolute acceleration of the slab, c is the viscous damping coefficient (c = 4πξm/T), m is the 
structure mass, T is the vibration period, ξ  is the viscous damping fraction of the structure (see 
Table 1) and Fr is the restoring force opposed by the tested structure against the relative 
displacement x. Solving Eq. (1) for Fr the corresponding Fr-x curves were obtained, and then, the 
cumulative energy DE dissipated by the test model was calculated by integration.  
 
2.1 Experimental setup and seismic simulation 
 
 Here, the experimental acquisition of parameters is described.  The experimental setup was a 
one-story (2.8m height) and one-bay (4.8m length) prototype structure consisting of an RC slab 
supported on four box-type steel columns. It was designed following current Spanish codes 
NCSE-02 and EHE-08. From the prototype structure, the corresponding test model was derived 
by applying the following similarity laws: lλ =1/2, aλ =1 and σλ =1, where lλ , aλ and σλ  are the 
scaling factors by which the geometry, the acceleration and the stress in the prototype must be 
multiplied to obtain the corresponding dimensions in the test model. The thickness of the slab 
was 125 mm and it was reinforced with steel meshes, one on the top made with 6 mm diameter 
bars spaced 100 mm, and another on the bottom consisting of 10 mm diameter bars spaced 75 
mm. The test model was prepared in the laboratory. The average yield stress fs of the reinforcing 
steel was 467 MPa, and the average concrete strength fc was 23.5 MPa.  
 
 The test model was tried with the uniaxial MTS 3×3 m2 shaking table of the University of 
Granada (Spain). The bottom ends of the columns were fixed to the table by bolts. Similitude 
requirements between prototype and test model and the dead and live gravity load were satisfied 
by attaching additional steel blocks on the top of the RC slab. The total mass of the slab 
including the added steel blocks was m =7390 kg. The acceleration record used for the shake 
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table tests reproduced the NS component of the 1980 Campano-Lucano earthquake recorded at 
Calitri (Italy).  
 
 Two series of seismic simulations were applied to the test model. The same accelerogram 
was used in all simulations, the scaling factor of the peak accelerations (PA) being the only 
difference (Table 1). The first series consisted of eight simulations with PA increasing 
progressively from 0.08g to 0.58g (g: gravity of acceleration). The second series consisted of six 
simulations with PA increasing from 0.19g to 0.95g. The second series started with values of PA 
smaller than the maximum obtained in the first series, that is, in several simulations of the second 
series the test model was subjected to load levels smaller than those it had been previously 
exposed to. This was intentionally done so that the simulations reproduced two types of 
situations on the structure: (i) that in which the AE energy and the dissipated energy related to 
damage are dominated by the new damage associated with the opening and extension of cracks; 
and (ii) the situation in which AE energy and hysteretic energy are dominated by friction 
generated from existing damage. Both situations are realistic scenarios that the structure may 
experience over its lifetime. During the seismic simulations the test model was driven very close 
to the limit commonly acceptable on an RC structure subjected to moderate earthquakes. The 
measurements of the strain gages attached to the reinforcing bars indicated two facts: the 
maximum strain in the reinforcing bars ε max,reinf  closely reached the yield strain (2200 µε); slip 
occurred between the longitudinal reinforcing bars and the surrounding concrete. The variables ξ 
(damping fraction) and T (vibration period) of Table 1 were determined in free vibration tests. 

 
Table 1: Seismic simulations 

Test series 

PA 
(g) 

T(s) ξ(%) εmax,reinf 

(µε) 
1 2    
Simulation 
(in order of 
application) 

   

A1  0.08 0.26 1.10 497 
B1  0.10 0.29 1.14 568 
C1  0.12 0.30 1.20 638 
D1  0.19 0.31 1.26 909 
E1  0.29 0.31 1.30 1150 
F1  0.38 0.31 1.42 1361 
G1  0.44 0.31 1.48 1537 
H1  0.58 0.31 1.60 1670 

 A2 0.19 0.32 1.66 836 
 B2 0.38 0.32 2.11 1295 
 C2 0.58 0.32 2.55 1350 
 D2 0.66 0.32 3.16 1460 
 E2 0.74 0.32 3.24 1540 
 F2 0.95 0.32 3.50 1800 

 
2.2 Monitoring 
 
2.2.1 Displacement, strains and acceleration monitoring  
 Displacement, strain and acceleration were simultaneously acquired during each seismic 
simulation. The relative horizontal displacement x between the shake table and the slab was 
measured by displacement transducers. Electrical resistance strain gages were attached to 
nineteen (top and bottom) longitudinal reinforcing bars near the corner of the slab prior to 
casting the concrete. Strain gages were also attached at the upper and lower ends of the columns. 
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Accelerometers were fixed to the shake table and to the slab, which measured the absolute 
acceleration of the table and the absolute response acceleration of the slab, in the direction of 
shaking. All data were collected continuously with a sampling rate of 200 Hz by a data 
acquisition system. In addition to the electronic data, detailed visual inspections of the slab were 
made after each seismic simulation to identify the propagation of the cracks.  
 
2.2.2. AE monitoring 
 A Vallen Systeme ASMY-5 was used to measure the AE signals during the tests. Eight low-
frequency AE sensors, type VS30 set in the range 20-100 kHz, were placed on the test model; 
four positions were chosen along the four lateral sides of the specimen, while the other four 
positions were on the bottom of the specimen. In all channels, the 25-180 kHz frequency band 
was used during signal acquisition. During acquisition, a sample period of 1.6 µs and 1024 data 
were used for signal recording (200 of them, before the arrival time). Thus, the entire duration of 
the record window was tmax=1318 µs. Silicone adhesive bonding agent was used for the coupling 
of sensors on concrete. Before testing, the electric noise in the laboratory was measured and a 
calibration test by breaking pencil leads (AE Hsu-Nielsen source) along the specimen was 
carried out. Thus, it was established that using 45 dB as the threshold of detection, pencil leads 
broken at any place of the specimen could be recorded by all the sensors. Also to prevent 
undesired noise generated by the contact between the base plate of the columns and the shake 
table, four guard sensors were placed near the bottom end of the columns.  
 
 Attenuation tests were carried out by breaking pencil leads along the specimen and 
measuring the signals in all the 8 sensors. Five leads were broken at each position, and the mean 
value was calculated. Thus, it was established that 0.11 dB/cm was the mean attenuation. Then, 
keeping in mind that the point farthest from an AE sensor (the center of slab) is 94 cm away, the 
maximum attenuation of a source located at that point would be 10.3 dB. Since a threshold of 45 
dB was used, it can be stated that all the sources producing AE signals with amplitude higher 
than 55.3 dB could be recorded by at least one sensor. Note, however, that the center of the slab 
is the place where less cracking is expected, since the bending moment under lateral loads is 
approximately zero. 
 
 In general, different modes of propagation can be expected in the AE waves generated by the 
cracking of a concrete slab (i.e. longitudinal waves, transversal waves, Rayleigh waves). These 
modes of propagation superpose and are influenced by many factors such as the mechanics of the 
damaging process in concrete. Under earthquake-type cyclic loadings, the concrete experiences 
both damage associated with the opening (new cracks) and extension of cracks, and damage due 
to friction between the planes of fracture of previous cracks. Other factors such as the orientation 
of the cracks, the geometry of the specimen, the type of sensor, the multiple reflections occurring 
along the wave path between the source and the sensor etc., play an important role. Most of these 
factors are random and they can hardly be controlled. All these factors make the signal very 
cumbersome and modify the vibration modes. The analysis of a complex material such as 
concrete or of a reinforced concrete structure based on the study of the vibration modes is 
meaningless, since it is very difficult to identify the different vibration modes.  
 
 For the depth of the slab tested in this study (125 mm), the frequency of the propagation 
modes corresponding to the Lamb waves is below 20 kHz, that is, outside the frequency range of 
sensitivity of the two types of sensors used. Therefore, it can be concluded that the recorded 
waves are a mixture of longitudinal and transversal waves. Besides, the velocity of propagation 
of the longitudinal waves was measured by breaking pencil leads, giving an average value 
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(obtained with six measurements in the longitudinal direction of a concrete bar made of the same 
material of the slab) of 3200 m/s.  
 
 Due to the complexity of the test and of this type of dynamic loading, a great quantity of 
undesired friction noise and mechanical noise was expected. For this reason, different 
precautions were taken to deal with such spurious signals before and after the test. Considerable 
mechanical noise coming from the oil flow in the actuator that moved the shaking table was 
detected. The level of this noise was above 100 dB in the actuator, and about 70 dB at the base of 
the four steel columns that formed the specimen. For this reason, one guard sensor was placed at 
the bottom of each column, in order to filter out this noise and the friction noise generated in the 
connection between the base plate of the columns and the surface of the shaking table. 
 
3. AE signal processing 
 
3.1 Continuous Wavelet Transform (CWT) 
 
 The wavelet transform is widely used to analyze time series that contain non-stationary 
power at many different frequencies. We next describe the method used for the wavelet analysis, 
including a discussion of different wavelet functions and details for the analysis of the wavelet 
power spectrum. The proposed equations, obtained from the continuous formulas, have been 
adapted to discrete notation according to results obtained by other authors [6, 7]. The CWT of a 
function f(t) is defined as the integral transformation in Eq. (2)  

 ( ) ,( , ) ( ) ( ) 0s bW f s b f t t dt sψ
∞

−∞

= ≠∫  (2) 

with the wavelet function ( )tψ  and Eq. (3) has to be fulfilled. 
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In order that ( )tψ  is “admissible” as a wavelet, this function must have a zero mean value and it 
has to be localized both in time and frequency spaces. An example is the Morlet wavelet, 
consisting of a plane wave modulated by a Gaussian, i.e.  
 ( ) 2

01/4 /2ie eω η ηψ η π − −=  (4) 
where ω0 is a non-dimensional frequency, here taken as 6 in order to satisfy the admissibility 
condition. 
 
 The CWT of a discrete sequence ( )x n tδ⋅  is defined as the convolution of ( )x n tδ⋅  with a 
scaled and translated version of ψ(η) given in Eq. (5), (see [8]) 
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Although it is possible to calculate the wavelet transform using the given equations, it is 
considerably faster to do calculations in the Fourier space using a discrete Fourier transform 
(DFT). The DFT of a sequence nx  is given by 

 
   
x k =

1
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n=0
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∑  (6)
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 The following Eq. (7) was obtained by three steps: discretization of Eq. (2); DFT of Eq. (5); 
inverse DFT (IDFT). 

   
W x( )(s,n) = s  xk  

ψ k (s ω k ) 
k=0

N−1

∑ exp(iω kn δ  t)  (7) 

where the angular frequency is 
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 We can calculate the CWT for a given s and for all n simultaneously using Eq. (7) and a 
standard Fourier transform routine. It is then possible to reconstruct the original time series from 
the CWT. This is straightforward for an orthogonal wavelet transform, but it is complicated for 
the CWT because of the redundancy in time and scale. However, this redundancy has the 
advantage of allowing the reconstruction of the time series using a completely different wavelet 
function, the simplest of which is a delta function [7]. For a real time series 
  

 
( )( ){ }1/2

1/2
0

,

(0)

J j
n

j j

W x s nj tx
C sδ

δ δ
ψ =

ℜ⋅=
⋅ ∑  (9) 

where the index j is the one corresponding to the scale 02
j j

js s δ⋅= , with j=0,1,…,J. The factor Cδ  comes 

from the reconstruction of a δ  function from its wavelet transform using the function ψ(η). This factor  is 
a constant, different for each wavelet function; for the Morlet wavelet it is =0.776 Cδ . 
 
 Summarizing, the calculation is essentially described in Scheme 1. 
 Scheme 1 

1. Selection of the wavelet function 
2. Discretization and scale selection 
3.  DFT calculation of the signal and the wavelet  
4. IDFT calculation of the product of both Fourier transforms 
5. Eventual reconstruction of the filtered signal 

 
3.2 Statistical clustering (K-means algorithm) 
 

A very popular approximate non-hierarchic method is the K-means method [9-11], which has 
been used in previous occasions [12-15] with very good results. The idea of this algorithm is to 
divide the n samples into k groups/clusters according to how far the sample is from certain mean 
values, which are found in an iterative procedure. In this way, the concept of metric is introduced 
and a distance definition is needed. In our case, we used the Euclidean distance. The number of 
clusters k should be selected from the beginning according to physical criteria. 

 
For a given a set of samples, each one consisting of n samples {xi}, the K-means algorithm 

will try to find the vector of k-means values {µi}. The algorithm starts with random seeds for the 
{µi} values and from them all the samples are classified according to the nearest µi. Once it is 
done, the mean values are recomputed applying maximum-likelihood criteria until the difference 
with the previous set of {µi} is practically zero. The calculation is concisely described in Scheme 
2. 
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 Scheme 2 
1. begin 
2. initialize variables n, k, µ1, µ2,… µk 
3. do  
4. classify n samples according to nearest µi 
5. recomputed µi 
6. until no change in µi 
7. return µ1, µ2,… µk 
8. End 

 
In the present work the selected number of clusters was 2, because we considered that relevant 
information related to concrete damage corresponded to a specific frequency band. 
 
4. Results and Discussion  
 
4.1 Wavelet selection 
 
 The seismic simulations B1, D1, F1, H1, D2, and F2 were selected from Table 1.  The first 
step in the wavelet analysis was the selection of the wavelet function among different 
possibilities: orthogonal or non-orthogonal, complex or real, shape. We decided to use the non-
orthogonal transform because we did not expect very sharp variations in the absolute values of 
the wavelet coefficients. Different wavelets were tested: Morlet, Paul of order 4, (both complex) 
and Derivative of a Gaussian (DOG) of order 2 (real). In all cases the wavelet power spectrum, 
defined as |(W x)(s, n)|2, was plotted on a time-scale mesh. Although similar results were 
obtained for the three wavelets, the Morlet wavelet was selected because of the best scale 
resolution. 
 

Table 2. Morlet wavelet index and scale and Fourier period and frequency  
 

Index 
(j) 

Scale 
(s) 

Period  
(µs) 

Frecuency  
(kHz) 

0 3.2 3.3 302 
1 3.8 3.9 254 
2 4.5 4.7 214 
3 5.4 5.6 180 
4 6.4 6.6 151 
.. .. .. .. 
8 12.8 13.2 76 
9 15.2 15.7 64 
10 18.1 18.7 53 
11 21.5 22.2 45 
12 25.6 26.4 38 
13 30.4 31.4 32 
14 36.2 37.4 27 
15 43.1 44.5 22 
.. .. .. .. 
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4.2 Wavelet scale and Fourier frequency 
 
 It is convenient, from the computational point of view, to express the scales as potential 
functions with fractional exponents and base 2. In all the cases the scales were taken as: 

0 2
j j

js s δ= ⋅ , with j = 0, 1, …, J, the lower scale being so = 2 δt, where δt is the sampling period of 
the signal (1.6 µs) and ( )1

2 0log /J j N t sδ δ−=  is the index that allows to obtain as highest scale 
value maxs N tδ= ⋅ . Table 2 shows the scales used for a sampling period of 1.6 µs that was the 
same for all the seismic simulation signals, and δj = ¼. To find the relationship between the 
wavelet scale and the period we performed the wavelet transform of a cosine wave of known 
frequency with a particular wavelet function (Eq. 7). Then, the scale at which the wavelet power 
spectrum reaches the maximum is calculated, and this period is known as the equivalent Fourier 
period [16]. Using the Morlet wavelet, with ωo = 6, the scale has to be multiplied by 1.03 to 
obtain the period.  
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 1. Typical wavelet power spectra. Test D2. Time in microseconds. 
 
 Figure 1 shows typical wavelet power spectra from signals obtained in the seismic simulation 
D2. The highest values of absolute wavelet coefficient occur at characteristic scales. This was a 
general result.  
 
4.3 Statistical clustering (K-means Algorithm)  
 
 In order to clearly recognize the wavelet scales related to different processes the highest 
value in each CWT matrix was considered. The wavelet scale location of these maxima was 
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defined as a component of the data vector, to which the one-dimensional (1D) K-means 
algorithm was applied [15]. We found that the maxima occurred at the scales: 12.8; 15.2; 18.1; 
21.5; 25.6; 30.4; 36.2. Figure 2 displays a graph where the time (horizontal axis) refers to the hit 
occurrence and the wavelet scale (vertical axis) refers to the scale, for which the absolute value 
of the wavelet coefficient is highest for the given hit. We then applied the K-means algorithm 
with different number of centroids k, finding that for k = 2 the scales 36.2 and 18.1 (see Fig. 2) 
were the most significant. In fact, the centroids were located at these positions and they can be 
clearly seen as two horizontal lines in Fig. 2. From previous works [1-3], we knew that high 
scales are associated with noise. For this reason, the scale 18.1 was pre-assigned to concrete 
fracture. This result was validated in our work as it is explained in Section 4.4. 

 
Fig. 2. 1D Clustering applied to the scale location of the maximum absolute values of CWT 
versus the time of hit occurrence. Test D1 in Table 1.  
 
4.4 AE Energy (AE) 
 
 The cumulative dissipated energy in damage processes, obtained by integrating rF  over x , 
that is to say DE, is considered an appropriate parameter for characterizing low-cycle fatigue 
damage in RC components and is used for well–established RC damage indices [17]. Correlation 
between the AE energy obtained from filtered signals (AE) and DE was previously performed 
and demonstrated in [1,2]. Our objective is to perform the same correlation with signals filtered 
with the method proposed in the present work. For that, from the wavelet transform of the signal 
we picked up the coefficients of scales assigned to fracture and then reconstructed the filtered 
signal (Eq. 9). AE of the filtered signal was calculated; this procedure is necessary for non-
orthogonal wavelet functions. For all the tests analyzed in this work the best correlation between 
cumulative AE and DE was obtained when the 18.1 scale-53 kHz band was considered. This 
result could not be improved with other bands or by adding different bands. Figure 3 shows as an 
example the evolution of cumulative AE and DE for test D1, considering for AE only the scale 
18.1, only the scale 36.2 and the whole signal (not filtered signal). 
 
 Figure 4 shows the comparison of cumulative AE of the band 18.1 and cumulative DE for all 
the seismic simulation considered in the present work. It can be seen that both curves follow 
similar trends, like in paper [1,2]. The advantage of the present results is that they were obtained 
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with a more direct and faster procedure, which is implemented in a totally automatic way and a 
deeper understanding is possible.  
 

 
Fig. 3. Correlation between cumulative AE (blue) and cumulative DE (green) for test D1.  

 
 A portion of the mechanical energy provided by the actuator dissipates into heat; this portion 
can be obtained by integrating the viscous force over x. Another portion of the mechanical 
energy dissipates into damage; it can be obtained by integration of the restoring force over x. 
This dissipation occurs when irreversible microstructural changes take place: fracture processes 
in concrete and deformation processes in the reinforcing steel. These damage processes 
altogether contribute to DE. On the other hand, the cumulative acoustic energy AE is mainly due 
to the fracture of concrete and friction between faces of previous cracks. By comparing the blue 
and the green curves in Fig. 4, we can think that in the case that a jump in DE is not 
accompanied by a similar jump in AE it is because the deformation of reinforcing steel is 
prevalent. When a jump in AE occurs that is not accompanied by a jump in DE, this would 
indicate a process connected with previous fracturing; it could be ascribed to friction between the 
faces of previous fractures. In general we can infer from the graphs that concrete fracture is 
prevalent and/or fracture of concrete and deformation of reinforcing steel are correlated; this 
would explain the similar trends. These facts deserve to be quantitatively established in future 
work.  
 
5. Conclusions  
 

1. The wavelet power spectra obtained with the Morlet wavelet reaches maximum values 
mostly at certain scales (frequencies). This was observed visually and then fully 
automatically corroborated using the K-means algorithm. 
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Fig. 4. Normalized AE (blue) reconstructed with scale 18.1 and DE (green). Curves show the 
evolution of cumulative energy. 
 

2. We could identify the AE frequency band associated with concrete damage mechanisms 
(opening and extension of new cracks and friction of previous fracture faces) in 
reinforced structures submitted to load tests simulating moderate earthquakes.  

3. We found that filtering the acoustic signals by the CWT and reconstructing the signal by 
taking the coefficients corresponding to the scale 18.1 (frequency 53.3 kHz) we obtained 
a quite good correlation between the cumulative AE and DE for all the seismic 
simulations considered in the present work.  
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Abstract 
 
 Acoustic emission is a powerful NDT to detect the internal cracking process of civil engi-
neering materials qualitatively, which cannot be readily realized by other NDT methods. Identi-
fied AE sources through the AE measurement help reveal further information on fracturing be-
havior based on the energy-related AE parameters, slope of the waveform as well as frequency 
features of the waveform. From these experimental findings, several promising AE procedures 
may be applied for the damage assessment of actual infrastructures. These AE activities of in-
situ applications are typically ‘secondary emission’ produced by friction among existent cracks 
or damage. Thus, fracture-originated AE activity, primary AE activity, is not applicable to the 
infrastructure damage assessment. In this paper, several AE findings toward in-situ infrastructur-
al assessment for their current status are mainly described. Specifically AE parametric features 
useful for the damage assessment are summarized; elimination of ambient noise when utilizing 
active mobile loads is clarified; strategic AE monitoring procedure for a large structure is 
demonstrated; several promising AE waveform features are introduced with fatigue tests of con-
crete bridge deck; and the latest on-going studies for a global inspection over the whole of struc-
tures with AE technique are demonstrated.  
 
Keywords: Damage assessment, infrastructures, secondary AE activity, transfer function, quan-
titative NDT 
 
1.  Introduction 
 
 Acoustic emission (AE) is an elastic wave generated due to crack occurrence or crack coales-
cence. As AE activity characterizes such fracture states as early, intermediate and final stage, it 
has been employed as a precursor alerting the impending failure of materials or structures. When 
the AE technique is applied for damage assessment in infrastructures, e.g., civil engineering 
structures, one shall pay his/her attention to other types of AE activity in distinction from the 
former AE activity, namely primary AE activity. In Fig. 1, schematic behavior of damage pro-
gress as a function of time is demonstrated, where the circles show the time of AE monitoring as 
in the most ideal case for an important infrastructures but in actual, AE monitoring has been 
conducted so far only for the experimental case or the case of crucially damaged important struc-
tures. As in the open circles of the chart, AE monitoring has sometimes been utilized as to expect 
a real time trace for the eventual failure. The author has been involved in the rock failure moni-
toring on the basis of this expectation, and reported that internal deformation of rock slope could 
be evaluated by several promising AE parameters, predicting resultant final failure [1-4]. Indeed 
this continuous AE monitoring is in demand for important infrastructures; however, it was for 
the limited number of infrastructures, and the actual requirement of AE monitoring lays in other 
purposes i.e., evaluation of current condition is the highest demand and which shall be conducted 
in such a short period as a coupe hours or several days at the longest. In this monitoring, obtain-
ing AE activity is not from newly crack occurrence but emerged due to reversible motion of ex-
istent damage. This is referred to as secondary AE activity while the other is defined as primary 
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AE activity as aforementioned. In this paper, with secondary AE activity, recent advances of AE 
technology for damage assessment in infrastructures are drawn. Specifically in the following: AE 
parametric features being useful for the damage assessment are summarized; elimination of am-
bient noise when utilizing active mobile loads is clarified; strategic AE monitoring procedure for 
a large structure is demonstrated; several promising AE waveform features are introduced with 
fatigue tests of concrete bridge deck; and the latest on-going study utilizing the transfer function 
of AE waveforms is demonstrated. 
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Fig. 1. General AE behavior approaching final failure. 

 
2.  AE based damage assessment parameters 
 
2.1 Load ratio, Calm ratio, RTRI, i-Load ratio and i-Calm ratio derived from Kaiser effect 
 
 Under incremental cyclic load application to materials, AE activity can be represented with 
damage progress as shown in Fig. 2, where the damage progress is assumed to be classified into 
four different levels: intact; almost intact; slightly damage; and heavily damage. Due to crack 
occurrence, AE activity starts to be observed e.g., one in the first cycle. And in subsequent se-
cond load cycle, the AE activity starts at the load level being equivalent to maximum prior load. 
This coincidence between pre-stress and applying stress is referred to as Kaiser effect and have 
been studied in civil engineering to evaluate initial rock stress (e.g., Seto et al [5]). During the 
third load cycle in which the material exhibits slightly damage, the onset of AE appearance is at 
a smaller level than previously. Decrease of effective areas against external force or accumula-
tion of microcracks within materials appears to play a significant role in this fact. Considering 
the relation of the stress showing the onset of AE activity to the stress experienced, such dam-
age-indices as Felicity ratio (Fowler [6]), CBI ratio (Yuyama et al [7]), and Load ratio (JSNDI 
[8]) have already been proposed. With damage evolution, not only the AE activity during up-
loading, but that during unloading becomes more intense. Therefore, it is also important to focus 
on unloading processes (Shiotani et al [9]). Accumulation of shear type of cracks seems to be 
attributed to this phenomenon. The ratio of accumulated number of AE activity during uploading 
to that during a whole loading cycle is referred to as Calm ratio (JSNDI, [8]). 
 
 For the ratios mentioned previously, they may be difficult to apply for in-situ monitoring 
since evaluation of the maximum stress in which materials have experienced is not readily as-
sumed. Thus, a RTRI ratio has been proposed instead (Luo et al [10]). The RTRI ratio can be 
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defined with regard to any measured mechanical parameters, such as stress/load, 
strain/deformation. Specifically it is the ratio of the value of the parameter when AE is initiated 
divided by the maximum value of this parameter during the inspection period, regardless of the 
maximum load in the whole loading history of structures. 
 

 
 

Fig. 2. AE activities with application of incremental cyclic loads. 
 

 
Fig. 3.  Identification of the onset of AE activity in i-Load ratio. 

 
 Using these AE damage indices, current damage status of structures can be evaluated qualita-
tively; while recovery, suggesting how much degree the structures were repaired, could not be 
quantified. Since both Calm ratio and Load ratio are relative values, normalized by an accumu-
lated number of AE activity during the whole loading cycle or by the maximum value of referred 
parameter like pressure, respectively, these indices do not take into account substantial differ-
ences in the obtained number of AE hits before and after repair. Therefore, the recovery rate has 
been proposed considering the numbers of AE hits obtained before and after repair [11]. Specifi-
cally to obtain the recovery rate, Load and Calm ratios are modified based on the AE activity ob-
served as in demonstrated in Fig. 3 for the modification of Load ratio. Here, two typical AE hits 
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vs. load curves (before and after repair) are shown. Conventional “Load ratios” are defined by 
dividing Pb, or Pa values (before and after repair, respectively) with the previous maximum load, 
Pmax. Instead, we introduce the threshold value (in percent a) to determine the onset of cumula-
tive AE curve. Suppose total AE hits before repair, TAEb, is 100 and we set a to be 10%. Thus, 
the threshold hit value or TAEt is 10. This defines PAEb for AE hits vs. load curve before repair. 
After the repair, we use the same threshold value as before, i.e., 10 in this case and we obtain 
PAEa. By dividing PAEb and PAEa with the previous maximum load, Pmax, we define improved 
Load ratios or “i-Load” ratios. As found we employ an identical condition for judging the onset 
of AE curves for before and after repair. 
 
 For modification of Calm ratio, we multiply a conventional Calm ratio with the ratio of cu-
mulative AE activity after repair to that before repair. This allows us to factor in the variation of 
AE hits before and after. This new index is named improved Calm ratio or “i-Calm” ratio. 
 
2.2 Grade providing fracture types  
 
 Figure 4 illustrates the variation of waveforms with fracture processes. In the process of pro-
gressing fracture within materials, tensile type of cracks would be mostly obtained in early stage, 
then mixed mode of tensile and shear type, followed by shear type of cracks (Yuyama et al [12]). 
It is known that tensile fracture velocity ranges from P-wave to 60-70% of S-wave velocity and 
shear fracture velocity would be 60-70% of S-wave velocity (Kanamori [13]). Corresponding to 
the variation of these crack types, it is expected that fracture velocity becomes smaller with pro-
gress of fracture although dislocation-scale becomes larger. This implies two important facts in 
AE waveforms: one is that gradients of ascending parts of waveforms become smaller with the 
progress of fracture; and the other suggests that low-frequency components would be dominant 
with progressing fracture. Therefore ‘grade’ is introduced [14], which is defined as the peak am-
plitude divided by the rise time. The large values of grade suggest the early stage of fracture 
where cracks of tensile type are dominantly generated, while smaller ones imply the approach to 
the final stage where cracks of shear type primarily occur (see Fig. 4). Indeed as shown in Fig. 5, 
the grade due to tensile type of failure exhibits the largest value followed by mixed type and the 
shear type of fracture. It is noted that applicability of the gradient has also been studied on the 
process of concrete materials (Iwanami et al. [16]) or on classification of crack types in combina-
tion with average frequency [17]. 
 

 
 

Fig. 4.  Variation of AE waveforms with damage progress. 

Tensile crack Mixed mode crack Shear crack
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2.3 Improved b-value obtained from peak amplitude distributions 
 
 Because AE peak amplitude is associated with the scale of fracture, the b-value defined as a 
slope of the amplitude distribution is known as an effective index related to the states of fracture 
(Mogi [18], Scholz [19]). Larger b-values show the state of materials where microscopic frac-
tures occur more predominantly than macroscopic fractures, whereas smaller b-values indicate 
that the occurrence of macro-fractures prevails. Since the b-value was originally defined in seis-
mology i.e., obtained in a long time span with a lot of numbers of observatories, and therefore 
the precise evaluation was possible, being different from the AE applications where there existed 
issues to be addressed. Thus, instead of the seismic b-value, an improved b-value (Ib-value) has 
been proposed (Shiotani et al [1]), which is suitable for AE applications dealt with any kinds and 
scale of materials/ structures. 
 

 
Fig. 5. Variation of grade (dB/µs) due to different types of fracture in four point bending test of 
RC. Fracture type characterization was implemented by SiGMA procedure ([15]). 
 
 In the improved b-value analysis, the number of AE data to be used should be first set. 
Roughly, two methods for determining the calculation number have conventionally been em-
ployed: a) accumulated numbers from the beginning data; and b) numbers per unit time. In the 
former case, the number of data used to determine the b-value is increasing with elapsed time. In 
the latter case, because the AE activity increases exponentially with approaching final failure, it 
is apparent that the number of AE data determining the b-value is differed in each unit time. Sta-
tistically it is so important to use the constant number of AE data when determining the b-value 
that the number of AE data: b, is introduced as in (1) to improve the calculation of the b-value: 
 n(a)da = β

0

∞

∫  
(1) 

where a is an amplitude, n(a) is a number of AE at da and b is a number of AE data. Values of 
b between 50 and 100 are considered appropriate as suggested by other studies (Shiotani et al 
[20]). In actual, in the improved b-value calculation, a fixed number of b between 50 and 100 
should be used throughout the whole experimental data. 
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 The value of AE peak amplitude varies with monitoring conditions such as sensor installa-
tions, propagation media, and occurrence locations, resulting that the AE amplitude distribution 
is also dependent on these conditions. In order to obtain the b-value qualitatively, a method to 
determine the amplitude interval being independent on the distributed amplitude is necessary. In 
the improved b-value analysis, the range of AE amplitude is determined based on such statistical 
values as the mean m and standard deviation σ, where the upper amplitude w2 and lower w1 are 
formulated as m+a1σ and m-a2σ, respectively. We define the accumulated numbers of amplitude 
over w1 and w2, as N (w1) and N (w2), which is obtained by, 
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∞
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where the interval of amplitude analyzed would be (a1+a2)s. Then the Ib-value is given by, 
 

Ib = log10 N(w1) / N(w2 )
(α1 +α2 )σ

 (4) 

where a1 and a2 are empirical constants. It is noted that since Ib-value is calculated on the basis 
of decibel unit. When comparing with seismic b-value, the Ib-value shall be multiplied by a coef-
ficient of 20. The Ib-value has successfully been applied to evaluate the developing process of 
fracture in such materials as soil (Shiotani et al. [2]), rock (Shiotani et al. [21]), and concrete 
(Shiotani et al. [20, 22, 23]). Several similar attempts have so far been found elsewhere [e.g., 24] 
but it is noted that improved b-value is the original employing constant numbers of AE data in 
combination with statistical values of amplitude distribution to the AEs’ b-value analysis. Also it 
is very important to recognize when applying the AE technique to low attenuation materials with 
plural numbers of AE sensors or to the materials where numerous macroscopic failures happen 
over the area of interest that: for the former case, as the b-value analysis shall be carried out 
based on the AE source magnitude i.e., calculation based on a specified sensor shall be avoided 
and source magnitude, and AE source amplitude, average amplitude with all contributed sensor 
to the source location, or AE amplitude with first arrival sensor shall be employed; and for the 
latter case, in addition to the former consideration, the b-value shall be obtained individually 
with sectioning area of interest into several parts.          
 
3. Acceleration of mobile traffic with train passage  
 
 When secondary AE monitoring is carried out utilizing such mobile loads as railway traffic 
[25, 26], it is worth understanding that what frequency components are directly generated due to 
the train passage. In order to know the frequency components, accelerometers were placed on the 
bottom of an elevated arch brick bridge. The acceleration due to the train passage was measured 
with two accelerometers (750WI, TEAC) of which the frequency response ranges from 3 Hz to 
10 kHz. To study higher frequency spectrum, the acceleration signals were recorded in a signal 
recorder (GX-1, TEAC) with a sampling of 200 kHz.  
 
 As a result, the frequency spectrum showed a slightly difference with the direction of train 
movement, namely in-coming trains or out-going trains. The frequency due to the train passage 
ranged from 80 Hz to 130 Hz. Figure 6a shows a typical waveform detected and its FFT result 
due to train passage as shown in Fig. 6b. 



 

 82 

 It is generally recognized that this range of frequency, namely 50- 180 Hz, is far below the 
frequency response of AE monitoring system, suggesting no influence on AE monitoring. To 
verify this assumption the experimental study with a reaction type shaker were conducted.  
 

 
 (a) Wafeform  (b) Fourier spectrum 

Fig. 6. Typical detected AE signal due to train-induced acceleration. 
 
 Three frequencies (with the force output in newtons), 30 Hz (300 N), 40 Hz (160 N) and 50 
Hz (100 N), were excited by a reaction-type shaker (Model F4/Z820WA, Wilcoxon Research, 
Inc.). The shaker used has a reproducible frequency ranging from 10 Hz to 7.5 kHz. A brick wall 
was employed as a propagation medium, which has a height of 1,530 mm, a width of 1,530 mm 
and a thickness of 430 mm. The shaker was firmly stud-mounted on one side, and an AE sensor 
of 60 kHz resonance (R6, PAC) was set on the other side of the brick wall with wax, resulting in 
propagation distance of 430 mm. AE signals detected were recorded with Mistras AE system un-
der the condition of 2 MHz sampling and a 1k words length. It is noted that the frequency re-
sponse of the AE monitoring system ranges from 10 kHz to 10 MHz. 
 
 Surprisingly, although the accelerations were excited with a range of frequency between 30 
Hz to 50 Hz, showing far below frequency range of that in in AE monitoring system, AE wave-
forms detected had frequency peaks ranged from 7.8 kHz to 9.8 kHz, suggesting increase of two 
orders of magnitude in the frequency of excitations. A typical waveform and its FFT result in 
case of 50 Hz excitation can be found in Fig. 7. A peak frequency was observed at 9.8 kHz in 
case of 50 Hz. 
 

 
Fig. 7. Typical waveform and FFT result in acceleration of 50 Hz. 

 
 This suggests that even when the lower frequency accelerations than that of the response of 
AE system were generated, the AE sensors detected the induced accelerations as AE signals for 
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the case of large energy. From this discussion, it leads to a conclusion that train passage or com-
patible passage by vehicles has a potential to generate indirect AE signals that have a peak fre-
quency around the lowest limit of the AE system, namely 10 kHz in our experimental condition. 
Thus, to avoid such indirect emissions due to passage-induced noise superimposed to AE signals 
due to crack behavior, spatial filter using AE source location might be crucial since the frequen-
cy of the secondary AE activity includes these lower range of AE frequencies. 
 
4. Strategic phased AE monitoring  
 
 With sparsely arrayed AE sensors at low frequency, wide range monitoring for infrastruc-
tures is possible, suggesting most-likely deteriorated areas, while more precise investigation is 
possible when employing high-frequency resonant AE sensors with dense arraying. In this way 
an objective area and the resolution of monitoring can be arranged by using suitable type of AE 
sensors according to the demand. The following is an example when AE monitoring was applied 
to such large infrastructures as bridges, where the preliminary investigations showed little deteri-
oration in a 45-m bridge span by both surface-crack observation and physical tests of excavated 
cores [27].  

 
 

Fig. 8. AE monitoring details with crane mobile load. Positions both of AE sensors and strain 
gauges are shown. 
 
 In order to know the relatively damaged area for the longitudinal structure, a linear arrange-
ment of AE sensors with a space of 1.5 m over 45 m in a longitudinal direction is carried out as 
shown in Fig. 8. A total of 28 sensors of 60-kHz resonance are placed on the bottom surface of 
the bridge with wax. The AE testing was performed while moving a heavy vehicle of 20 tons 
crane over the bridge. Based on the AE activity the part of structure being most likely to exhibit 
higher degree of damage than the other areas was followed to select the detail investigation, or 
end up in this first monitoring when no active parts of AE were found. In the former case, the 
selected area is again measured for AE activity with a denser sensor array in 2D. Using the 2D 
arrayed AE sensors, a surface ultrasonic examination is also conducted in order to investigate the 
P-wave velocity of concrete at the area of interest.  
 
 As stated already, in order to calculate the Calm ratio, the AE activity should be correlated 
with a mechanical parameter. In this case, it was conducted by the measured strain at the middle 
point of the bridge span and the AE activity recorded by the two sensors placed closest to the 
center (#13 and #14 of Fig. 8).  
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 The number of hits for three different trips of the crane exhibited the resultant Calm ratios 
ranging from 0.3 to 0.45 for any individual passage of the crane, indicating serious damage ac-
cording to past studies [26]. 
 

 
Fig. 9. 1D AE sources along with repeated mobile loads. 

 
 One-dimensional AE sources are determined by the 28 linearly placed sensors. The locations 
of AE sensors and resultant AE events activity within each 10-cm segment are shown in Fig. 9. 
Intensive AE activity was always emerged at about 3 m, irrespective to the trip, and therefore an 
area around 3 m in the figure was chosen for the subsequent detail monitoring, where the separa-
tion distance of sensor is 1.5 m, forming the examined area of 3 m by 3 m of three parallel arrays 
of three as shown in Fig. 10. Nine sensors were used for this detail test. 
 

1.5m 1.5m 

1.5m 
1.5m Bottom 

surface 

sensors  
Fig. 10. Arrangement of AE sensors (60 kHz resonant) both for 2D AE monitoring and UT. 

 
 As shown in Fig. 11, remarkable numbers of AE events ranging from small to large scale 
were obtained. Specifically those appeared along the tires’ trace of the mobile vehicle employed. 
Velocity tomogram leads to a characteristic low velocity zone, developed diagonally in the area 
of interest. The low velocity zone might be attributed to a subsurface defect, although the depth 
cannot be easily determined. Considering the fact that the AE events were intensively generated 
on this low velocity zone, it can result from concrete cracks, delaminations of different layers 
(e.g. asphalt on concrete) or friction between the tendon ducts. Also matrix concrete would be 
possible origins to induce AE activity due to the loading. As found in this phased AE monitoring, 
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this sequential investigation, started with global AE monitoring then local AE monitoring, fol-
lowed by detailed measurements of ultrasonic P-wave velocity are very useful in characterizing 
the quality of large-scale concrete structures. 
 

 
Fig. 11. Identified 2D AE sources along with mobile load (see circles) and velocity tomogram 
obtained from surface UT measurement. The vertical direction of the figure corresponds to the 
longitudinal direction of the bridge. 
 
5. Evaluation of fatigue damage of concrete bridge deck  
 
5.1 Experimental set up 
 
 Repeating wheel loading, particularly by heavy vehicles, is known to be the major accelera-
tor to cause serious fatigue damage of reinforced concrete (RC) deck on road bridges [e.g., 28]. 
A visual investigation from the bottom surface of the deck so far assesses the integrity of the 
bridge deck; however, this visual evaluation is only possible after the emergence of surface crack 
i.e., internally evolving cracks due to rebar corrosion or delamination among layers are only rec-
ognized when they develop into the critical stage as to be observed on the surface. In addition 
this visual observation cannot be applied for the deck, of which the bottom surface has already 
covered with such reinforcing sheets as steel and FRP [e.g., 30]. In the following, AE testing is 
experimentally applied to the fatigue failure of RC deck with steel-wheel loading apparatus. Note 
that AE monitoring is conducted applying static loads when repeated wheel loading is suspended. 
Specifically the static loads are applied after the initial loading, 10,000 loading and 20,000 load-
ing. In addition to the AE monitoring, internal conditions were also assessed by ultrasonic to-
mography. The experimental detail can be found in [29]. 
 
 The RC test specimen being subject to the cyclic load, having dimensions of 3,000 x 2,200 x 
180 mm was set on an experimental apparatus. To accelerate the subsequent fatigue damage, 
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initial load up to 150 kN was applied to the center of the specimen, followed by repeated wheel 
load of 100 kN. The wheel loading is applied to the central part in the longitudinal axis up to 
20,000 times of passage. After each stage of initial state, 10,000 times and 20,000 times of pas-
sage, the test was stopped for elastic wave tomography tests to obtain the internal velocity distri-
bution. Subsequently incremental cyclic loads by 20 kN up to 100 kN are applied at the center of 
the specimen to induce the secondary AE activity from existent defects. AE monitoring was con-
ducted with 12 AE sensors of 60-kHz resonance, placing six on the top and six on the bottom as 
shown in Fig. 12. The signals detected by the sensor were amplified by 40 dB, and processed and 
recorded by AE monitoring system (SAMOS, PAC) with 1 MHz sampling and 2k samples. With 
regard to the tomography, totally four sections of 50 x 18 cm each avoiding the loading area was 
set for the measurement as shown in Fig. 13. In each section, elastic waves were generated by the 
pulser on both surfaces placing five-sensor with a space of 50 mm on the other surface in turn. 
The sensors and monitoring system used are the same as in the AE monitoring as shown previ-
ously. To input transit time of the entire ray paths into the tomography program [31], the first 
motion of the detected waves was extracted.   
 

 
Fig. 12. Arrangement of 12 AE sensors. 

 
5.2 Ultrasonic tomography 
 
 As a typical case, velocity distributions in L1 section (see Fig. 13) are shown in Fig. 14. In 
general, concrete with the P-wave velocity of more than 3,500 m/s is evaluated as good, and in 
case of more than 4,500 m/s as excellent, while those of less than 3,000 m/s are considered as 
poor and as very poor when less than 2,000 m/s [32]. As seen in Fig. 14, the evolution of damage 
areas due to increase of wheel loadings could be identified with low velocity zones denoted by 
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yellow to red colors, corresponding to less than 3,000 m/s in the velocity. As in our past studies 
[e.g., 33], the damage areas could be identified with low velocity zones of elastic wave. 

 
Fig. 13. Sensor array of elastic wave tomography. 

 

 
 (a) after initial loading  (b) 10,000 passage  (c) 20,000 passage 

Fig. 14. Tomogram in L1 section. Legend shows the velocity in m/s. 
 
5.3 Limitation of solely damage-evaluation with Calm ratio and RTRI ratio 
 
 The Calm and RTRI ratios both from incremental cyclic load tests can be found in Fig. 15 
and Fig. 16, respectively. Again, AE measurement was conducted with incremental cyclic loads 
following the specified numbers of wheel loading. Therefore no mechanical noise due to wheel 
loading was included in these AE activities. In these figures, diamonds denoting the case of ‘af-
ter initial loading,’ exhibit the AE activity in the second loading after the initial wheel loading 
with 150 kN, i.e., the specimen had already experienced the load up to 150 kN. In the same way, 
squares indicate the result when 10,001st loading and 20,001st for triangles. It is noted that if 
damage degree could be obtained quantitatively based on the past stress-experience, the ratios in 
a certain situation, e.g., 10,000 passage in the figures, must stand as an intrinsic value, irrespec-
tive to the load applied; however contrary to this assumption, the ratios varied corresponding to 
the load applied. Specifically in the Calm ratio as shown in Fig. 15, a large applied load gives 
large Calm ratio, indicating the development of damage due to load increase. For the RTRI ratio 
shown in Fig. 16, large RTRI ratios, implying damage mitigation, were obtained as load in-
creased. In either case, both ratios could not well quantify the damage by their values. These in-
dices are plotted in Calm-RTRI ratios chart as shown in Fig. 17. In the window, provisional lines 
are drawn to classify the damage. As seen, the plots in the case of initial loading reveal in the 
bottom-right indicating intact/minor damage, and these plots shift to the top-left as passage 
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proceeds, implying the progress of failure. Combination plots of these two indices of Calm and 
RTRI ratios have a potential to quantify the fatigue damage. 

	  
Fig. 15. Calm ratios in three damage cases. 

 
Fig. 16. RTRI ratios in three damage cases. 

 
5.4 Peak frequency 
 
 The frequency features such as peak and centroid provide valuable information on materials’ 
damage status [34]. This fact was readily confirmed when controlled artificial signals, of which 
the frequency components are known already, were excited. In this case unique variations of fre-
quency component through travelling are only dependent on the materials properties. Ultrasonic 
waves lose their high frequency components when they travel through the media, influenced by 
the attenuation/scattering effect from defects, and as a result the lower frequency components of 
detected signals are enhanced for the severely damaged cases. As for AE waveforms, however, 
resultant frequency components are influenced also by the source types, namely fracture behav-
ior causing various displacement-time function in addition to the materials properties, i.e., the 
frequency components of the measured AE signal do not always reflect the materials damage 
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condition alone. Fortunately in this study we are dealing with the secondary AE activity obtained 
mainly from identical types of source, namely, friction between existent crack interfaces, the fre-
quency components of detected AE waveforms can be regarded as influenced principally by the 
quality of propagation media. Figure 18 shows the average of peak frequencies of detected AE 
waveforms in each case. Undoubtedly the peak frequency decreases with damage progress, and it 
was confirmed that the peak frequency of measured AE signals could be a clue to provide the 
degree of damage.  

 
Fig. 17. Calm and RTRI ratios in three damage cases. 

 

 
Fig. 18. Average peak frequencies of AE waveforms. 

 
5.5 Specimens cut from actual bridge deck 
 
 Elastic wave excitations for tomography and AE measurement were both conducted for two 
specimens cut from in-situ concrete deck. In this particular case, one of the most complex deteri-
oration patterns to investigate is taken. Specifically to reinforce the deck after severe deteriora-
tion, an additional concrete layer over the original deck was cast; however, invisible lateral 
cracks were also generated as shown in Fig. 19. The specimens are referred to as No. 1 for seri-
ously damaged case and No. 2 for intermediately damaged case based on the sectional observa-
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tion.  For these in-situ specimens, Calm ratio and RTRI ratio are given in Figs. 15 and 16, re-
spectively. With in-situ specimens, variations of both ratios due to applied load could be ob-
served as before; it is noted that two results of in-situ specimen #1 & #2 enclose those of 10,000 
and 20,000 passage damage, and those are quite different from that of initial loading.  
 
 As noted earlier, in-situ specimen #1 appeared to be more deteriorated than that of #2; how-
ever, the findings from Calm ratio, RTRI ratio and the combination of both ratios (see Figs. 15-
17) could not separate the damage of the two specimens adequately. This might be caused by the 
heterogeneity of damage evolution. The damage condition observed from the side could not al-
ways reflect the internal damage.  
 

 
Fig. 19. Side view of in-situ specimen #1 cut from actual concrete bridge deck. 

 
 The average peak frequencies from the in-situ specimens again show their similarity (Fig. 18). 
Low average frequencies were obtained from both of the in-situ specimens. Although the evolu-
tion pattern of the cracks were different from ones of the wheel loading test, the average  peak 
frequencies in the in-situ cases is equal to or even less than the value of 20,000, suggesting the 
in-situ specimens were damaged as equivalent or more to the case of 20,000 passage.  
 
 As described above, using sparsely arrayed AE sensors, followed by extracting AE frequency 
features, global investigation of bridge decks’ integrity can be carried out. Once the area of inter-
est is determined, further detailed information as sectional damage can be visualized by ultrason-
ic tomography procedure.  
 
6. New approach for assessing damage with transfer functions of AE waveforms [35] 
 
 The frequency characteristics of AE waves could imply the damage condition of infrastruc-
tures in comparison to other features of elastic waves. In this case, exact quantitative evaluation 
for the damage is only possible in case where every AE waves travelled in the compatible dis-
tance. As the frequency characteristics of AE waves are also known, which depend on the result-
ant propagation distance, obtained frequency does not always demonstrate the damage condition, 
providing the rough evaluation [36]. Thus as one of on-going studies, transfer functions of prop-
agation media are briefly described here to quantify the damage with AE waveforms. 
 
6.1 Conceptual configuration 
 
 AE waveforms are obtained as convolution of functions of source, propagation media, sensor 
and acquisition system in the time domain, and those frequency responses can be formulated by a 
simple multiple equation in the frequency domain: 
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)()()()()( fSfDfTfUfX =          (5) 
Here X(f), S(f), D(f), T(f), U(f) are Fourier transforms of detected AE waveforms, AE source, 
propagation media, sensor and acquisition system, respectively. D(f) in Eq. 5 is the target to 
quantify the damage; however, as S(f) is not readily obtained in AE technique, an approach to 
identify D(f) irrespective to source time function is crucial. In AE application, plural numbers of 
sensors are employed to locate the AE source, and therefore the comparison of waveforms de-
tected among different sensors for an AE source could suffice this requirement as in Eq. 6 as-
suming the frequency responses of all the sensors employed are compatible.  
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On the other hand, when D(f) is dependent on propagation media attenuation,  Eq. 7 can be de-
fined as well, where f is a frequency (Hz), V is a P-wave velocity (m/s) and Q is a normalized 
value demonstrating attenuation rate.  
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By combining Eq. 6 and Eq. 7, Eq. 8 is obtained.  
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Equation 8 shows that a function of frequency response can be expressed by an exponential func-
tion dependent on the difference of distance Δd and frequency f. 
 
6.2 Preliminary examination 
 
 As shown in Fig. 20, concrete specimen of 500 x 500 x 100 mm was prepared placing four 
AE sensor of 60 kHz resonance at the four corners on the bottom surface. Ultrasonic wave exci-
tation was made using the wideband AE sensor (1045S, Fuji Ceramics), where electric pulse was 
made by PUNDIT (-500 kHz, CNS Electronics) . 

 
Fig. 20.  Sensor arrangement and positions of pulse excitations. 

 
 To examine the potential influence of heterogeneity of the concrete specimen on the transfer 
function in the intact specimen, excitations at the intersectional points in the line between Ch1 
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and Ch4 sensors were conducted with Ch2 and Ch3 operated as receivers. Switching of sensor 
pairs was also used.  Figure 21 shows the ratio of Ch1 to Ch4 in frequency response when the 
excitations were made along the line between Ch2 and Ch3. As many excitation points were em-
ployed, three lines for the mean value and mean ± standard deviations σ were drawn. Two im-
portant facts can be found: even for intact condition the frequency response showed difference 
from the point measured, and the frequency response needs to be discussed in the range of effec-
tive frequency response, i.e., this case the range of 60 to180 kHz. 
 

    
Fig. 21. Ratio of Ch1 to Ch4 in frequency response when the excitations were made along the 
line between Ch2 and Ch3. 
 

 
Fig. 22. Ratios of frequency responses for the differences of propagation distances. 
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 To verify the frequency response corresponding to the propagation distance, other intersec-
tional points than above were used to excite the signal. The ratios of frequency responses for the 
differences of propagation distances can be found in Fig. 22. The legends of the figure show the 
difference of propagation distances. The decrease rate for higher frequency above 100 kHz be-
comes more remarkable as the difference of propagation distances becomes larger. As this trend 
had a good accordance with Eq. 8, the slope of the ratios, α in Fig. 22 were calculated by the ap-
proximation, where the slope can be defined as Eq. 9.  
 

QV
dΔ= πα          (9) 

Figure 23 shows the relation between the slope α and differences of propagation distances. Sur-
prisingly the relation can be approximated by a linear equation, resulting in good agreement with 
Eq. 8. Of course this slope α correlates well to the difference of propagation distance, but more 
likely to demonstrate the properties of propagation media. This is the very concept to quantify 
the damage of the materials with transfer functions using AE waveforms.  
 

 
Fig. 23. Slopes of frequency response with the differences of propagation distances. 

 
6.3 Application to the mortar specimens with several degrees of artificial damage 
 

To verify whether the concept of the ratio of frequency responses is applicable to the damage 
assessment of concrete, homogeneous standard mortar with formed polystyrene spheres simulat-
ing damage was prepared as test specimens. As shown in Fig. 1, the prism mortar specimens 
have dimensions of 150 x 150 mm with different heights: about 100, 200, 300, 400 and 500 mm. 
In order to simulate the damage, spherical foamed styrene material (6 mm in diameter) was used 
as a false cavity, with four types of volumetric percentages as 0%, 1%, 5% and 10%. Two types 
of elastic wave excitation were made by pencil-lead break and electric pulser (PAC) with a 
wideband AE sensor (1045S, Fuji Ceramics). Piezoelectric sensors of 60 kHz resonant (R6, 
PAC) are employed for the receiver. The signals detected by the sensor were amplified by 40 dB 
at the amplifier, and processed and recorded by AE monitoring system (SAMOS, PAC) with 1 
MHz rate and 1k words samples. The elastic wave was excited at the center on the top surface of 
the specimen, and received by the sensor installed in the bottom surface 
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As a typical case, the result of damage content of 5% is shown as in Fig. 25. Figure 25a 
shows the frequency distribution for the case of elastic wave excitation by electric pulser, and b 
shows that by pencil lead break. As can be found, the frequency spectra decrease with the in-
crease of propagation distance, and the decrease rate is large as the frequency becomes high. It 
can be thus obvious that this result accords well to the theoretical formula as shown in Eq. 7 
demonstrating the decay with the propagation distance. As for the difference of propagation dis-
tances, the attenuation trend as a function of frequency becomes remarkable when the propaga-
tion distance becomes longer even in the case of the same degree of damage (5% in this case), 
suggesting that it is not easy to evaluate degradation only by the frequency related parameters as 
the frequency centroid and the peak-frequency which are well used to relate damage with elastic 
waves’ parameter.  

 
The ratio of frequency spectrum response is determined based on the cases of at least 100-

mm propagation distance. Specifically, the ratio of frequency response for the 96-mm propaga-
tion is obtained from the spectra of 196-mm and 100-mm propagation distances. Other ratios of 
the spectral difference of propagation distance for 208 mm, 320 mm and 444 mm are obtained in 
a similar manner from the frequency spectra of 200-500 mm in propagation distances (or the 
height of specimens). Calculated results (for 96 mm, 208 mm, 320 mm, and 444 mm) as a func-
tion of the frequency can be found in Fig. 26. Two straight lines in the figure show the linear ap-
proximation over the frequency between 0 to 200 kHz for the ratio of frequency responses of dis-
tance difference 96 mm and 444 mm. In this experiment, as the same type of receiving sensor 
were used for all the measurement, T2(f)/T1(f) in Eq. 2 can be regarded as 1 in all the frequency 
bands. Because of the heterogeneity of the mortar specimen, the ratio of frequency responses 
does not form a straight line like a theoretical formula. Therefore, the regression line is used by 
carrying out linear approximation of the frequency response ratio. 
 

 
 

Fig. 24. Mortar specimens with simulated damages (Damage content: 1%). 
 
 As found in Fig. 26, the larger the difference of propagation distance, the larger the slopes of 
the ratio of frequency responses. Here, it was verified experimentally that the theoretical formula, 
Eq. 8, simulates the practical behavior well. By using the slopes obtained from Fig. 26, the ratio 
of frequency responses and the relation of a distance difference to each mix rate of damage simu-
lation are shown in Fig. 27. We find that correlations were uniquely acquired in all damage mix-
ture rate and in both excitations. The frequency slope obviously becomes large with the increase 
of damage volume.  
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(a) Pulser       (b) Pencil-lead break 

Fig. 25. Frequency distributions with different distances (damage content: 5%). 

  
(a) Pulser       (b) Pencil-lead break 

Fig. 26 Ratio of frequency responses with differences of propagations (damage content 5%). 
 
 Q-value is also determined by using Eq. 8, substituting P-wave velocity, V, which was ob-
tained by another measurement, and it is shown in Fig. 28. As mentioned previously, the velocity 
of a P-wave shows the dispersion depending on the frequency, e.g., the velocity becomes large to 
a certain frequency then decreases, and this tendency appears more noticeable when more dam-
age was included [37]. In addition, since Q-value also depends on the frequency, showing the 
dispersion [38], the value depends on frequency. Q values by two excitation methods (pencil-
lead and pulser) were different as shown in Fig. 28; the damage could also be evaluated by Q-
value, e.g., Q-value showing between 170-270 demonstrates intact condition of the material, 130 
stands for 5%, and about 100 for 10% damage. The dependency of Q value on the frequency and 
allowable range of Q-value in regard to damage will be clarified in a subsequent paper. 
 
7. Conclusions 
 
 In this paper, recent advances of AE technology for damage assessment in infrastructures 
were given mainly utilizing secondary AE activity. The phased AE measurement followed by 
ultrasonic tomography enables us to detail the damage; however, since it takes time and cost, an 
innovative study project being referred to as ‘AE tomography,’ which implement AE source lo-
cation simultaneously with tomographic approach are on-going [37, 38]. The detail will be pre-
sented in follow-up papers.   



 

 96 

 

 
Fig. 28 Q-values with damages for pulser and pencil-lead break. 

 
 In infrastructural asset management, performance assessment of the structure with monitor-
ing is regarded as a key subject and this will be incorporated in the coming ISO5500X series 
‘Asset Management’ in 2014 [39]. AE technique could be a major contributor for the standards; 
however, without careful examinations and comprehension on the AE technique, especially the 
use of secondary AE activity and its application to in-situ facilities, it will come to naught. This 
paper concludes enumerating following must-issues to be studied from now on in consideration 
of ultrasonic technique:  
 

- The relation of the damage scale and frequency employed; 
- The relation of damage volume with elastic wave parameters; 
- Exploration of elastic waveforms’ parameter to represent the damage;  
- Suitable frequency of sensors based on the present findings; 
- Adequate sensor arrangement corresponding to the objective scale of damage; and 
- In practice demonstration of the priority of AE measurement in comparison with other NDT 
in terms of adaptability and sensitivity for a various magnitude of damage.     

  
 (a) Pulser (b) Pencil-lead break 

Fig. 27 Relation between slopes of the ratio of frequency responses and difference of propaga-
tion distances. 
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It must be noted as well that all the above issues shall be implemented in conjunction with other 
subjects on design; definition of damage by engineer, on finance; estimation of life cycle cost 
when applying monitoring, and on risk: consideration of probability of failure together with con-
sequent damage.  
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Abstract 
 

A new approach is presented for the detection of deformation of snow with the help of plate 
waveguide for avalanche warning. Avalanches are difficult to predict due to heterogeneity of the 
snow media and the uncertainties associated with triggering mechanisms. Monitoring of acoustic 
emission (AE) is a very effective non-destructive technique, which is applied to identify micro 
and macro-cracks and their temporal advancement in snow. The propagation of these elastic 
waves in attenuated media to long distance is helpful for extracting useful information for slope 
monitoring. Since the snow exhibits a high attenuation during wave propagation, a less 
attenuative media like plate sensors (solid steel and aluminium waveguide) is essential. 
Preliminary experiments towards the formation of Lamb waves in a plate coupled with snow was 
performed with the help of piezoelectric sensors. Different deformations (1-100 mm/min) were 
applied to various snow samples having different densities (300-450 kg/m3). The dependence of 
stress-strain with AE and visible crack is examined along with the wavelet transform. The wave-
let transform (WT) was used and applied on the time-frequency of AE present in plate wave-
guide. Lamb waves are detected from a long distance, which help in understanding the physical 
condition of snow stability with the help of waveguide. 
 
Keywords: Snow, waveguide, wavelet transform 
 
1. Introduction 
 

The effect of climate change has resulted in significant impact on catastrophic events such as 
snow avalanche in the cryospheric regions of Himalaya. Summer temperature rise, changes in 
snowfall pattern, fluctuation in mean seasonal temperature, heavy precipitations are few 
indications of global climate changes and these have adverse effect on the avalanche activity. 
Avalanches are difficult to predict due to heterogeneity of the snow media and the uncertainties 
associated with triggering mechanisms. In most cases, initially, there is a formation of crack at 
micro/macro scale inside the snow pack, which leads to the fracture initiation and finally the 
formation of an avalanche. During this crack formation acoustic emission (AE) are emitted. 
Acoustic emissions are elastic wave, which are formed when snow is under critical stress and 
give the information prior to any failure [1, 2]. Monitoring of AE is a very effective and non-
destructive technique, which has been applied to recognize instability and their temporal ad-
vancement in snow [3]. Acoustic emission in porous media (like snow and soil) is difficult to 
measure because of the high attenuation of the source signal during propagation [4, 5]. High fre-
quencies are more attenuated than lower frequencies due to small wavelength [6]. The prime 
challenge in this kind of study is to detect the behavior of such changes (AE signal) prior to large 
failure in snow. The phenomenon of propagation of acoustic wave inside the snow takes place 
through the solid skeleton of snow and pore structure. Mainly three types of waves travel through 
the snow; two are longitudinal and one is shear (transverse) waves. The shear wave travels 
through the solid snow and the longitudinal wave travel through the pore space as well as solid 
snow structure. As shear waves are not supported by air of pore space so they do not travel 
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through pores. Propagation of wave through pore is again depends on the pore structure of snow 
which might be opened or closed and the propagative wave is highly attenuated [7, 8]. If a solid 
media is in contact with snow the transmission of the acoustic wave can take place, which help 
us understand the behavior and physical status of snow. The propagation of these elastic waves 
in attenuative media up to a long distance is useful for extracting important information for slope 
monitoring. Since the snow exhibits a high attenuation during wave propagation [4, 5, 9, 10], a 
less attenuative medium like plate waveguide (solid steel and aluminum plate guide) is required 
[11]. The associated elastic waves travel through the snow medium and enter into the plate struc-
ture in the form of longitudinal, shear and Lamb waves [12]. Shear wave propagation depends 
upon the couplant used between snow and plate. Out of these three longitudinal and Lamb waves 
are dominated in plate. Lamb waves are formed inside the plate when the thickness is compara-
ble to the wavelength of guiding plate media. These waves travel up to long distance due to mul-
tiple reflections from boundaries of plate or structure. The low attenuation feature of Lamb wave 
makes it a perfect choice for guiding wave, which can travel up to long distances [13]. Various 
kind of waveguide is developed for different length and shapes and the thickness of waveguide is 
a key parameter for good signal strength [11]. 

 
2. Approach 
 

Preliminary studies towards the formation of Lamb waves in a plate coupled with snow were 
performed with the help of piezoceramic sensors. The dependence of AE and visible crack with 
stress-strain was examined along with the wavelet transform. Due to various types of defor-
mations, AE activity develops in the snow sample. The associated elastic waves travel through 
the snow medium [7] and enter into the plate structure where these can be dominated in the form 
of Lamb waves [12]. The application of guided waves for evaluation of material properties in-
volves modes of propagation in a material (plates), which are given by the well-known disper-
sion curves (dependence of velocity on frequency)[14]. The present work describes the AE re-
sponse in snow as a function of stress and strain. The AE in snow indicates qualitative infor-
mation of major crack, creep-glide rupture, inter-granular deformation and friction between vari-
ous grains of snow [1]. Different deformation rates were applied to various snow samples having 
different densities. The wavelet transform (WT) was applied to Lamb wave, which is a potential 
technique to detect attenuation of source signal, presence of cracks, defects and different modes 
of Lamb waves in plates [15-20]. Wavelet transformations have been performed on different 
kind of AE signal. Results show that various types of Lamb wave modes and their dominance 
with time. The WT was applied to the time-frequency analysis of both symmetric and anti-
symmetric Lamb wave modes. Experiments were performed using the artificial AE signal pro-
duced on the surface of waveguide plate to ensure sensors coupling and attenuation of source 
signal [21]. WT and frequency components of AE signal can give important information about 
energy carried by different frequency components.  

 
3. Instrumentation 
 

In order to see the structural deformation in snow, a compression test was performed with 2.5 
kN load cell on various snow samples (with density 300-450 kg/m3) under Universal Testing 
Machine (UTM). All snow samples were cylindrical in shape having 65 mm in diameter and 150 
mm in length and were loaded uniaxialy under a constant strain rate from 10–2 to 10–4 s-1. 
Variable deformation rates of 1, 5, 10, 100 mm/min. were applied.  
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AE signals were detected by a set of seven piezoceramic sensors. The sensors were attached 
to the plate with the help of H210 high-vacuum compound grease in a circular pattern with a 
distance of 50.5 mm from the center of the circular plate waveguide (thickness 2 mm, diameter 
130 mm) as shown in Fig. 1a and 1b. In order to have the proper contact, the air between the 
sensors and waveguide plate was removed. Similarly a thin ice layer was used for contact 
between snow sample and waveguide plate. In order to see the proper contact between the AE 
sensors, and waveguide plate, a standard procedure [Hsu-Nielson source] was followed, i.e. a 
pencil lead (0.5 mm, HB) was broken close to the contact. The AE instrumentation consists of 
Physical Acoustic Corporation (PAC) MISTRAS-2003 (SAMOS AE system), which has a 
frequency range from 1 kHz to 530 kHz. The analysis has been carried out on single wideband 
piezoceramic transducers (PAC R30I-AST transducers) with operating range 125−450 kHz 
(resonance frequency 300 kHz; dimensions, 29x31 mm). To avoid the chamber and other 
background noise the threshold level of the sensors was set to be 45-50 dB. The peak sensitivity 
of sensors was -22 dB ref. 1 V/µbar. Other parameters, viz. Peak Definition Time (PDT), Hit 
Definition Time (HDT), Hit Lockout Time (HLT), were set to be 200 µs, 800 µs and 1000 µs, 
respectively. 

 

    
Fig. 1. a) Deployment scheme of deformation of snow sample. b) piezoceramic transducers on 
aluminium plate used for testing. 

 

 
Fig. 2. Load-time curves of snow under three deformation rates. 
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4. Results and Discussion 
 
4.1 Mechanical deformation of snow sample 

 
It has been observed that snow behaves differently under different strain rates (Fig. 2). When 

the deformation rate is small (5 mm/min) snow starts to deform due to the basal slip inside the 
snow grains [23]. For higher deformation rates, brittle transition occurred, which corresponds to 
the complete breakage of snow grains inside the sample (disjointment) [23, 24]. Both the brittle 
transition at 10 and 100 mm/min took place below 5% strain level. The same behaviour was 
observed after repeating the experiment for multiple times with same parameters. 

 

 
Fig. 3. Amplitude distributions of AE events with load applied to Snow having density 401 
kg/m3 (grain sizes 0.7-1.0 mm) with deformation rate 10 mm/min at -10ºC under uniaxial 
compression tests. Photographs below show the progressive formation of major cracks, 1, 2, 3. 

 
Figure 3 gives load versus time, along with AE activity and shows the typical nature of AE 

events, which were irregular for this snow sample. The amplitude of each AE event is also 
indicated. This was due to the heterogeneity of snow sample. From the load-time analysis it was 
found that sample was getting irregular deformation with applied stress before pre-failure stage 
[25]. Similar behavior could not be observe in others sample with density lower than 400 kg/m3. 
Therefore, it was speculated based on the observations that load behavior of snow is changed 
close to 400 kg/m3 [26]. The AE increases with the applied stress and the reason for this may be 
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due to deformation of snow, crack, creep-glide rupture, inter-granular deformation and friction 
between various snow grains. When sample changes its behavior from less dense to more dense 
state, the AE activity lasts between 10−40 second. This directly corresponds to structural 
deformation of snow sample before complete failure. The AE growth developed prior to the first 
crack. This is at 12 sec and is marked as “1”. It was found that during the formation of second 
and third crack (marked 2 and 3 at 18 sec and at 24 sec), there was large increases in AE 
intensity (Fig. 3). Almost complete deformation of snow sample took place after the appearance 
of the third crack, and the next peak in load diagram corresponds to mixed effect of all three 
cracks. Afterwards small internal crack events took place, which contain mainly burst kind of AE 
signals. In other samples, changes of AE behavior was seen. The behavior was similar only in 
initial stage where they follow load curve before densification. No major visible crack was found 
in low deformation rates, i.e. 1 and 5 mm/min. It was found that after three main cracks, AE rate 
was quite scattered. A number of spikes of AE events were observed in later part, which 
corresponds to small sliding events in deformed snow and no visible crack were found during the 
rest of experiment. At last when the sample is released from the load a few relaxation events of 
inter-granular grain were observed at ~140 sec. During the process of major cracking, large 
continuous events were observed, which show the sliding friction, shearing and slip or 
intergranular breaking of snow grains. 

 
4.2 Wavelet analysis of acoustic emissions 

AE signals from snow samples consist of various frequency components. Two types of AE 
signal were captured. First was in continuous mode and second was in burst mode (Fig. 4a and 
4b). 

 
Fig. 4 Typical AE signals (a) in continuous mode. (b) in burst mode. 

 
Wavelet analysis (WT) was done to decompose these emitted signals into different 

frequencies component to understand the composition of various frequency components and 
their temporal variation. Freeware software AGU-Vallen Wavelet from Vallen-Systeme GmbH, 
2001 [27] was used for time-frequency and wavelet analysis. It uses Gabor (Gaussian form) 
wavelet as a mother function where correlation between frequency, time and amplitude can be 
easily achieved. It has been observed during the compression test of snow that continuous AE 
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signals have generally small amplitude, which occurred near the yield stress of the snow. The 
acoustic impulses of small amplitude are released close to each other, which reflect that all the 
events form a band [28]. This shows the continuum behavior of snow before any major failure 
inside the sample. The continuous emission was sensitive to strain rate, as the strain rates varied 
from 10-4 - 10-3 s-1. These activities show that the snow deformation and failure were strain rate 
dependent. The strain rate dependencies were characterized as brittle behavior at higher strain 
rates and plastic deformation corresponding to low strain rates. The burst type signals are the iso-
lated events during the failure of snow and can be characterized as crack growth and catastrophic 
failure. The burst type emissions were observed during the brittle transition, which is due to the 
disjointment of snow grain bond in the sample [23]. It was observed that burst signals were dom-
inant during the crack formation. In all failure cases there were emissions of continuous signals, 
which were followed by burst signals. Therefore, acoustic emission spectra can be used to char-
acterize the brittle and plastic behavior of snow. 

 
For wavelet analysis burst signal was analysed and a typical of this is shown in Fig. 4b. It 

was found from the wavelet coefficient that it has maximum amplitude at 125 µs. Wavelet 
coefficients with respect to frequency have been drawn for 125 µs. It was found that signal 
mainly contains of two major frequencies of 32 kHz and 160 kHz as shown in Fig. 5. This shows 
that signal is dominant in lower frequency ranges. In the present case, most signals (both 
continuous and burst) were in the lower frequencies ranges below 200 kHz. 

 
Fig. 5 Three-dimensional diagram of wavelet coefficient of a burst AE signal (Fig. 4b) against 
time and frequency. 
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Fig. 6. Time- frequency plots of a signal between 0 to 200 kHz and time 0 to 250 µs (for three 
segments of a burst signal).  
 

Figure 6 shows the time-frequency plots of a single burst signal at different time segments. 
Color code scheme on the right-hand side shows the magnitude of WT coefficient. Symmetric 
(S0) and anti-symmetric mode (A0) dispersion curves were drawn for circular plate waveguide of 
thickness 2 mm and shown in Fig. 6. The anti-symmetric mode is dominant in the frequency 
ranges 20-70 kHz and 120-170 kHz. In the present experiment, disturbances comes through the 
snow sample, which is out of plane with respect to plate waveguide. Thus, anti-symmetric 
mode’s domination should be expected, as found in the time-frequency diagrams. A0-mode 
domination is an important factor for analysis, helping to select suitable piezoceramic sensors for 
better avalanche forecasting.  

 
5. Conclusion 

An attempt was made to correlate AE with the various damage mechanisms occurring inside 
snow with varying parameters. The AE activity is a strong function of strain rate, density and 
grain size of snow sample. Snow shows continuous AE behavior throughout the deformation. AE 
increased near the yield point of snow in the stress-time curve. AE can be used to continuously 
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monitor the evolution of the damage in snow sample. Burst type AE signals were related to crack 
formation and failure of snow sample regardless of the others parameters. WT was used to 
identify the AE s during major crack formation.  
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Abstract 
 

The paper presents the Lamb wave attenuation of Carbon Fiber Reinforced Plastic (CFRP) 
plates on the basis of an experimental transmitter-sensor scheme. We measured separately the S0 
and A0 Lamb modes of CFRP plates with three different kind of laminate lay-ups; unidirectional 
[0]8s (and [90]8s), cross-ply [0, 90]4s, and quasi-isotropic [0,45,-45,90]2s. Several ultrasound 
transmitters were used as actuator and short-duration high-voltage pulses were used for excita-
tion. Two kinds of AE resonant sensors with resonance frequency around 260 and 500 kHz, re-
spectively, were used to record the Lamb waveforms of the plates. By using sensors on both 
sides of the plate, the confirmation and separation of both modes, S0 and A0, were successfully 
carried out. This result was also confirmed by using the wavelet transform of the recorded sig-
nals. The experiment was carried out at several transmitter-sensor distances, so both phase and 
group velocities and attenuation could be obtained. By means an appropriate fitting of a theoreti-
cal model of attenuation, including the geometrical attenuation, the damping factor of both 
modes was obtained for each laminate and sensing frequency. The experimental results for ve-
locities and damping factors were compared with previously published and theoretical ones. Di-
rectivity results are also reported, showing complex behavior dependent on laminate layups as 
expected. 
 
Keywords: Composites, CFRP, Lamb waves, attenuation, directivity 
	  
1. Introduction 
 
 In recent years, composite structures are increasingly used in strength-critical applications in 
aircraft, requiring more effective NDE methods. These materials, however, have high stress 
wave attenuation characteristics and AE has encountered stiff barriers against its uses in the air-
craft industry [1,2]. Problems are mounted as typical composites are used in anisotropic sheets, 
requiring more elaborate Lamb-wave theories than usual ultrasonic body or surface waves. Some 
attenuation studies have been published [3,4], but only recently systematic works have appeared 
[5-12] on Lamb (or plate) waves in composite materials. However, mode-frequency specific at-
tenuation data is scarce and we conducted an experimental study to fill the gap. Another motiva-
tion is to use such data as the basis for an improved NDE method based on the acousto-
ultrasonics approach [13], which often disregarded the nature of the waves it is relying on. This 
trend seems to be inherited in many SHM methods as these often ignore real conditions of wave 
generation and detection using only idealized models.  
 
 In searching for the base attenuation data in isotropic materials, we found the scarcity of 
Lamb wave data even for Al. Kasama et al. [14] used a laser method (YAG laser generation, 
laser interferometer detection) to obtain So-wave propagation data. The attenuation results are 
shown in Fig. 1 for PMMA and Al thin sheets (0.5 and 1 mm data shown; for Al, 0.3 and 0.7 mm 
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data also obtained). The data has eliminated the geometrical spreading effect of the inverse-
square-root distance. For Al, the attenuation coefficient α (of the exponential decay with dis-
tance) is 0.25 to 2 Np/m (or 2.2 to 17 dB/m) at 0.5~5 MHz, whereas it is much higher for PMMA 
by a factor of 10~50. In Fig. 1, x marks represent corresponding P-wave attenuation values. Note 
there are significant frequency effects (higher for viscoelastic PMMA) and also a thickness ef-
fect. Aljets found 2 Np/m using pencil-lead break source and PAC µ80 sensor [11]. 
 

 
Fig. 1 Lamb wave attenuation in PMMA and Al sheets. Redrawn data of Kasama et al. [14]. 

 
Kasama’s experimental setup is shown schematically in Fig. A1 (in Appendix) from his the-

sis [15]. YAG laser beam is focused on a plate edge in the in-plane orientation and a laser inter-
ferometer detected the surface displacement as a function of distance from the source. They used 
only the initial S0-mode segment as later segment includes both modes, as shown in Fig. A2. 
Wavelet amplitude at a selected frequency, P, is then determined and its peak (also see Fig. A2) 
and the integrated WT energy of  E = ∫P2 dt were plotted against the distance of propagation. 
Typical examples of the peak-amplitude fit and WT energy fit are shown in Figs. A3 and A4, 
respectively. The peak amplitude-distance curves were fitted to the inverse square-root-
exponential attenuation that includes the geometrical spreading effect. The attenuation coeffi-
cient, α, is obtained from the best-fit equation. The integrated WT energy data was fitted to the 
square of the above expression, again yielding the attenuation coefficient, α. These are eqns. (1) 
and (2) below. 

 

 𝑃 = 𝑃! 1
𝑥 exp  (–𝛼𝑥) (1) 

 𝐸 = 𝐸! 1 𝑥 exp  (– 2𝛼𝑥) (2) 
 
Both of these equations are based on the wave radiation pattern of a point source [16]. Kasama 
confirmed the predicted directivity of [16] by measuring the peak amplitude of S0 waves at 50 
mm from the source. The polar plot shows good agreement with theoretical shape of the P-wave 
radiation pattern [16, 17]. Note that the directivity of a point source can be approximated with 
the cos-θ angular dependence (equivalent to the half of a dipole point source) [18]. 
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In the present work, three CFRP plates were used to determine their wave attenuation behav-
ior. An aluminum alloy sheet was used to generate companion data. For this phase, we used the 
resonance nature of sensors to define the frequency ranges of waves. Orientation effects were 
also evaluated and results given, but this part is complex and requires more extensive investiga-
tion with modeling calculations. 
 
2. Experiment: methods and results 
 
Attenuation: Carbon Fiber Reinforced Plastic (CFRP) plates with three different kind of laminate 
lay-ups were obtained from Dr. W. Prosser of NASA Langley Research Center; AS4 fibers, 3502 
epoxy; unidirectional [0]8s (and [90]8s) [UD], cross-ply [0, 90]4s [XP], and quasi-isotropic [0,45,-
45,90]2s [QI]. Their dimensions were 508x382 mm and 2.2 mm thick (16 plies). For comparison, 
7475 Al plate (in cold-worked condition, 610x370 mm) of 3.1 mm thickness was used. S0 and A0 
Lamb mode waves were generated on the CFRP plates by using an actuator of one edge. For Ao 
component, an wedge (7º) was used so that only one edge is in contact with the actuator surface 
(Fig. 2). Several ultrasound sensors were used as actuator and fast high-voltage step-down pulses 
were used for excitation. Panametrics V101 (0.5 MHz, 25 mm), PAC Pico (0.5 MHz, 3.2-mm 
element, 5-mm case diameter), PAC µ30 (0.3 MHz) and DECI SH225 shear sensor (details not 
known) were used. As receivers, PAC Pico and PAC µ30 were mainly used. These were coupled 
directly to digital scope board inputs (Gage Applied, 1450, 1 MΩ input impedance) using its 
signal averaging function. The receivers have the resonance frequency around 260 and 500 kHz, 
respectively, and recorded Lamb waveforms have approximately the same values. However, the 
actual frequency varied systematically and we need analysis by wavelet transform to get a single 
frequency attenuation data. This part is not finished and will be reported later. By using sensors 
on both sides of the plate, the confirmation and separation of both modes, S0 and A0, were suc-
cessfully carried out. However, placing sensors on both sides simultaneously, amplitude was 
reduced. Thus, experiments were done on one side at a time. Distance was defined as that from 
plate edge to the center of receiver, though attenuation was measured starting from the sensor 
closest to the transmitter to minimize distance error.  

 
 
Fig. 2 Sensor placement for So (left) and Ao (right) wave generation. Transmitter (T). Sensor (S). 

 
 Figure 3 shows waveforms for Al case using V101 actuator at propagation distance x = 100-
400 mm. Receiver was Pico sensor showing ~500 kHz frequency. Figure 4a shows the sum of 
two sensor signals from two sides, while Fig. 4b shows the difference of two side signals. These 
give So and Ao propagation characteristics. Figure 5 illustrates the wavelet transform coefficients 
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with color showing the amplitude (used AGU-Vallen WT). The maximum energy frequency was 
475 kHz for So and 430 kHz for Ao propagation mode, respectively. Note that dispersion effect is 
shown for the So mode, but it is absent for Ao mode.  
 

The peak amplitude (ignoring the dispersion effect) and the usual attenuation model with the 
inverse-square-root distance relation, eqn. 1, were used.  For V101 transmitter, using Pico or µ30 
receiver, we found the attenuation coefficient (damping factor), α,  to be as below in Np/m: 
  So 1.397 (Pico)  0.676 (µ30) 
  Ao 0.560 (Pico)  1.112 (µ30) 
 

Using Pico as a receiver and changing transmitter between V101 and Pico, we found α  for So to 
be as follow: 
 

V101 (transmitter)Pico (sensor)  1.397;   Pico (transmitter) Pico (sensor)  1.625 
 

All the α values for So mode are much higher than Kasama’s values (even though Al plate here 
was at least 3 times thicker). This must be due to the dispersion effect. In fact, for V101-Pico 
case, Ao value was less than a half So value of α. 

 

 
Fig. 3 Waveforms for Al case using V101 transmitter at propagation distance d = 100-400 mm. 

 
 Similar experiments were conducted using the identical setup, but with CFRP plates. For the 
UD plate, measurements were taken along the fiber direction (0º) and at the transverse direction 
(90º). Waveforms similar to Fig. 4a and 4b are given in Fig. 6. On the right side, reflected waves 
are seen (these were cut out for So waves for clarity). The UD-So case turns out to be a special 
case because of the near-field effect of the large aperture actuator (25-mm diameter). Peak am-
plitude actually increased up to 250 mm. Fit to the attenuation expression is shown in Fig. 7 for 
UD-So case with V101-Pico combination and using reflected large distance data as well. For Ao 
mode in the same plate, results are shown in Fig. 8. Again the initial part does not fit the attenua-
tion expression well, but shows the attenuation coefficient over ten times that of So case is found.  
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Fig. 4a  The sum of two sensor signals from two sides, giving So mode. 

 

 
Fig. 4b  The difference of two sensor signals from two sides, giving Ao mode. 

 
Table 1. Attenuation coefficients of Lamb waves (in Np/m) with V101 transmitter. 

 
 
 
 
 
 

Plate S0 (Pico) S0 (µ30) A0 (Pico) A0 (µ30) 
Aluminum 7475 1.397 0.676 0.560 1.112 
C1-[0]8s 0.560 0.552 6.123 6.935 
C1-[90]8s 12.21 9.471 - 9.535 
C2-[0,90]4s 1.082 0.237 - 9.105 
C3-[0,45,45,90]2s 4.254 1.455 - 10.577 
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Fig. 5 AGU-Vallen wavelet transform coefficients with color showing the amplitude for So and 
Ao propagation. Al V101—Pico. Left used Fig. 4a waveforms. Right used Fig. 4b waveforms. 
 

 
Fig. 6  Waveforms for So and Ao propagation. UD CFRP in the fiber direction. V101—Pico. 
Left: sum of two side waveforms. Right: difference of of two side waveforms. Reflections are 
visible for the right figure. 
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Fig. 7 Fit to the attenuation expression using peak amplitude beyond 200 mm. UD-So case with 
V101-Pico combination.  
 

    
Fig. 8 Fit to the attenuation expression using peak amplitude. UD-Ao case with Pico-Pico combi-
nation. 

 Curve fittings for other CFRP cases are better than those for UD-0º cases. Results for the 
attenuation coefficients are summarized in Table 1. For S0 mode, attenuation was lower for µ30 
data in all cases, reflecting the lower nominal frequency of 260 kHz. For A0 mode in Al plate, 
attenuation was lower for µ30 in the two cases we can compare, indicating that the dispersion 
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effect is higher at 260 kHz for this mode. On the other hand, attenuation was very high for A0 
mode using Pico sensor (nominally at 500 kHz) for 90º-orientation of UD, XP and QI plates and 
could not be measured. 
 
Directivity: The directivity of Lamb wave propagation was explored. First, we examined the di-
rectional behavior in an isotropic Al plate as shown in Fig. 9. Data points for Al are given with 
squares. It follows the usual piston source directivity, matching well to the case of ka = 2.9, 
where k is the wave number. For both transmitter and receiver, we used Pico sensors, giving the 
nominal frequency of 500 kHz. The sensor case diameter is 5 mm and the PZT element diameter 
is 3.2 mm. Using a = 2.5 mm, ka value is equal to 1.75 at the S0-mode velocity of 4.5 mm/µs. 
This indicates that the directivity of S0-mode waves is narrower than that of P-waves.  
 

 
Fig. 9 The directivity of S0 waves, Al, 500 kHz. P- Fig. 10 The directivity of S0 waves, CFRP- 
wave directivity is plotted for ka of 1.75 and 2.9. UD. 0˚ angle = fiber direction. Propagation  
Propagation distance = 50 mm. distances of 50, 100 and 150 mm used. 
 
 The directivity in unidirectional CFRP is much sharper than in Al as shown in Fig. 10. The 
0º-propagation angle corresponds to the fiber direction in the UD composite plate. Again, two 
Pico sensors were used as transmitter and receiver. Half-value angle was 12.5º at 50-mm dis-
tance of propagation, decreasing further to 8º at 150 mm. The latter case is comparable to P-
wave directivity at ka ≈ 15. The observed dependence on the propagation distance originates 
from attenuation effects that increase with the angle away from the fiber direction. Suzuki 
showed that P-wave attenuation doubled from 0º to 30º in UD-GFRP [19]. 
 
 The directivity in a quasi-isotropic CFRP (QI) plate is much more complex. When the 0º-
fiber direction (located at the top and bottom plies) coincides with the 0º propagation angle, ob-
served amplitude changes were moderate at 50-mm distance, as shown in Fig. 11. The variation 
became larger with larger distance with the normalized amplitude increasing to a peak at ~10º. 
This is followed by a gradual decrease. The angular dependence varied with the propagation dis-
tance, which raised the relative peak height to 1.74 times the 0º value at 150 mm. This angular 
dependence suggests that the 45º ply immediately below the 0º ply causes this effect. Here, posi-
tive values were arbitrarily taken for angles measured counter-clockwise. We refer this as QI-0 
configuration. 
 
 When the QI plate is rotated 90º and the 0º propagation angle is oriented along the 90º-fiber 
plies (at the mid-thickness), the directivity characteristics were different as shown in Fig. 12. 
That is, waves at 0º angle is propagating along the fiber direction in the 90º plies. In this case, the 
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orientation dependence was nearly absent (<±20%). Effects of propagation distance between 50 
and 100 mm were also small. These are marked as 90-50 and 90-100 in the figure [this is re-
ferred to as QI-90.] and two curves from Fig. 11 are re-plotted for comparison (as 0-50 and 0-
100). This finding shows that the positions of various plies have large effects on radiation and 
propagation patterns. Here, 45º-direction (on QI-90) is perpendicular to the 45º-direction (on QI-
0) in Fig. 11. 
 

 
Fig, 11 The directivity of S0 waves in CFRP-QI plate. T/R: Pico sensors; 0º propagation angle is 
parallel to the 0º-ply orientation on the outside. Propagation distance = 50, 100 and 150 mm. 
 

 
Fig, 12 The directivity of S0 waves in CFRP-QI plate. T/R: Pico sensors; 0º propagation angle is 
parallel to the 90º-ply orientation at mid-thickness. Propagation distance = 50 and 100 mm. Two 
curves from Fig. 11 are also shown for comparison (marked 0-50 and 0-100). 
 
 Another series of directivity measurement was repeated with the range of angle into the nega-
tive side. Figure 13 shows the results. The positive side is essentially the same as in Fig. 11 (am-
plitude for 100-mm propagation is lower, however). On the negative side, the normalized ampli-
tude is relatively unchanged; to be precise, it dips to ~0.8 at 5-10º, then slowly rises to ~1.2 at 
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–30º. The directivity of this QI plate is asymmetric even though the wave velocity is orientation-
independent. It appears that subsurface plies are responsible for this asymmetric behavior. 
 
 When this experiment is run using a larger transmitter, Panametrics V101 (500 kHz, 25-mm 
element size), with Pico as a receiver, the directivity is strongly affected as shown in Fig. 14.  In 
comparison to Pico transmitter, the ka value is eight times larger for V101. The amplitude was 
reduced to 0.2~0.3 at 30-40º on both sides and the peak height at θ = 10º reached only 1.2. Obvi-
ously, this behavior is due to narrower beam generated by a larger transmitter, accentuating the 
asymmetric behavior.  
 

 
Fig. 13 Asymmetric directivity in CFRP-QI plate. 0º orientation. 100 mm () and 150 mm () 
propagation distance. Transmitter: Pico, Receiver: Pico.  
 

 
Fig. 14 Asymmetric directivity in CFRP-QI plate. 0º orientation. 150 mm propagation distance. 
Transmitter: V101, Receiver: Pico.  
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Fig. 15 The directivity of S0 waves in CFRP-UD plate. T/R: Pico sensors; 0º propagation angle is 
perpendicular to the fiber orientation. Propagation distance = 100 mm. 
 
 Yet another unexpected behavior was found in the CFRP-UD plate. Here, the 0º angle corre-
sponds to the normal direction of the fiber. Observed amplitude increased with angle, reaching a 
peak at ~30º, as shown in Fig. 15.  This is in sharp contrast to Fig. 10, where the directivity of 
wave showed a narrow focus around the 0º orientation. Obviously, initial wave entry to the 
broadside of fibers produces substantial differences from the case where wave propagation starts 
from the ends of the fibers in the 0º-fiber direction. Still, no apparent explanation is available. 
 
Discussion 
 
Attenuation: The data in Table 1 are apparent attenuation coefficients since specific frequency 
components are not compared by the use of wavelet transform. On the other hand, in dealing 
with practical attenuation case, these values are representative of observed attenuation (with dis-
persion effect, but without the geometrical spreading effects). We will in the near future conduct 
such analysis and report the frequency dependent attenuation data removing the dispersion in-
duced amplitude loss. The above data are still interesting: 
 

1. Attenuation of Ao or flexural mode is much higher than So or extensional mode. Excep-
tion is when waves propagate along the transverse direction to the fiber in the UD plate.  

2. Pico data are higher than µ30 data most of the time. The difference in frequency is from 
260 to 430-500 kHz, which is about twice and not really that large. 

3. In the UD-90º direction, both So and Ao propagation modes attenuate greatly.  
4. While QI plates are useful in design, stress wave inspection is difficult due to high atten-

uation of both Lamb modes. 
5. XP plates can be a good compromise in inspectability and design freedom. 

 
 Some of these values can be compared to theoretical studies, and are comparable in cases of 
similar materials/layups within a factor of two to three. However, theory is for plane waves and 
at a fixed frequency. Thus, we must first eliminate dispersion effect in our data. Thickness effect 
found in [14] was noted in Prosser’s work [3] as well. So this may make a comparison difficult.  
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We attempted to use lower frequency sensors at 30-150 kHz, but mode mixing prevented us from 
getting meaningful data. Larger plates are also necessary for such experiments.  
 
 For the case of XP plate, we can compare with Aljets’ data for twill-weave CFRP of 2.5-mm 
thick [11]. Along the fiber direction, he obtained 1.78 Np/m for S0 waves at 250-300 kHz, and 
6.17 Np/m for A0 waves at 150-200 kHz, respectively. These values were recalculated from his 
Fig. 56. Signal source was pencil-lead breaks. At the direction 45º to the fibers, attenuation coef-
ficients were slightly higher at 2.67 and 6.49 Np/m for S0 and A0 waves, respectively. The atten-
uation coefficients for S0 waves were significantly higher than our XP results. A possible origin 
is their use of twill-weave, which produces undulations of fibers and higher resin contents. The 
differences for A0 waves were smaller; our µ30 data is only 50% higher than Aljets data. 
 
 What this work shows is that it is indeed difficult to conduct AE or acousto-ultrasonic exper-
iments at frequency above 250 kHz due to high attenuation. As CARP’s procedures for FRP tank 
inspection used under 100-kHz range, aerospace composite NDE should look for the lower fre-
quency range to provide workable and practical solutions. In acousto-ultrasonic methods, typical 
excitation mode is surface-driven sensor. This generates mainly flexural mode, which attenuates 
highly. We need to devise a means to excite extensional mode with good efficiency and movabil-
ity.  
 
Directivity: Preliminary examination of directivity in CFRP has revealed a complex behavior. In 
UD-composite along the fiber direction, waves travel along the fibers with narrow beam spread. 
In most other cases, ready understanding is unavailable except that the transmitter radiation pat-
tern and the directional attenuation of CFRP plates jointly produced the observed characteristics. 
It is necessary to accumulate more experimental results before consistent interpretations can be 
developed. It will be helpful if we can separate radiation pattern and orientation dependent atten-
uation as a function of frequency and propagation modes. Obviously, high-level modeling is 
needed to explain these findings. However, understanding these characteristics will benefit future 
AE applications on composite materials. 
 
Conclusion 
 
 Apparent attenuation of Lamb wave propagation was measured for specific modes on CFRP 
plates of three different layups. Generally, attenuation is high limiting the reach of stress-wave 
based NDE methods. It is essential to utilize a lower frequency range for practical NDE methods. 
Directivity of wave propagation revealed complex behavior, requiring further studies. 
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Appendix 
 

 
Fig. A1 Laser generation and detection of Lamb waves in Al sheet. [15] 

 

 
Fig. A2 Extraction of So component, WT analysis and fitting to geometrical spread-attenuation 
curve (eqn. 1)[15]. 
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Fig. A3 Curve fitting of WT peak amplitude to eqn. 1. Three examples for 1.0-mm thick Al [15] 

 

 
Fig. A4 Curve fitting of WT energy to eqn. 2. Three examples each for 0.7- and 1.0-mm thick Al 
[15]. 
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Abstract 

During AE data processing, it is often necessary to determine the change points of parame-
ters. The most important problems are arrival time detection and AE data segmentation. The 
first-arrival time of acoustic emission (AE) signal is very important parameter, which is used for 
event location and identification. At present there are many advanced arrival time determination 
methods, which significantly increase accuracy of estimation in comparison with traditional 
threshold crossing method. However, advanced methods have several disadvantages connected 
with algorithm parameters selection. Arrival time estimation algorithms are based on a calcula-
tion of several statistical parameters within a sliding time window. The time-window length is 
often chosen empirically by the operator. When criteria for window length selection are unde-
fined an incorrect length selection is possible, as well as incorrect AE signal arrival time defini-
tion. This paper describes the method based on intersection of confidence interval (ICI) princi-
ple. This method allows one to select time parameters optimally and in automatic mode. Applica-
tion of ICI principle increases the accuracy and reliability of first-arrival time estimation. The 
problem of segmentation data arises in connection with the necessity to identify the data. 
Specifically the definition in the data stream of time intervals corresponding to different stages 
of the observed processes. 

Keywords: Signal processing, AE source location, intersection of confidence interval (ICI) 

1. Introduction

 The signal processing holds a significant place in theory and practice of nondestructive test-
ing, since the accuracy of estimation of the tested equipment depends on the correctness of pro-
cessing and analysis of diagnostic information. Such problems of signal processing like signal 
detection, filtering and parameters estimation are urgent for any type of nondestructive testing.  
The AE testing has many distinctive features as compared with other types of testing. The dis-
tinctive characteristics of AE testing generate specific problems of the AE data processing. 
Among such problems we can mention the necessity of separation of AE signal components, 
which correspond to different wave modes, clustering of AE signals and impulses and determina-
tion of the signal arrival time. 

The necessity of determination of the signal arrival time stems from the fact that the AE test-
ing is remote. It allows for detecting defects at the distance up to several tens meters from the 
place of sensor location. The defect location can be determined by location, which is based, as a 
rule, on the time-of-arrival technique wherein the defect coordinates are determined from the dif-
ference of arrival times for signals at different sensors and from the speed of AE wave propaga-
tion. With such techniques, the accuracy of location, and as consequence, the reliable results of 
AE testing as a whole are governed by the accuracy of determination of the signal arrival time.   

The conventional method of signal arrival time definition is the threshold method based on 
the first threshold crossing. The threshold method is very simple in implementation but has low 
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accuracy. The error in signal arrival time determination by the threshold method can reach hun-
dreds of microseconds, and the error in determination of defect coordinates can be several me-
ters.  
 
 Most modern AE systems, in addition to the conventional threshold processing of AE data, 
are supplied with an advanced floating threshold method. The floating threshold varies according 
to a noise level registered by the AE system. The signal start point will be detected, when the 
signal samples exceed an averaged value of noise amount by a preset number of times. An adap-
tive change of the threshold value allows for defining more precisely the arrival time of a signal 
through reducing an influence of the noise level. A limitation of the floating threshold method is 
the low accuracy during determination of the arrival time for far-field signals, which are emitted 
by the AE sources far removed from the sensors [1]. 
 
 At present, a number of advanced time arrival determination methods [2] based on different 
principles of digital signal processing (wave modes isolation filtering, wavelet thresholding, 
cross-correlation analysis) and statistical time-series analysis (auto-regressive analysis, STA/ 
LTA methods, high order statistics approach) have been developed. This paper is devoted to the 
comparative analysis of existing statistical methods and the description of the signal arrival time 
determination algorithm by using the ICI principle. 
 
2. Review of advanced statistical methods  
 
 During the statistical analysis of time series, the waveform of AE signal can be considered as 
a stochastic, as a rule, stationary noise process, against which impulses of acoustic emission are 
observed. Since the AE impulses create a short-term variability in the properties of noise process, 
the problem of signal arrival time determination can be considered as change point detection.  
Among a great number of change point detection methods, we selected those, such as Likeli-
hood-ratio procedure, Akaike information criteria [3], and high order statistics (HOS) approach 
[4], of which application in AE signals processing has been successfully tested. 
 
2.1 Maximum likelihood estimation method 
 
 The maximum likelihood estimation (MLE) method is a parametrical method of statistical 
analysis [5] used for estimation and check of statistical hypotheses. Advantage of MLE method 
is the possibility to construct optimum statistical criteria. The basis for this method is the likeli-
hood function, eqn. (1) expressing the joint probability in a signal of samples x1, x2, …, xn. The 
likelihood function is equal to the product of probability of each value of sample: 

),()...,(),(),,...,,( 2121 θϕθϕθϕθ nn xxxxxxL ⋅= ,  (1) 

where φ(x) = probability density function, and θ = a set of parameters of time series distribution. 
To construct statistical conclusions, in regard to parameters of the analyzed time series θ, a max-
imum of likelihood function or a maximum of its logarithm should be determined. 
 
 To determine the AE signal arrival time, MLE can be used as a criterion for testing hypothe-
sis that the AE signal parameters do not change over the period of observation. The alternative 
hypothesis is the hypothesis according to which there exists a change point of the signal k prop-
erties, corresponding to the moment of AE signal arrival, eqn. (2). As a parameter changing with 
the AE signal arrival it is reasonable to select the dispersion. 
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The logarithm of maximum likelihood function L is defined by eqn. (3). The argument k at which 
log L function reaches a maximum, determines the moment of AE signal arrival [6]. As the MLE 
method is parametrical, σ1 and σ2 should be preliminarily estimated. 
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2.2 Akaike information criteria 
 
 Many researchers have proved that the AE signal can be considered as an autoregressive 
(AR) process, whose current values depend on previous values; see eqn. (4). The process struc-
ture is represented by the coefficients of autoregressive equation, which form an autoregressive 
model. 

  
(4)

 
 
 To check the signal conformance to the model, different criteria are used. The most popular 
is the Akaike information criterion (AIC). The application of the Akaike information criterion for 
defining the signal arrival time lies in the fact that the noise and the AE signal correspond to dif-
ferent autoregressive models, and the moment of signal origin corresponds to the maximum 
change point of the autoregressive equation coefficients. Therefore, the extreme of Akaike in-
formation criterion will correspond to the signal arrival time. As a classic case, values of AIC 
criterion are calculated through the autoregressive equation coefficients. In contrast, Maeda [4] 
calculated the AIC function directly from the signal without using the AR coefficients. For time 
series x of length N, the AIC is defined as: 
 

AIC(k) = k ⋅ log(var(x[1,k]))+ (N − k −1) ⋅ log(var(x[k +1,N ]))  (5) 

 The signal time-of-arrival determination algorithm has been well studied and actively en-
gaged in practice. Sedlak et al. [3] developed a two-stage AIC based approach for determining 
the arrival times of AE signals, in which the AIC function is applied to a characteristic function 
that represents the raw signal, instead of directly to the raw signal. 
 
2.3 HOS approach 
 
 The HOS approach belongs to statistical methods using a sliding time window. The signal 
arrival time is determined with the help of the HOS approach as the change point of signal distri-
bution nature. Noise has a normal distribution with zero high-order moments. At the moment of 
signal arrival the distribution character is changed, as demonstrated by a sharp increase of any of 
high-order statistic parameters. Lokajicek and Klima [4] analyze the possibility of applying the 
different order moments. The most exact results of the time-of-arrival determination can be ob-
tained when using the sixth order derivative of the moment is used. 
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2.4 Comparative analysis of time determination estimation (TDE) methods  
 
 Notwithstanding the fact that time determination methods of the signal origin described in 
2.1-2.3 are based on different approaches, all of them fall in the same class, namely, the change 
point detection methods. In the MLE method a variance change is determined, a minimum value 
of AIC criterion corresponds to the change point of autoregressive equation coefficients, while 
using the HOS approach, a change point of the process probability distribution law is deter-
mined.  
 
 Let us consider application of the above methods for definition. The AIC and MLE methods 
are applied to the total length of a signal, and the signal time-of-arrival is determined by an ex-
tremum of the corresponding function. The higher order moments are calculated inside the slid-
ing time window, and to the origin of AE signal there corresponds a sharp increase of the statisti-
cal parameter. By way of illustration, Fig. 1 shows application of the above methods for determi-
nation of the time-of-arrival of a model signal (Fig. 1а). The times of signal arrival are marked 
with red point.  
 

 a.  b   

 c..  d 
Fig. 1  a. Initial AE signal, b. MLE function (eq.3), c. AIC criterion, d. sixth order moment   

 
3. ICI change point detection method 
 
 The ICI principle has been widely and successfully used in recent years for solving the most 
diverse problems from the field of data processing; for filtering [8-10], classification [7], and es-
timation of various signal parameters. In essence, the ICI principle is a universal method of 
change point determination, wherein the decision of changing any signal parameter is made by 
the absence of the intersection of confidence intervals constructed for this parameter at different 
sections of the considered signal.  
 
 The ICI method can be successfully used for determination of the signal arrival time, since 
the AE signal parameters, such as dispersion, high order moments, and frequency characteristics, 
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differ from the noise parameters. Therefore, the confidence intervals constructed for these pa-
rameters to the right and to the left of the point of signal origin will not intersect (Fig. 2). 
 

 
Fig. 2 Confidence intervals of informative parameters of the AE signal and the noise should not 
intersect. 
 
 The simplest usage of ICI method is the calculation of confidence intervals for the selected 
informative parameter in two sliding windows, and determination of the signal time-of-arrival 
from the absence of the intersection of intervals. The more complicated algorithm of ICI method 
consists in application of the cascade of nested windows with the different length (Fig. 3). For 
each fragment of the signal under study, the window with the optimal length is selected. The op-
timum window length is selected as follows. The informative parameter confidence intervals are 
calculated for all nested windows. Further, the windows of which the confidence interval doesn't 
intersect with the confidence interval of minimal window are excluded from consideration. In 
accordance with ICI principle the optimal window length is equal to the maximal length of other 
windows with the intersected confidence intervals. Thus, in the ICI method the sliding window 
with the variable length is realized. The length of window adapts for the change in signal proper-
ties. 

 
Fig. 3 The nested windows used in the ICI method. 
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 a.    b.  
 

c. 
 
Fig. 4 a. AE signal variance calculated using sliding window with variable length, b. Initial part 
of variance rising, c. length of the sliding window. 
 
 If the signal part under consideration represents a stationary process, all confidence intervals, 
from the minimum window to the maximum one, will intersect, and according to the ICI princi-
ple the window optimum length will be equal to the maximum value. No intersection of the con-
fidence intervals indicates that the signal fragment under study contains the change point, that is, 
in the case concerned, the start point of acoustic emission impulse. The optimum window length 
defines the distance to the change point, as the change point becomes closer, the window length 
decreases reaching the minimum value. 
 
 As described above, the ICI principle can be realized in combination with any signal pro-
cessing algorithm, which requires that the informative parameter be calculated within the sliding 
window. As the most evident parameter distinguishing the noise and the impulse of acoustic 
emission is the dispersion, we will consider the ICI principle application for determination of the 
signal time-of-arrival from the change of dispersion in the cascade of nested windows of differ-
ent length. Figure 4 shows that the values of the local variance of the AE signal are calculated 
using a sliding window of variable length. As seen in fig. 4c, in the neighborhood of the signal 
start point the length of sliding window starts to decrease, reaching its minimum value at the 
point corresponding to the arrival time of AE signal. Due to the adaptive changes in the size of 
the window, there is a sharp increase in the local value of dispersion. Duration of growth from 
zero to its maximum value is about 3 µs. 
 
 The ICI-based method is rested on various statistical approaches to determine the time-of-
arrival of AE signal. It uses calculation of informative parameters in a sliding time window. In 
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addition, the ICI method uses elements of LTA/STA technique by comparing properties of sig-
nals in different time scales, and a comparison is made between values of informative parameters 
calculated using windows with the different lengths. 
 
 The disadvantage of this method is more calculations in comparison with the other methods 
for the signal arrival time determination. Its main advantages are adaptability, reducing an error 
in the signal time-of-arrival determination, and information redundancy. When using the ICI 
principle, the signal arrival time can be determined from the sharp increase of values of informa-
tive parameters in the concerned case of dispersion, and from the moment when the optimum 
size of window reaches a minimum value. 
 
3.1 Selection of window length 
 
 Adequacy of results received when employing the ICI principle depends on a correct selec-
tion of its parameters – lengths of nested windows. The window length is an important parame-
ter, since the maximum and minimum lengths of windows define accordingly the maximum and 
minimum scale of signal observation. Under selection of the observation scale, the error leads to 
the uncertainty of results.   
 
 With numerical experiments, within the limits of this paper, principles for selection of the 
maximum and minimum window length have been defined. The minimum length is selected with 
the help of a stationary noisy signal. As the stationary signal parameters do not vary with time, 
the minimum length of window should provide the intersection of confidence intervals with the 
window of any arbitrary large length. Otherwise, “false detections” of AE impulses are possible. 
The maximum length of window should not exceed the characteristic length of the AE signal. 
Alternatively, the significant errors in determination of the signal time-of-arrival or the AE signal 
omission can occur. 
 
3.2 Application of ICI method in combination with HOS approach 
 
 The ICI method can be used in combination with any informative parameter, such as an aver-
age value, a variance, a median, and other statistical characteristics of signal. If an informative 
parameter of the high-order moments is used, application of the ICI principle can be considered 
as the improved HOS method, which allows for making an adaptive selection of the sliding win-
dow length. Since the result of HOS calculation depends on the time window length, the method 
of adaptive change of its length will allow for increasing the accuracy and validity of the HOS 
approach in determining the signal origin time. 
 
 In implementing the ICI principle, the calculation of confidence intervals of high-order mo-
ments presents a certain difficulty. In default of analytical formulas for the confidence intervals 
of the above fourth-order moments, we offer to use the bootstrap processing technique [11]. Ac-
cording to the bootstrap technique, a set of samples is formed on the basis of the main analyzed 
sample of signal values by eliminating some elements from it in a random manner. On the set of 
samples, a sampling empirical distribution of an informative parameter (for example, the sixth or 
eighth order moment) is constructed, while on the basis of the empirical distribution constructed 
is a sampling confidence interval. 
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      short rise time, low SNR ratio         medium rise time, low SNR ratio          long rise time, low SNR ratio 

 
   short rise time, medium SNR ratio   medium rise time medium SNR ratio    long rise time medium SNR ratio 

 
     short rise time, high SNR ratio          medium rise time high SNR ratio             long time high SNR ratio 

Fig. 5. Examples of model AE signals.  
 
4. Arrival time estimation results  
 
 To compare the accuracy of signal time-of-arrival determination using different methods, a 
numerical experiment has been carried out wherein models of AE signals are presented by ana-
lytical formula (6), 

 ∑
=

++−=
N

i
ii tnoisetttAts

1
0 )()sin()()( ϕω  (6) 

where A(t) = nonsymmetrical envelope of harmonic process, and noise(t) = Gaussian noise.  
 
 In model signals the parameters varied and had an effect on the accuracy of signal arrival 
time determination, such as signal rise time and SNR ratio. It is obvious that the high level of 
noise and long rise time interfere with the exact definition of rise time of AE signals. Figure 5 
shows examples of the model signals. In total, about 500 signals were analyzed with the rise time 
from 1 to 100 readings and with SNR ratio from 50 to 2. 
 
 The arrival time for each of the signals was estimated by three methods: by a derivative of 6th 
order statistical function with the constant length of time window equal to 100 µs (HOS ap-
proach), by a derivative of variation function with the variable length of time window (ICI 
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approach) and by means of the Akaike criterion. Figure 6 illustrates the error in determination of 
the signal time of origin by different methods. 
 
 Figure 6a illustrates the error in the method based on calculation of the sixth-order moment. 
As is obvious from the figure, the value of error depends on the signal rise time. The less is the 
rise time, the more exact is the determination of signal origin. The delay of estimated time-of-
arrival as compared with the true value follows from the final length of time window that reduces 
the method sensitivity. However, it should be noted, that decrease in the time window length will 
not lead to increase in the method accuracy, since at the small window length "false extrema" 
appear, making the interpretation of result difficult and reducing the validity of this method. 
 

a.  b. 

c. 
Fig. 6 Error in time-of-arrival determination by different methods depending on signal rise time 
and SNR ratio. a. HOS approach, b. ICI method on the basis of signal variance, c. AIC criterion. 
   
 If a variable-size sliding window is used in accordance with the ICI principle (Fig. 6b), the 
error in time-of-arrival determination decreases for signals with the long rise time at the cost of 
the window size adaptation to the shape of the signal analyzed. However, this case shows the 
SNR ratio dependence of the method accuracy not observed in the previous method.    
 
 The best results for signals of any shape can be obtained by using the Akaike criterion (Fig. 
6c). The method accuracy is defined by the fact that the Akaike criterion reflects changes in 
spectral characteristics of the signal not associated directly with increase of signal values. There-
fore, the errors in the signal time-of-arrival estimation, which are received by means of AIC do 
not depend directly on the shape of signals under analysis and on the level of noise containing in 
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them. In spite of the fact, that Akaike criterion shows the minimal error level, this method has 
disadvantages, which are not apparent from this study. The main disadvantage is that this method 
requires a preliminary choice of the region of interest, the signal part that contains the starting 
point of AE signal. The two-stage method implementation scheme makes on-line use difficult. 
 
 Table 1 shows the typical values of error of different methods. 
 

Table 1. Arrival time error values 
 

Arrival time error values, µs HOS approach ICI method AIC criteria 
for signals with a long rise time 13.7 8.1 3.6 

for signal with a low SNR ratio 10.3 8.1 3.0 

average error 7.8 4.7 2.1 

 
5. ICI-based acoustic emission data classification. 
 
5.1 Supervised and unsupervised classification. 
 
 A convenient way of AE event identification is clustering, that is a self-organized data struc-
turing method. While being clustered, AE pulses are joined into groups on the ground of the dis-
tance measure, provided by some metric in feature space.  If the clustering parameters are chosen 
successfully, AE events are clustered in such way, that each cluster corresponds to the particular 
certain process in testing structure, or to the certain process stage, that differs from other stages 
by its quantitative adjectives. After AE impulses are clustered, AE source that generated events 
in certain cluster could be identified by expert review. 
 
 Nevertheless, clustering is an out-of-control process, and even advanced methods could not 
guarantee data grouping correctness in line with physical model of ongoing processes.  Cluster-
ing does not involve usage of information given, a priori, that is, on one hand, an advantage of 
method, because it can be implemented without such information, and, on the other hand, a dis-
advantage, as a priori information could not be taken into account even if it is available to the 
researcher.  
 
 Modern stage of AE testing development is confined to its possibilities enhancing, foremost 
by identification of testing structure internal processes. These processes could be material laps-
ing or destruction, or technological processes. Many investigations are being established in order 
to reveal the nature of AE as a result the dependence between AE parameters and mechanical 
properties of material is being stated. This dependence is a diagnostic model, used to estimate the 
state of testing structure, and this model might be taken into account as a priori information 
while classifying AE events. 
 
 Availability of a priori information involves usage of supervised classification methods. The 
distinction between supervised classification and clustering is a preliminary definition of all clas-
ses for supervised classification, while this stage is not performed during clustering. A priori in-
formation could be represented as a learning sample, consisting of typical for each class AE 
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events, or as a knowledge base with testing structure internal processes, which generate certain 
AE events. 
 

AE data identification and classification special feature is a particular AE events ensemble 
(not single event or single quantitative criteria) characterizing each testing structure internal pro-
cess. That is why classification objects are ensembles of AE events, detected during certain peri-
od, not single events. Such time sequence of events could characterize some process, or its stage, 
in testing structure. For each process stage AE events parameters are spaced under the particular 
distribution law that could be stated empirically in experimental research. 
 
5.2 ICI – based classification algorithm.  
 
 Aforesaid allows to suggest an algorithm of AE data supervised classification that imple-
ments two main functions [1]: the first is detaching of time periods in AE events flow with cer-
tain empirical distribution laws of informative AE parameters, and the second is AE events clas-
sification within detached time windows. 
 
 Results of laboratory experiments on corrosion process are shown on Fig. 7. Due to shortness 
of experiment duration, this results are not of diagnostic concern, but it allows to present applica-
tion of supervised classification algorithm introduced above. 
 

     
Fig. 7 AE data obtained during corrosion growth. a. AE amplitude, dB; b. AE event run-on. 
 
 For illustration purpose one channel data is chosen. Figure 7a contains amplitude vs. time, 
and Fig. 7b, AE events run-on vs. time during experiment. It is possible to detach three stages of 
corrosion process development; those are going along with quality changes of anode and cathode 
reactions behavior. Certain process stage is typified by amplitude and AE activity distribution 
(Fig. 8). Empiric two-dimensional distribution of this features φ(A,Ev) could be used as a priori 
information for Bayesian classification [13]. 
 
5.2.1 ICI segmentation. 
Supervised stage classification algorithm could be implemented in corrosion monitoring system. 
It contains two main stages: the first one is detaching of process stages while registering AE da-
ta, the second one is detached stages identification by Bayesian classification with properties sta-
tistical distributions typical for each stage as a priori information. Stages detaching by ICI meth-
od allows to effectively get stages of various continuance, from order of milliseconds to order of 

I II III I II III 
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Fig. 8 AE impulse amplitude distribution for I, II and III stage of corrosion process. 
 
hours. Several observation intervals of different scale should be chosen in accordance with ICI 
method [12]. The shortest interval duration is determined by expected shortest stage of the pro-
cess. For segmentation purposes mean values and confidence intervals of informative features 
are calculated in each interval of specified durations. If all of get confidence intervals intersect, 
the whole observed interval corresponds to one process stage. On the contrary, if some confi-
dence intervals do not intersect, it reveals existence of change point, corresponding to second 
stage start, within AE data. 
 
 
  
 
 

Fig. 9 Embedded time windows for ICI segmentation. 
 

Four embedded time windows are shown on Fig. 9. Confidence intervals {AAE_T1}, {AAE_T2}, 
{AAE_T3}, {AAE_T4} for informative AE data feature – amplitude AAE – are calculated within each 
time interval. If intersection of minimal and maximal duration windows confidence intervals is 
not null {AAE_T1}∩{AAE_T4}≠0, then process stage has not changed within this time interval. If in-
tersection of all windows confidence intervals does not occur, it means that time period from T0 
to T4 contains more then one process stage. Change point is located in interval between end point 
of maximal window where confidence intervals do intersect and end point of first window, 
where they do not. For instance, if {AAE_T1}∩{AAE_T3}≠0 and {AAE_T1}∩{AAE_T4}=0, then change 
point occurs in [T3,T4]. To find its location more preciously the procedure with time windows 
(obviously with smaller time scale) and confidence intervals should be repeated within found 
interval [T3,T4]. 
 
5.2.2 Bayesian classification 
After stage separation it is possible to perform data identification. In accordance with suggested 
algorithm stage identification could be implemented by Bayesian classification. By Bayes theo-
rem, on account of empiric informative properties distributions the object belongs to one class 
{wi} with probability p(wi), where qi = priory probability for each class, and φi(A,Ev) = two-
dimensional empirical distribution of informative features for ith stage of investigated process: 
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6. Conclusion 
 

In this paper different methods for change point detection in AE data have been considered, 
and a comparative analysis of accuracy of different methods has been made. Furthermore, a new 
algorithm of signal arrival time determination and AE data classification based on ICI principle 
is offered. These methods allow for increasing the estimation and classification accuracy. 
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Abstract 
 
 Models for predicting the received time-domain waveform by a transducer as a result of an 
acoustic emission (AE) event are proposed. They aim at simulating AE examinations of large 
structures subjected to various stresses (e.g. mechanical loadings) in different domains (aero-
space, pressure-vessel industries, etc.). The energy released by a crack under stress can propagate 
as guided waves in thin structures. In thick ones, the acoustic far field radiated by a crack under 
stress is dominated by the presence of Rayleigh wave. 2D models for guided waves in plate-like 
structures are proposed as well as 3D models for Rayleigh wave. A piston-like model is used to 
obtain the delivered voltage at the transducer output, whereas a formulation is proposed coupling 
models for the AE sources and for the propagation of guided or Rayleigh waves. Specifically, the 
coupling of the expression of the crack-opening displacement and Green’s functions for Rayleigh 
wave is achieved through an integral formulation relying on the elastodynamic reciprocity prin-
ciple. For the AE source model, a constant crack propagation velocity is considered. The exact 
analytical solution from a fracture-mechanics based model is used to obtain the crack opening 
displacement. Green’s functions for Rayleigh wave are calculated using reciprocity considera-
tions without the use of integral transform techniques. Predictions computed with this 3D model 
are compared to results from the literature for validation purpose on simple geometries and for a 
penny-shaped tensile crack. For thin structures, a similar coupling formulation based on the elas-
todynamic reciprocity principle has been derived, allowing the amplitudes of the possibly propa-
gating guided modes at a given frequency to be predicted. 
 
Keywords: Rayleigh wave, guided waves, AE sensor, crack propagation. 
 
1. Introduction 

 
 Acoustic emission (AE) in a thick structure is dominated by the presence of Rayleigh wave 
in the far field. Indeed, Rayleigh wave decays as 1/ r  whereas bulk waves decay as 1/r. In a thin 
structure, the energy released by a defect under stress propagates as guided waves. 
 
 Different models have been developed to simulate AE from buried crack under stress. For 
instance, Harris and Pott [1] developed a Rayleigh wave AE model from a buried crack that pre-
dicts Rayleigh waves excited by the starting of a faulting event. The surface wave is expressed 
by an integral formulation relying on the elastodynamic reciprocity theorem. This formulation 
combines bulk waves emitted by the starting event and the Rayleigh wave components of the 
Green’s tensor, calculated in [2] from the coupling between the P-wave and S-wave component 
(SV) polarized in the plane of incidence. The Rayleigh wave is then evaluated by means of the 
stationary phase technique and the particle velocity of the emitted wave is approximated near the 
Rayleigh wave arrival time. 
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 A method using a seismic moment tensor approach [3] has been also adopted in the AE field 
to describe the damage processes since micro-damage and seismic rupture share the same source 
mechanism, at different time and length scales. The moment tensor method was used for describ-
ing different types of point sources and equivalent body forces for displacement discontinuities. 
Aki and Richards [3] summarized studies of elastic waves generated by seismic sources, where 
surface wave terms of Green’s tensor have been calculated in cylindrical coordinates in the case 
of a vertically heterogeneous half space. 
 
 In the case of a thin structure, the prediction of guided waves emitted by a crack under stress 
was calculated by reciprocity considerations [7], a moment tensor method [4] or a finite element 
method [5]. Bogert [4] calculated the AE in plates using a seismic moment tensor method and 
Green’s function. He compared different crack types and different propagation models. In addi-
tion, he studied the effect of the use of first and third order plate theory solutions on the AE sig-
nal. Achenbach [7] calculated the AE from a surface-breaking crack in a plate. The amplitudes of 
symmetric and antisymmetric modes were calculated separately by an integral formulation as a 
function of the crack opening displacement. 
 
 In this paper, AE from a crack under stress is obtained by applying the elastodynamic reci-
procity principle. In the first part, we present a 3D AE model of Rayleigh wave emitted by a de-
fect under stress. This model couples a fracture-mechanics source model and a Rayleigh-wave 
Green’s function. Green’s functions are obtained by applying the elastodynamic reciprocity prin-
ciple following a method presented by Achenbach in [6]. The AE source model used in the cou-
pling formulation is determined from the exact solution of the crack opening displacement as a 
function of the initial and final crack length and the crack propagation velocity. 
 
 In the second part we present a model for the AE of guided waves using an integral formula-
tion method proposed by Achenbach [7]. This formulation combines a guided wave propagation 
model and a fracture mechanics source model. The modal solution is calculated by the SAFE 
method (semi analytical finite elements method).  
 
 The originality of the method lies in the fact that this formulation combines a propagation 
model and a fracture-mechanics source model with an arbitrary crack orientation. The work pre-
sented in this paper will be integrated in CIVA, a commercial NDE simulation package devel-
oped at CEA-LIST. 
 
2.  Rayleigh wave AE from buried crack in a thick structure  
 
2.1 Application of the reciprocity theorem for computing the emitted Rayleigh wave  

In a 3D geometry, the particle displacement associated to the Rayleigh wave emitted by a 
growing crack under stress can be calculated by applying the elastodynamic reciprocity princi-
ple. In the frequency domain, the elastodynamic reciprocity theorem for a body of volume V and 
surface S is written as: 
 
 

V

A B B A B A A B
j j j j ij j ij j iS
f u f u dV u u n dSτ τ⎡ ⎤ ⎡ ⎤− = −⎣ ⎦ ⎣ ⎦∫ ∫  

(1) 

where ni are the components of the outward normal to S, fj, uj and τij are the components of body 
forces, displacements and stresses. 
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Fig. 1: (a) Geometry of the AE problem, (b) definition of the global cylindrical coordinate sys-
tem (r, θ, z) and (c) geometry of the crack and definition of the local cylindrical coordinate sys-
tem (ρ, ϕ, x1)  

 We define state A as the solution of the acoustic emission problem and state B as the Ray-
leigh wave emitted by a point source applied in the xk direction (xk = x1, x2 or z). We apply the 
reciprocity equation to the region of the half space defined in Fig. 1 where Σ   is the surface of the 
crack located in the (x2, z) plane. The integrals over the free surface and the hemisphere of radius 
R as  vanish and the reciprocity equation leads to: 

 

( ) ( ) ( ) ( ), ,( ) , ,A G A A G
k i k ij i ij k ju u X u X n X d Xξ ξ τ τ ξ

Σ

⎡ ⎤= − Σ⎣ ⎦∫ 	   (2) 

where and denote the displacement and stress components of the Rayleigh Green’s tensor, 
respectively. X =(r, θ, z) and ξ = (r0,θ0, z0)  are the positions of the observation point and of the 
source, respectively. 

 
2.1.1 Rayleigh Green’s function  
The particle displacement of the Rayleigh wave generated by a point load in a cylindrical coor-
dinate system can be calculated by applying the elastodynamic reciprocity theorem [6]. 

 
Fig. 2: Half space subjected to a point load at z=z0. 

 The displacement components of Rayleigh wave generated by a point load of magnitude Q 
(Figure 2) applied at z=z0 in the x1 direction are: 
 

   (3) 

   (4) 
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  (5) 

where . In the case of a point load of magnitude M in the x2 direction, we have: 

  (6) 

  (7) 

  (8) 

In the case of a point load of magnitude P in the z direction, we have: 
 

  (9) 

  (10) 

  (11) 

where 

   
I = Trr

R(z)V R(z)−Trz
R(z)W R(z)⎡

⎣
⎤
⎦0

∞

∫ dz.
 (12) 

Expressions of VR, WR, Trr
R and Trz

R are available in [6] and 
  (13) 

  (14) 

is the first kind Hankel function of order n. The Rayleigh wave number is defined as: 

  (15) 

where ηR is given using a standard approximate formula for the Rayleigh wave velocity by 

  (16) 
where kt is the shear wave number: 

  (17) 

ρ, ν, λ  and  µ  denote the density of the medium, the Poisson ratio and the elastic Lamé constants 
defined by: and , where E is the Young's modulus. 

 
 We express the Green tensor in cylindrical coordinates using the superposition principle: 
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where 

 
( ) ( ) ( )'0

, 4
Φ ,

R
R R

r r R
V zk
i

u V z k
I

r=
 (19) 

 , 0,ruθ =  (20) 

 
( ) ( ) ( ),
0

4
Φ ,

R

r R
R

z
V zk
i I

u W z k r=
 (21) 

 , 0,ru θ =  (22) 

  (23) 

 , 0.zu θ =  (24) 
We neglect terms attenuating with distance more rapidly than 1/ r  and we use the asymptotic 
expansion for Hankel functions in the next calculations. These approximations were used by Aki 
and Richards in [3]. 

 
2.1.2 Acoustic emission source  
We assume that the crack is a surface of displacement discontinuity. In the case of tensile circu-
lar crack of radius a loaded by uniform pressure σ on its faces, the crack opening displacement 
(COD), expressed from the complex solution issued from fracture mechanics in the local cylin-
drical coordinate system (ρ, ϕ, x1) can be looked up in text books. One has: 

 
2

2 2
1

4(1 )( ) 2 vu a
E

σρ ρ
π
−Δ = −  (25) 

 
2.1.3 AE from tensile crack 
Equation (2) can be written as: 

 
( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

, ,

, ,

( ) , ,

, ,

A G A A G
k i k ij i ij k j

G A A G
i k ij i ij k j

u u X u X n X d X

u X u X n X d X

ξ ξ τ τ ξ

ξ τ τ ξ

+

−

+

Σ

−

Σ

⎡ ⎤= − Σ⎣ ⎦

⎡ ⎤+ − Σ⎣ ⎦

∫

∫
 (26)

 

 

Σ+ and Σ- are respectively the crack surface on x1= 0+ and x1= 0-. 
 
 In the case of a tensile stress (mode I), the displacement at the surface of the crack in the 
global cylindrical coordinate system is: 
 

1
A Au uθ =  (3) 

Eq. (26) can be written as: 
 

 ( ) ( ) ( ),( ) ,A A G
k ku u X n X d Xθ θθ θξ τ ξ

+

+

Σ

⎡ ⎤= −Δ Σ⎣ ⎦∫  (4) 

where 
1 10 0

A A A
x x

u u uθ θ θ+ −= =
Δ = −  (5) 

 

 The integral over the surface Σ+ can be written as: 

   
   (30) 
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As ( ) ( ), ,, ,G G
i k k iu X u Xξ ξ= , 

 

 ( ) ( ) ( ) ( ) ( ) ( ), , ,
,

, , ,1( ) 2 ,
G G G
k r k k zA A G

k k r
u X u X u X

u u u X d X
r r z

θ
θ

ξ ξ ξ
ξ λ λ µ ξ λ

θ+

+

Σ

⎛ ⎛ ⎞ ⎞∂ ∂ ∂⎜ ⎜ ⎟ ⎟= −Δ + + + + Σ
⎜ ⎟ ⎟⎜ ∂ ∂ ∂⎝ ⎠ ⎠⎝

∫  
 

 (31) 
We simplify the expression by considering a single dipole acting at the center of the crack, i.e. at 
X= (0, 0, h) (see Fig. 1): 
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⎜ ⎟⎜ ⎟∂ ∂ ∂⎝ ⎠⎝ ⎠

× −Δ∫ ∫
   

(6) 

2.2 Simulation and comparison with literature 
 We assume that the crack diameter evolves from l0 = 1 mm to l =5 mm at a velocity V = 
2000 m/s during T = 0.8 µs, and we consider a sampling frequency Fe = 50 MHz. We define rj 
and tn as:  
 

jr jV t= Δ  (33)
 

 0
1

nt t n
Fe

= +
 (34)

 

j varies from 0 to J/2, and n varies from 0 to N where: 
 1/ et FΔ =  (35) 

 TN
t

=
Δ  (36)

 

 lJ
V t

=
Δ  (37)

 

Eq. (25) can be discretized as follows: 

 ( )
2

2 2
1 0 0

4(1 )2 (( ) / 2) ,  for , ( ) / 2j jn j
vu r l nV t r r l nV t
E

t σ
π
−Δ = + Δ − ≤ + Δ

 (38)
 

and  
( )1 0, 0,  for ( ) / 2 / 2j n ju r t l nV t r lΔ = + Δ ≤ ≤       (7) 

 
 We take the Fourier transform of the COD given by eq. (38) to obtain the displacement field 
of the emitted Rayleigh wave in the frequency domain given by eq. (32). The displacement field 
in the time domain is then obtained using the inverse Fourier transform of eq. (32). 
 
 We have simulated the displacement field of the Rayleigh wave emitted by a defect evolving 
at different velocities V. Figure 3 presents the particle velocity of the emitted wave in the time 
domain obtained by deriving eq. (32) in the time domain. 

 
The amplitude of the emitted wave increases and the arrival time decreases when the crack 

propagation velocity increases. This observation can be explained by analyzing eq. (40). The 
displacement of the emitted wave in the time domain is obtained from the convolution of the 
spatial derivative of the Green’s function with the integral of the COD over the crack faces, as 
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Fig. 3: Rayleigh wave particle velocity emitted by a crack under 200 MPa, normal component in 
red and radial component in blue. (a) V= 500 m/s, (b) V= 1000 m/s, (c) V= 2000 m/s and (d) V= 
2500 m/s. 

 

2
1

0 0

a AS u d d
π

ρ ρ ϕ= −Δ∫ ∫  (40)
 

Figure 4 presents the quantity S in the time domain. The main contribution arises at a time corre-
sponding to the end of the emitting process, which is inversely proportional to V. 

 
Fig. 4: Integral of the COD over the crack faces for V= 500, 1000, 2000 and 2500 m/s. 
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Fig. 5: Comparison of the Rayleigh wave acoustic emission normalized particle velocity ob-
tained by our method (a) with a result from [1] (b). 

 We have compared our results with a result from literature [1] on Fig. 5. There is a good 
agreement between the two results. Differences can be explained by the assumptions used in the 
two models. Our integral formulation combines directly the COD and the Rayleigh wave Green’s 
functions. This is not the case for Harris and Pott model [1]. Their integral formulation combines 
the body waves emitted from the crack approximated at the Rayleigh wave arrival time and Ray-
leigh wave Green’s functions. 

 Our results presented in Fig. 5(a) are obtained by using the crack opening displacement at all 
points of the crack obtained from a fracture-mechanics exact model whereas results from the 
literature [1] in Fig. 5(b) present the velocity of the emitted wave from the starting of faulting 
event considering only the crack tip velocity. 

3.  Simulation of the reception by a piston-like transducer model 
 
 We have simulated the delivered voltage by an AE sensor using a piston-like model. In fact, 
only the sensitivity to the normal component of the particle velocity of the emitted wave has 
been considered. In this case, the delivered voltage can be written as [8]: 
 
 

0 0 02 ( ) ( ) .zS
E m r v r drπ= ∫   (8) 

(a) 

(b) 
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We consider a crack propagating at a velocity V = 2500 m/s. The crack diameter is evolving 
from 1 mm to 5 mm under 200 MPa. The receiver is an AE sensor of radius R=5 mm and a con-
stant sensitivity m(r0) = m0 = 600 V/m/s. The AE sensor is positioned at a distance r = 100 mm 
away from the epicenter of the crack. Figure 6 illustrates the geometry of the AE problem and 
the reception by an AE sensor. 

 
 

Fig. 6: Reception by an AE sensor. 

 The delivered voltage has been simulated using the method described in Sec. 2 and integrat-
ing the particle velocity over the sensor surface. Figure 7 presents the received waveform by the 
sensor, which results from the integration of the Rayleigh normal particle velocity over the sen-
sor area. 

 
Fig. 7: Delivered voltage by an AE sensor. 

4.  Guided waves AE from buried crack in thin structure 
 
 This paragraph describes the AE in a plate by a crack of arbitrary orientation. The geome-
try of the problem is shown on Fig. 8. Guided modes generated by a crack under stress are calcu-
lated again by applying the elastodynamic reciprocity theorem following a method presented by 
Achenbach [7]. The acoustic field emitted by a crack under stress is now composed of both 
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symmetric and antisymmetric modes [7], whose displacement and stress fields can be written as 
follows: 

 
Fig. 8: Geometry of the acoustic emission problem in thin structure. 

 ( ) ( )
0 0

m mik x ik xA a m s m
x m a m s

m m
u i A V z e A V z e

∞ ∞
± ±

= =

⎡ ⎤= ± +⎢ ⎥⎣ ⎦
∑ ∑  (9) 

 ( ) ( )
0 0

m mik x ik xA a m s m
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m m
u A W z e A W z e

∞ ∞
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= =
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∑ ∑  (10) 

 ( ) ( )
0 0
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xx m xx m xx

m m
i A T z e A T z eτ

∞ ∞
± ±

= =
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 ( ) ( )
0 0

m mik x ik xA a am s sm
xz m xz m xz

m m
A T z e A T z eτ

∞ ∞
± ±

= =
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∑ ∑  (12) 

where km is the wave number of the mth guided mode. Expressions of m
aV , m

sV , m
aW , m

sW , am
xxT , 

sm
xxT , am

xzT and sm
xzT are available in [7]. 

 
4.1 Application of the reciprocity theorem for the calculation of the emitted guided waves 
 We select state A as the solution of the acoustic emission problem presented by equations 
(42) to (45) and state B, as a virtual symmetric or antisymmetric wave. 
 
4.1.1 Amplitude of symmetric modes: 
We select state B as the nth symmetric mode propagating in the positive x1 direction. Displace-
ment and stress components can be written as: 
 ( ) nik xB n

x su iV z e−=  (13) 

 ( ) nik xB n
z su W z e−=  (14) 

 ( ) nik xB sn
xx xxT z eτ −=  (15) 

 ( ) nik xB sn
xz xziT z eτ −=  (16) 

 ( ) nik xB sn
zz zzT z eτ −=  (17) 

 We apply the reciprocity relation to the region surrounding the crack defined in Fig. 9. In the 
absence of body forces, equation (1) may be written as: 
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Fig. 9: Contours of integration used in the integral formulation. 

 
 . (18) 

We define J1 as the integral along the line h z h− ≤ ≤ , x a= , J2  along h z h− ≤ ≤ , x b= and J3, 
over Σ. Integrals along the free surfaces z h= ± vanish. J1 may be written as: 

 1

h B A B A A B A B
xx x xz z xx x xz zh

J u u u u dzτ τ τ τ
−
⎡ ⎤= − + − −⎣ ⎦∫  (19) 

We replace displacement and stress components by their expressions from equations (42) to (45) 
and (46) to (50), so that integral J1 can be expressed as follows: 

 ( )
1

0 0

m ni k k as s s A a s a s
m mn nm m mn nm

m m
J i A I I i A I I e

∞ ∞
−

= =

⎡ ⎤ ⎡ ⎤= + + +⎣ ⎦ ⎣ ⎦∑ ∑  (20) 

where: 

 ( ) ( ) ( ) ( ) 0
has sm n am n

mn xx s xz sh
I T z V z T z W z dz

−
⎡ ⎤= − =⎣ ⎦∫  (21) 

and 

 ( ) ( ) ( ) ( )
hs sm n sm n

mn xx s xz sh
I T z V z T z W z dz

−
⎡ ⎤= −⎣ ⎦∫  (22) 

As the summation produces non zero result only for n = m, the integral can be simplified as 
follows: 
 1 2 s s

n nnJ iA I=  (23) 
The contribution from x = b leads to: 
 

2 0J =  (24) 

Integration over the crack surface can be written as: 
 3

A B A B B A B A
uu u uv v uu u uv vJ u u u u dτ τ τ τ

Σ

⎡ ⎤= + − − Σ⎣ ⎦∫  (25) 

J3 is calculated from the contribution of the two line elements that define Σ, as follows: 
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 (26) 

 
 We express the integral over the crack faces as a function of the displacement and stress dis-
continuities: 

 
   
J3 = Δτ uu

A Vs
n(0,v)+ Δτ uv

A Ws
n(0,v)− Tuu

sn(0,v)Δuu
A − Tuv

sn(0,v)Δuv
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∫ dv  (27) 
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n(0,v) = uu

B(0,v)  (28) 

0B A A B
ij j ij j jS
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Ws

n(0,v) = uv
B(0,v)  (29) 

    
Tuu

sn(0,v) = τ uu
B (0,v)  (30) 

    
Tuv

sn(0,v) = τ uv
B (0,v)  (31) 

 
 The amplitude of symmetric waves can be obtained from the condition that the total contour 
integral must vanish [eq. (51)]. One gets: 

  
   
Am

S = −i
2Imm

S Δτ uu
A Vs

n(0,v)+ Δτ uv
A Ws

n(0,v)− Tuu
sn(0,v)Δuu

A − Tuv
sn(0,v)Δuv
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v0+l

∫ dv  

  (32) 
4.1.2 Amplitude of antisymmetric modes: 
Similarly, the amplitude of antisymmetric modes can be obtained by selecting the nth antisym-
metric mode as a virtual wave for state B. 
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A = −i
2Imm

A Δτ uu
A Va
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A − Tuv
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  (66) 
where
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mn xx a xz ah
I T z V z T z W z dz

−
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n(0,v) = uv
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Tuu

an(0,v) = τ uu
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Tuv

an(0,v) = τ uv
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4.2 Simulation and comparison with literature 
 
 We consider an isotropic plate of 3 mm thickness and Poisson’s ratio ν =  0.33. We have simu-
lated the surface strain of the first symmetric (S0) and antisymmetric mode (A0) emitted by a 
vertical surface-breaking tensile crack as shown in Fig. 10 and compared our simulation with a 
result from literature [5] obtained from a finite element method (). We assume that the time de-
pendence of the crack opening displacement is a unit Heaviside step function. 

 
Fig. 10: Surface-breaking tensile crack. 

 The modal solutions were calculated by the semi-analytical finite element method (SAFE) 
[9]. Figure 11(a) presents the filtered surface strain for modes S0 and A0 generated by the sur-
face-breaking tensile crack using a Gaussian window with 250 kHz center frequency and band-
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width of 350 kHz (measured at -40dB points). The comparison of our model with the finite ele-
ment results [5] shows a good agreement. 
 
 We have also performed a parametric study giving the mode amplitudes as a function of the 
crack depth. Results obtained with our model have also been compared with finite element re-
sults taken from [5]. A qualitative agreement between both models is observed as A0 shows the 
highest amplitude for the most of the considered crack depths and S0 amplitude increases slowly 
with the crack depth. Nevertheless, our results seem to underestimate the amplitude of the S0 
mode in comparison to finite element ones. 
 

 
Fig. 11: Surface strain transient response from a surface-breaking crack of 1.5-mm depth at a 
distance x= 300mm from the plane of the crack (a) our result, (b) Result in [5] using a finite ele-
ment model. 

 
5. Conclusion 
 
 A formulation coupling an acoustic emission source model and a propagation model has been 
proposed in the case of thick structures in order to predict the acoustic emission from the propa-
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gation of a crack under stress and to quantify the influence of the crack propagation velocity on 
the Rayleigh wave AE signals. Comparisons of our simulated results with results from the litera-
ture showed satisfying agreement even if the two models are different and not based on the same 
approximations and hypotheses. A similar formulation has been derived for guided wave and 
compared with results from the literature. In addition, the reception by an AE sensor has been 
simulated using a piston-like model considering only the sensitivity to the normal component of 
the emitted wave particle velocity. 

 

 
Fig. 12 : Amplitude of the first symmetric and antisymmetric emitted modes as a function of the 
surface-breaking crack depth at a distance x= 300 mm from the plane of the crack (a) our result, 
(b) Result in [5] using a finite element model. 
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Abstract 
 
 This paper is focused on the calibration of acoustic emission (AE) sensors by means of the 
reciprocity method. Therefore, the problem of the reciprocity criterion in the case of ultrasonic 
waves in solid is addressed. This latter criterion is well established and widely used for the 
calibration of electro-acoustic transducer. However, and despite that the first papers have been 
published forty years ago, its application in the case of ultrasonic wave in solids now raises a 
number of discussions in the community of acoustic emission. To start with, we present a review 
of the concept of reciprocity since its origin in electromagnetism to its application to electro-
acoustic transducers. We follow a critical analysis on the validity of the reciprocity theorem in 
the case of AE sensors. Next, a new aperture function will be presented, reconsidering the 
classical assumption of a constant sensitivity of the transducer’s sole by achieving an 
experimental estimation of its actual vibration using contactless laser interferometry. Finally, an 
original method for shear wave calibration of AE sensors will be presented. 
 
Keywords: AE sensors, calibration, reciprocity method, aperture effect. 
 
1. Introduction 
 

The reciprocity method is based upon the reciprocity theorem. In the field of electrical 
networks the following statement can translate the reciprocity theorem: “a given e.m.f. in the p-
th branch will produce the same current in the q-th branch of a circuit as the same e.m.f. in the q-
th branch would produce in the p-th branch” [1]. As a consequence of the principle of electro-
mechanical equivalence, this theorem is applied to ultrasonic transducer. 

 
McLean [2] was the first to propose a reciprocity-based technique for the calibration of 

electroacoustic transducers. The reciprocity technique has since then been developed and 
extended to carry out primary calibration of microphones, accelerometers and ultrasonic sonar 
transducers. It appears that this technique can be developed further to carry out calibration of 
transducers operating on an isotropic solid medium [3], and in particular for acoustic emission 
sensors as first proposed formally by Hatano [4]. 

 
The basic principle of the reciprocity calibration method is that three transducers, all of 

which are uncalibrated, are used as emitter and receiver successively. The basic experimental 
arrangement is shown in Fig. 1. The conditions of validity of this method are defined as follow: 

1. AE sensors are assumed linear and reversible. 
2. The coupling of the sensors must be reproducible (defined materials, constant thick-

ness). [5] 
3. The  propagation  medium  is  free  of  interference  referred  to  the wave (attenua-

tion, reflections, conversions, etc.). 
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As shown in Fig. 1, reciprocity calibration process consists of three steps. Each step involves 
two sensors: the emitter and the receiver. At each step current absorbed by the emitting sensor 
and voltage across the receiving sensor are measured. The sequence is repeated for the three AE 
sensors pairs. 

 
Finally, computation performed on the measured voltages and currents yields the sensitivities 

of all three sensors. The reciprocity calibration process is relatively straightforward. The 
receiving sensitivity of sensor 2 can be written as: 

 

  
where H is the reciprocity parameter. H is frequency dependent and is defined as the ratio M/S 
for a given transducer. M is the receiving sensitivity of the transducer, and S the emitting 
sensitivity of the transducer. In this paper we review the theoretical basis of the reciprocity 
parameter and reciprocity calibration of AE sensors. 

 
Fig. 1: Methodology of reciprocity calibration of AE sensors. 

 
 Using this methodology, we obtain the reception sensitivity curve of the sensor to be 
calibrated with reproducibility on the sensitivity to the resonant frequency of the order of 2dB, 
with some limitations: 

- Only the surface wave response is available in the frequency band of 50 kHz to 1 MHz. 
- Some difficulties remain to calibrate sensors low frequencies. 

For what concerns Rayleigh waves calibration, our results are consistent with those obtained by 
the original work of Hatano [6] and those recently shown by other research teams [7-9].  

 
 This article is divided into three parts. The first section discusses the question of reciprocity 

criterion in the case of AE sensors. Then follows the introduction of a new aperture function. 
Finally, an original method for shear wave (S-wave) calibration of AE sensors will be presented. 
 
2. The reciprocity parameter 
 

 To give a proper definition of the reciprocity parameter is not a simple task. Generally, the 
reciprocity parameter is defined by either quoting an equation or quoting a definition, neither of 
which gives any physical insight into the meaning of the parameter. The literature on acoustic 
reciprocity calibration is also confusing although the measurement procedure is relatively 
straightforward. 
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 To our knowledge the only theoretical work on the reciprocity method in the case of acoustic 
transducer is owed to Bobber [10]. He showed that the reciprocity parameter can be expressed as 
the ratio of acoustic volume velocity to the mean pressure at the face of the transducer. He also 
proved that the reciprocity parameter is actually the transfer admittance of the medium. He 
deduced from that, reciprocity parameter for: (i) spherical wave, (ii) plane wave, (iii) acoustic 
couplers, (iv) diffused sound, (v) tubes. 

 
 Bobber's conclusions are relevant to the case of transducers totally immersed in fluid 

medium. Since in standard operation AE sensors are stuck to the external surface of solid 
medium, how reciprocity parameter can be derived? 

 
Table 1: Expressions of reciprocity parameter 

 

Medium	   Geometrical	  arrangement	   Reciprocity	  Parameter	  H	  
Fluid	   Spherical	  wave	  

	  

Plane	  wave	  

	  

Solid	   Rayleigh	  wave	  (R-‐wave)	  

	  

Longitudinal	  wave	  (L-‐wave)	  

	  

Shear	  wave	  (S-‐wave)	  

	  

d is the propagation path distance, ρ is the material density, f is the calibration frequency, C is the 
compliance of coupling medium, K and Y are numerical solutions to Lamb's equation for specific 
values of Poisson's ratio, σ is the material Poisson's ratio, E is Young's modulus. 

 Hill and Adams [5] gave the answer to that question, by defining AE measurement procedure 
in terms of transfer functions. Dimensional analysis of the equations obtained yields that the 
medium is excited by a surface velocity. Hill and Adams noted that this observation is consistent 
with the transformation of electrical to acoustical quantities. Most of the theories relating to the 
calibration of ultrasonic transducers in fluid use volume velocity for the source output and 
acoustic pressure as the received quantity. However, Hill and Adams have shown that other 
input and output quantities are possible. Among these possibilities, the ratio Velocity/Force is 
indicated for AE sensors. As a result R-wave reciprocity parameter is obtained from the basic 
theory of surface wave propagation on a semi-infinite half space – Lamb [11]. Hill and Adams 
showed that considering a point force driving the surface derives the reciprocity parameter, 
yielding vertical velocity a distance d away. This definition is the starting point for the finite 
element simulations we conducted in our laboratory. However, the results are not consistent with 
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the conclusions of Hill and Adams. Further investigations are currently conducted. Various 
expressions of the reciprocity parameter according to the type of wave and the propagation 
medium are summarized in Table 1, all coming from Hill [12] except for S-wave. In that 
particular case, we simply propose to adopt the same definition as for L-waves but replacing the 
expression of longitudinal wave velocity by the shear wave velocity. 
 
 So far we have pointed to the question of the definition of the reciprocity parameter. Now, it 
is necessary to make some special remarks about the fulfillment of the reciprocity criterion in the 
case of AE sensors. 
 
 The case of bulk waves (e.g. L-wave) is handled in Bobber's paper. In that case the 
reciprocity criterion is met for AE sensors. In the case of surface wave (R-wave), a phenomenon, 
called the aperture effect, makes possible the existence of frequencies, at which the sensor 
response is null. Thus, for these cut-off frequencies, the sensor can emit but cannot hear 
anything. Consequently reciprocity is not met. 
 
 Bobber defined a general reciprocity parameter for electro-acoustical transducer. Hill and 
Adams have defined the reciprocity parameter for AE sensors calibration. Although AE sensors 
in L-wave configuration met the reciprocity criterion, it is not the case for R-wave configuration 
due to aperture effect. In the next section we shall go into more details about the aperture 
function. First, a classical approach will be used to define it. Next, a new aperture function based 
on an original approach will be presented. 
 
3. The aperture effect 
 
 Let us consider a wave, propagating on the surface of a propagation medium. An AE sensor 
is positioned on the propagation medium. When the sensor is submitted to the surface wave, the 
normal vibration velocity at each point of its face is not uniform. It can be derived that the 
voltage across the sensor is proportional to the average vibration velocity. Such average depends 
on the wavelength of the incident wave and the sensor diameter. This phenomenon, called the 
aperture effect, acts as a filter applied to the R-wave sensitivity of the sensor. The complex value 
of this filter in the frequency domain is called the aperture function. It has been shown that 
removing the aperture effect by combining the sensor’s aperture function with its R-wave 
sensitivity yields its L-wave sensitivity.  
 
 To illustrate this phenomenon, Fig. 2 shows the displaced surface of a sine wave, for which 
the average movements gives zero values for the sensor’s response at certain cut-off frequencies. 
For AE sensor larger than the wavelengths of interest, the classical recommendation to overcome 
this limitation simply consists in choosing sensing elements with a diameter as small as other 
constraints allow. 
 
 It has been shown [13, 14] that the voltage output of AE transducers is proportional to the 
normal surface velocity since these sensors have a dominant response to particle motion normal 
to the surface. Moreover, in Rayleigh wave-based reciprocity calibration, the sensor is mainly 
submitted to a normal vibration velocity because the fluid couplant strongly attenuates the in-
plane component of the vibration [15]. A first approach to the calculation of the aperture function 
is provided by the ASTM [16], which consider that the sensor is hit by an ideal plane wavefront. 
Goujon et al. [17] refined the calculation of the aperture function by considering the case of a 
circular wavefront. In this paper, the size and shape of the sensor surface as well as the 
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inhomogeneity of its sensitivity will be taken into account to estimate the output voltage. The 
influence of the size and shape of the sensor on the output voltage is given by the following 
integral: 

U = !
!

ω r! m(r)dS    (1) 
where: 

U is the open circuit voltage across the receiving sensor, 
S the active surface of the sensor, 
ω is the normal velocity of a point of the sensor surface, 
m is the sensitivity of a point placed at the distance r from the center of the sensor’s surface. 

 

 
Fig. 2: Illustration of the aperture effect. 

 
In the literature, a common assumption is to consider that m(r) is uniform over the whole 

surface of the sensor. Consequently, in the case of cylindrical wave of amplitude A, the 
hypothesis m(r) = m0 leads (1) to become: 

U = !!!
!

!!!!!!!

!!
rdr! dθ   (2)  

 
Fig. 3: Geometry used in the calculation of the aperture function of the AE sensor. 
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where r0, r and D are defined in Fig. 3, which shows the geometry used in the calculation of the 
aperture function. 
 

 The receiving sensitivity of a sensor in Rayleigh waves MR is defined as the ratio between the 
open circuit voltage of the sensor U and the normal component of the Rayleigh-wave velocity at 
the center of the sensor (r0=D), which can be written as: 

 𝜔 𝐷 = !
!
𝑒!!!!! (3) 

Then, the expression of MR is: 

𝑀! =
!!
!

𝐷𝑒!!!! !!!!!!!

!!
𝑟d𝑟! dθ (4) 

With 𝑘! = 2𝜋𝑓 𝑐! the Rayleigh wavenumber, 𝑐! being the velocity of Rayleigh wave in steel, it 
follows immediately: 

𝑀! = 𝑚!𝐹 𝑓, 𝑆 = 𝑚!
!!!!!!

!
!!!!!!!

!!
𝑟d𝑟! dθ  (5) 

which defines the aperture function F of the sensor. 
 
 The aperture function depends not only on the geometry of the sensor as well as on the 

frequency and geometry of the incident wavefront, but also on spatial variations of the sensitivity 
of sensor surface. Indeed, one can find in [17] mentions of experimental deviations between the 
experimental and theoretical aperture function, which could be attributable to the false 
assumption of uniform sensitivity m0. Considering that the sensitivity of the sensor depends on 
the amplitude and phase of the free-end vibration of the sensor’s surface, the new expression of 
the Rayleigh-wave sensitivity is thus: 

𝑀! =
!!!!!!

!
𝑚(𝑟) !

!!!!!!

!!
𝑟d𝑟! dθ  (6) 

Here is made the assumption that the disc-shaped transducer exhibits an axisymmetric vibration 
profile, that is to say that m(r) is only function of the distance r from the center of the sensor’s 
surface. Thus the complex expression of m(r) is: 

𝑚 𝑟 = 𝑚!𝜓(𝑟)𝑒!!"(!)  (7) 

where  𝑚!  is the maximum sensitivity to normal vibration of the sensor surface and φ the phase 
shift of this vibration. 𝜓(𝑟) is a real number comprised between 0 and 1 so that eqn. (5) holds 
with: 

𝐹 𝑓, 𝑆 = !!!!!!

!
𝜓 𝑟 !!! ! ! !!!!!

!!
𝑟d𝑟!     (8) 

 
 In the next section we present the approach that has been used to experimentally determine 
𝜓(𝑟) and 𝜑(r), which are subsequently used in the computation of the new aperture 
function  𝐹 𝑓, 𝑆 . 
 
3.1 Experimental setup 
 
  A laser scanning velocimeter was setup in order to determine the vibration profiles of the AE 
transducer as well as the vibration of the surface of a steel block used for Rayleigh-wave sensor 
calibration. These measurements will allow combining the actual sensor sensitivity with the 
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theoretical diffraction effects due to the size of the transmitting and receiving areas, with regards 
to the wavelength of the Rayleigh waves.  
 

As reminded in (1), the AE sensor voltage is the average of the normal velocity under its 
surface, weighted by its receiving sensitivity MR defined in (4). MR being referred to the Rayleigh 
wave vibration velocity at the center of the face of the sensor, it is independent from the 
amplitude A of the incoming wave. The sensitivity m(r) has the same dimension as MR as seen in 
(6) and the aperture function F is dimensionless. In comparison with the definition of (5), the 
dimensionless parameter 𝜓(𝑟) and 𝜑(r) are the only new parameters to be determined for the 
calculation of the new aperture function F defined in (8). Indeed, only the relative behavior of 
the sensor surface has to be determined in order to improve the representativeness of the aperture 
function since quantities such as the amplitude of the Rayleigh wave or the magnitude of the 
sensitivity m0 do not appear in (8). 

 
The laser interferometer detects the quasi-punctual normal velocity of the sensor, which is let 

to freely vibrate in air at atmospheric pressure. It is here assumed that the vibration behavior 
measured under free-boundary condition is representative enough of the one that could be 
expected when the transducer is coupled to the block with the fluid couplant. This question was 
addressed by measuring the vibration of the sensor when coupled to a glass block, which be 
more representative of the boundary conditions of the calibration method, but the laser 
measurement through the transparent block did not show a sufficient signal to noise ratio.  

 
Thus, extrapolating the relative sensitivity of the sensor to be proportional to the 

experimentally determined normal velocity vibration profile allows recalculating the complex 
aperture function of the transducer with a non-uniform sensitivity m(r). 

 
3.1.1 Contactless measurement of the sensor’s surface sensitivity 
The acquisition of the velocity profile of the sensor surface was performed using a Polytec OFV 
3001 laser velocimeter equipped with an OFV 303 head. The AE sensor used is a typical 
commercial PAC µ80 sensor from Euro Physical Acoustics driven by an Agilent 33250A 
arbitrary waveform generator. For each point of the surface, the time signal is digitized by a 
Tektronix TDS3012B oscilloscope and stored in a personal computer for post processing (Fig. 
4).  
 

 
Fig. 4: Measurement of the AE sensor normal velocity. 
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The normal velocity of each point of the sensor surface is measured with 100-µm spacing, 
when the electrical input is a sinusoidal excitation at 300 kHz. Fig. 5a represents the peak-to-
peak amplitude, in mm/s, of the velocity while Fig. 5b represents its phase relative to the one 
measured at the center of the sensor. The dashed pink line shows the outer circumference of the 
9.5 mm diameter transducer. It can be seen that the local velocity at the sensor surface is far from 
being uniform, contrary to the classical assumption of a piston-like behavior. The center area 
vibrates out-of-phase and with much higher velocity than that the outer ring of the sensing 
surface. It has a diameter close to the 6.5 mm diameter of the piezoceramic, which is enclosed 
inside the transducer.  

 
The magnitude and phase of the vibration of the surface being rather axisymmetric, it is 

decided to extract their profiles under this assumption, which meets the supposition made about 
the sensor being axisymmetric in (7).  

 
(a)        (b) 

Fig. 5: Amplitude (a) and phase (b) of normal velocity of the sensor's surface in free condition. 
 

 Since the PAC µ80 sensor is fairly resonant, the local sensitivity m(r) at the sensor face is 
derived from the local velocity measured at its central resonance frequency of 300 kHz. A 
proportionality relationship between those quantities is assumed. Fig. 6 shows the modulus of the 
Fourier spectrum profiles extracted at various frequencies in the case of a pulsed excitation of the 
sensor, and also that the sensitivity profile of the sensor is also a function of frequency. 
Consequently, the implementation of the proposed technique for a truly broadband sensor, which 
is quite rare in AE experiments, would require a procedure for extracting the complex sensitivity 
profile for each frequency component within the frequency band of the sensor. 

 
  In the present paper, it is decided to extrapolate the qualitative behavior of the sensor in the 

useful band as identical to the 𝜓(𝑟) and 𝜑(r) measured at 300 kHz. Indeed, by virtue of the 
particularly resonant behavior of this sensor, we assume that the qualitative effect of the 
difference between off-resonance velocity profiles is of the second order with regards to the 
quantitative effect of the variation of 𝑚!  with the frequency, this later effect being actually taken 
into account.   
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Fig. 6: Amplitude profiles of normal velocity at various frequencies.  

 
Fig. 7: Snapshots at consecutive instants showing the curvature of the wavefront. 

 
3.1.2. Visualization of Rayleigh wavefront curvature in Rayleigh wave calibration 
The Rayleigh wavefront that passes under the AE sensor is visualized using the same setup that 
the one described in [17], where a PAC µ80 sensor, coupled with glycerin on a 300 × 300 × 400 
mm steel transfer block, is used as an emitter and placed with its center at 30 mm from the center 
of the surface of interest. The transducer is driven with a short-pulse excitation provided by a 
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Panametrics 5052 pulser-receiver. The interrogated surface has the same area that the one of Fig. 
5 and Fig. 6 and is also scanned with 100-µm spacing in both X and Y directions. Snapshots of 
Fig. 7 taken at close instants show that the wavefront propagating from left to right has a low 
curvature despite the relatively small distance between the transmitter and the reception area. 
This helps to understand the weak influence of the calculation proposed in [17] compared to the 
classical calculation involving a plane wavefront [16], as it will be shown in the next paragraph. 

3.2 Application towards a better consideration of the actual aperture of AE sensor  
 

 Fig. 8 collects, in the 1 MHz frequency range, the results in terms of aperture function 
obtained for the two referenced models and for the present model, where the information of 
amplitude of vibration was first only added, then complemented by the information of phase. The 
solid line in Fig. 8 represents the aperture function proposed by the ASTM model [16] of a 300-
kHz plane Rayleigh waves on stainless steel, by taking into account the actual active area of the 
sensor of about 6.5 mm in diameter instead of the 9.5-mm diameter of the sensor face. This 
function behaves like a squared cardinal sine, and exhibits one null value within the measured 
frequency range of 1 MHz, which is the upper frequency commonly used for the calibration of 
such kind of AE sensors. The dashed line in Fig. 8 represents the aperture function obtained by 
Goujon et al. model when the radius of curvature of the Rayleigh-wave beam from a remote 
transmitter is also taken into account. It is almost the same as the solid one because the 
wavefront of the cylindrical wave is here relatively flat, as one can observe in Fig. 7. So, the 
incoming wave from the actuator placed at a distance of 30 mm is quite close to the plane wave 
considered in the ASTM model. 

 

 
Fig. 8: Aperture function in the 0 to 1 MHz frequency range. 

 
 Taking into account the actual amplitude of vibration velocity sensor, the first cut-off 

frequency of the aperture function occurs at about 1.05 MHz. Moreover, if one also reflects the 
phase shift of vibrations of the surface, still under the assumption of axial symmetry, the 
widening of the first lobe of the aperture function is slightly less than when accounting for the 
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amplitude only. Knowing the difficulty to accurately measure the phase, it can be suggested that 
only considering the amplitude information may be sufficient to partially correct the aperture 
function without significant practical difficulty. 

 
  Aiming at performing a calibration of AE sensors on the surface of a block transfer 

(Rayleigh-wave calibration) instead of using the usual bulk-wave calibration method requires 
taking into account the aperture effect of the sensor. 

 
  In order to check the validity of the aperture effect correction in surface wave calibration, the 

PAC µ80 sensor sensitivity to Rayleigh waves is compared to the one obtained with longitudinal 
bulk waves. To produce the incident bulk wave, a longitudinal wave transducer was set to the 
opposite face of the block. The 300-mm thickness of the block is more than fifteen times the 
wavelength of longitudinal waves in steel and according to the relationship d2/(4λ)=1.25 mm 
defining the near field limit of the sensor, the sensor is here in the far-field of the emitter. The 
radius of curvature of the wavefront travelling through the thickness of the propagating medium 
is large enough to consider it as a perfect plane wavefront. Since there is no aperture effect to be 
accounted for in the presence of such a plane wave of amplitude B hitting the sensor at normal 
incidence, the voltage across the sensor is: 

U = !
!

m(r)rdr! dθ = !
!
∙𝑚! 𝜓 r 𝑒!!" ! rdr! dθ  (9) 

 Under the hypotheses of the absence of geometrical influence of the frequency and axial 
symmetry of the d diameter sensor, (9) becomes:  

U = 𝑚!
!
!
2π 𝜓 r 𝑒!!" ! rdr

!
!

! = 𝑚!𝐵𝐾 𝑑  (10) 

with K(d) a constant value that is numerically computed. Hence the sensitivity to longitudinal 
bulk wave ML versus frequency shows a flat curve with expression of: 

  𝑀! = 𝑚!𝐾  (11) 

Therefore, using (5) yields: 

𝑀! =
!

!(!,!)
∙𝑀! (12) 

The aperture function 𝐹(𝑓, 𝑆) is the only quantity to be determined in order to validate the R-
wave calibration method. The sensitivity to longitudinal bulk wave should thus be proportional 
to the ratio of the sensitivity to longitudinal bulk wave and the aperture function. 

 
 Fig. 9 shows various sensitivity spectra of the sensor PAC µ80. The curves represent the 

moduli of the complex sensitivities in the 1 MHz range. The solid curve shows the sensitivity 
obtained by bulk longitudinal-wave calibration whereas the dashed line represents the Rayleigh 
wave sensitivity, which we measured by applying the surface-wave reciprocity method proposed 
by Hatano [18]. According to (12), the bulk-wave sensitivity curve must be inferred from the 
Rayleigh-wave curve by simple division term by term.  

 
 In [17], Goujon et al. did not account for any geometrical variation of m, assuming m=m0; 

e.g. ψ r =1 and φ r   = 0, yielding K = 1. The dashed-dotted curve with cross markers is 
obtained according to the piston-like behavior model, which considers a uniform and in-phase 
displacement of every point of the surface of the sensor, e.g. considering K = 1 and substituting 
in (12) the aperture function F given by (5). The sensitivity curve thus obtained clearly does not 
fit the sensitivity measured with bulk longitudinal waves, invalidating the Goujon et al. model. 
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Without detracting from the quality of the work of these authors, their assumptions prevent to 
correctly account for the aperture effect outside the low-frequency range. Indeed, the too fast 
decay of the aperture function depicted in Fig. 8 makes the recalculated curve deviate from the 
experimental curve when the frequency exceeds about 400 kHz. In addition, the vanishing of the 
denominator for the cut-off frequency at f = 550 kHz causes the divergence of the recalculated 
ML sensitivity. We believe that the presentation in [17] of results only for frequencies below this 
first cut-off frequency, combined with the fact that the approach was to calculate the sensitivity 
of Rayleigh waves from the sensitivity of bulk waves by multiplying the aperture function, thus 
avoiding the above mentioned problem of divergence, has overshadowed the limitations of the 
piston–like model. 

 
  The curve with black dot markers in Fig. 9 shows the bulk-wave sensitivity spectra obtained 

from the Rayleigh-wave sensitivity spectra divided by the new aperture function model (8). It 
shows a good agreement with the experimental curve for frequencies up to 450 kHz and a 
reasonable agreement for frequency above this value. As no normalization of the measured bulk-
wave or Rayleigh-wave sensitivities were performed, one can deduce that the value of K(d) is 
here close to 1. The good fit between the experimental curves and those derived through our 
aperture function, itself based on precise measurements of the vibrational behavior of the sensor, 
confirms our approach and validates the proposed model. 

 

 
Fig. 9: Aperture effect correction of R-wave sensitivity and comparison with L-wave sensitivity 
in the 1 MHz range. 
 
  In the previous section we mentioned that aperture effect undermines the reciprocity 
criterion. With the new aperture function, we showed that L-wave sensitivity can be derived 
from R-wave sensitivity. In other words R-wave configuration for AE sensor meets reciprocity 
criterion. 
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4. Shear wave calibration of AE sensors 
 

  To our knowledge there are no previous attempts of S-wave calibration of AE sensors. Our 
first attempt was the classic arrangement for reciprocity calibration: three AE sensors and a 
propagating medium. The experimental arrangement is the same as the one Hatano used for L-
wave calibration of AE sensors in [18]. With that method, it is possible to detect S-wave but it is 
not possible to isolate it from the whole signal. Indeed S-wave is partly buried in the preceding 
L-wave. To workaround that issue, normal incidence S-wave transducers (Panametrics V151) 
have replaced two of the AE sensors. As S-wave calibration requires repeatable sensor coupling, 
a solid cement was used to validate the method. For practical reasons, namely to ease the sensor 
repositioning, a thick couplant was also used. This shear wave couplant from Sofranel showed 
good repeatability and produced comparable result to the one that was get from the use of the 
cement. 

 
  As shown in Fig. 10, the L-wave component became negligible compared to S-wave. Before 

computations the L-wave component is removed by proper windowing. Conventional hardware 
has been used for the calibration. Current is sent to the emitting sensor by means of the Agilent 
33210A arbitrary waveform generator. Philips PM9355 current probe/amplifier is used to 
measure current absorbed by the emitting sensor. A Bruel & Kjaer 2638 amplifier is used to 
preamplify the voltage across the receiving transducer. Finally, a Tektronix Tds-340 oscilloscope 
records voltages with 512 averages.  

 
Fig. 10: Current absorbed by the emitter and voltage across the AE sensor in S-wave calibration. 

 
  What can be observed in Fig. 11 is the comparison between L-wave and S-wave sensitivities. 

It appears that the S-wave sensitivity is 15 dB below L-wave sensitivity. However both 
sensitivities have the same evolution. Tests conducted with other sensors, for instance with a 
PAC R-15alpha sensor, and different coupling fluids confirmed this trend. 

 
 S-wave AE calibration is a prime. We proposed a method with one AE sensor and two 
normal-incident S-wave transducers. Obtained results have demonstrated the technical feasibility 
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of that method. It is also important to note that S-wave sensitivity and L-wave sensitivity are 
linked. As a result, relying on R-wave sensitivity and the aperture function, one can derive L-
wave sensitivity and finally S-wave sensitivity. 

 
Fig. 11: S-wave calibration of a PAC µ80 sensor: comparison with L-wave sensitivity. 

 
Fig. 12: S-wave calibration of a PAC R15alpha sensor: comparison with L-wave sensitivity. 

 
5. Conclusion 
 
 Although proper definition of the reciprocity parameter is not a simple task, the objective of 
this paper was to present elements that are essential to a better understanding of the reciprocity 
parameter. First we have seen that Bobber's conclusions give physical insight to the definition of 
this parameter and that Hill and Adams extended it to AE sensors calibration. Next we presented 
a new aperture function. We have seen that aperture effect correction of R-wave sensitivity can 
be used to derive L-wave sensitivity. Finally, an original method for S-wave calibration of AE 
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sensors has been presented. The first results showed that it might be possible to derive S-wave 
sensitivity from L-wave sensitivity. As a result it can be inferred that knowledge of R-wave 
sensitivity is sufficient for the complete characterization of AE sensors. 
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Abstract 
 

The goal of this research was to find an accurate and reliable method to predict the burst 
pressures of various undamaged tall graphite-epoxy pressure vessels at low proof pressures.   A 
total of fifteen bottles were monitored with acoustic emission (AE) transducers while being 
pressurized to failure.  The AE flaw growth data were then analyzed using artificial neural 
networks.  A Kohonen self organizing map (SOM) was first used to classify the AE data into its 
various failure mechanisms, then a back-propagation neural network (BPNN) was used for burst 
pressure predictions. Both the unclasssified AE data and the SOM classified AE data were input 
into two different software packages – NeuralWorks Professional II+ and MATLAB – yielding a 
total of four different predictions.  Each prediction was tested using 12%, 25%, and 50% of the 
initial AE data.  The final optimized predictions used the first 12% of the classified data, which 
resulted in essentially identical worst-case errors of about 6%. These lowest worst-case errors 
were produced using both the AE input data that were pre-classified into the four failure 
mechanisms using the Kohonen SOM plus categorical variables to identify the five different 
resin cure methods. The tall graphite-epoxy bottles tested had to be pressurized to almost 50% of 
their burst pressures to obtain sufficient AE data for accurate burst predictions. The use of low 
proof pressures (≤25%) was inadequate in obtaining accurate burst pressure prediction. 
 
Keywords: Back-propagation, self-organizing map, failure mechanisms, burst pressure 
prediction, composite pressure vessels, graphite/epoxy, neural networks, nondestructive 
evaluation   
 
Introduction 

 
In recent years, there have been many engineering applications that required the use of 

pressure vessels to store compressed gases and fluids.  These applications range from the large 
storage tanks found on natural gas vehicles to the small, lightweight inert gas storage tanks used 
on modern spacecraft.  For most purposes, a metallic pressure vessel is an effective and cost 
efficient solution.  However, when dealing with aerospace applications it is very desirable to use 
lightweight structures.  Even though the manufacture of a lightweight pressure vessel is 
expensive, the increased operational performance and decreased cost of operation due to a 
vehicle’s lower mass make the use of lightweight pressure vessels advantageous, particularly in 
aerospace applications.  For this reason composite overwrapped pressure vessels (COPVs) or 
fully composite pressure vessels are commonly used on modern aircraft and spacecraft.  This 
includes extensive use on the Space Shuttle (see ref. 1).  This project focuses on the evaluation of 
fully composite pressure vessels only.  Composite pressure vessels have added weight savings 
over COPVs.  However, they can be more difficult to manufacture and composite materials have 
a tendency to fail unpredictably due to variability in cure methods, layup techniques, and other 
manufacturing processes.   Because of this variability in manufacturing quality, it is important to 
develop a practical method to nondestructively evaluate the ultimate strength or burst pressure of 
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each individual composite pressure vessel, and therefore, that is the primary focus of this 
research. 
 
  The data for this project were gathered in 1996 at the NASA Marshall Space Flight Center 
(Walker et al., 1995).  Here, fifteen 146-mm diameter, tall IM7/977-2 graphite-epoxy pressure 
vessels were manufactured and tested.  A tall pressure vessel is defined as a pressure vessel 
having a cylindrical section at least three times the length of vessel.  In this case, the cylindrical 
portion of the bottles was 305 mm long, as opposed to the typical 100 mm long cylindrical 
region.   The fifteen bottles were split into five groups of three bottles, in which each group was 
manufactured using a different resin cure method.   These methods included autoclave cure, 
vacuum bag cure, low temperature cure with polyvinyl alcohol (PVA) removed, rotisserie cure at 
room temperature, and rotisserie cure at 177°C.  Four acoustic emission transducers were affixed 
to each bottle as shown in Fig. 1.   Transducer 1 was attached to the polar boss, while the three 
remaining transducers were attached around the periphery of the pressure vessel along the hoop 
fibers.  The bottles were first pressurized at a rate of 68.95 kPa/sec up to 6.895 MPa, which is 
roughly 25% of the design or rated burst pressure.  The bottles were held at this pressure for two 
minutes to allow them sufficient time for any creep to stop.  The pressure was then brought back 
to zero and finally ramped up to failure, again at a rate of 68.95 kPa/sec. See Fig. 2. Acoustic 
emission data were gathered during the entire test using the AE transducers and a multi-channel 
AE analyzer.  Finally, a portion of the AE data were input into a back-propagation neural 
network (BPNN) in order to predict the burst pressures of the graphite-epoxy pressure vessels.  
Although the BPNN successfully predicted the burst pressures for most of the bottles with less 
than a 20% error, the prediction on one bottle was in error by 37.8%.  These errors are 
summarized in Table A1 in the Appendix. 
 

   
Fig. 1. AE transducer placement.       Fig. 2.  Pressurization scheme. 

 
  The primary goal of this research was to use the data previously collected to devise a method 
of prediction yielding lower errors, with the specific goal of attaining a worst-case error of less 
than ±10%.  This was attempted by modifying the input to the artificial neural networks.  Unlike 
the previous research, the AE data herein were first classified into the different failure 
mechanisms that occur during pressurization of composite pressure vessels using a Kohonen self 
organizing map (SOM) neural network.  Both the original unclassified data and the classified 
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data generated by the SOM were then input into a back-propagation neural network, which 
predicted the burst pressures of the bottles.   Two different neural network software packages 
were used – Neural Works Professional II+ and MATLAB – and the amount of AE data input 
into the neural networks was varied from the initial 12%, 0-25% and 0-50% of the AE data taken 
up to burst.  The variability of the networks allowed for the testing of many different neural 
network configurations and helped to achieve a much improved burst pressure prediction.  The 
secondary goal was to obtain accurate burst pressure predictions at low proof loads such that 
minimal damage is done to the composite pressure vessel.  Details of the neural network analyses 
will be presented later. 

 
Acoustic Emission Nondestructive Testing and Evaluation 

 
Acoustic emission testing is a method to test and evaluate the integrity of a structure 

undergoing stress. In composites the matrix will begin to crack first, then the cracks will couple 
into micro-delaminations, following which the layers or plies of the composite will delaminate 
from one another on a macroscopic scale, then the fiber bundles within the composite will begin 
to break, and finally rupture will occur (Reifsnider et al. 1983).  Each one of these failure 
mechanisms will release energy throughout the structure in the form of elastic mechanical waves 
that will have unique characteristics when compared to waves produced by other mechanisms.  
By measuring the acoustic emission hits using a piezoelectric transducer, the modes of failure 
occurring can be determined and the state of the structure can be inferred.  

 
Two major aspects of AE data analysis that must be taken into account are noise and multiple 

hit data.  Acoustic emission tests are highly prone to gathering noise from sources such as 
electromagnetic interference and mechanical rubbing.  The noise must be filtered out by 
recognizing their characteristics such as very high or very low average frequencies.  When AE 
hits occur in rapid succession, it is possible for the AE data acquisition system to mistake 
multiple independent hits as one long combined hit.  This is referred to as multiple hit data 
(MHD).  Multiple hit data tend to have high energies, long durations, and low average 
frequencies.  In order to get accurate results, noise and MHD have to be removed from the data 
set prior to any analysis.  Fortunately, the data used in this research had very little noise.  
However, there were some MHD that needed to be removed in order to attain more accurate 
predictions. 

 
Artificial Neural Networks 

 
 In order to analyze the data gathered herein, artificial neural networks were employed.  The 

method, by which an artificial neural network (ANN) analyzes data, is modeled after the 
biological neurons and synapses in the human brain.  The ANN’s interconnected neurons, or 
processing elements (PEs), are assigned random initial weights.  Each PE sums together all of its 
weighted inputs and passes it through a transfer or activation function before it is output to the 
next neuron.  The network optimizes the weights by going through iteration while trying to lower 
the error of the network’s output.  The main advantage of using neural networks is that very little 
needs to be known about the data to achieve good results.  For example, if trying to curve fit data 
using statistics, the general shape of the curve must be known.  It must be first determined if the 
curve should be linear, parabolic, exponential, or some other function.  An artificial neural 
network will come up with its own way to fit the data and does not depend on the user’s curve 
fitting intuition.  Also, it is virtually impossible to employ statistics when there is noise present in 
the data.  Noise will cause the analysis to “blow up” and result in unacceptably large prediction 
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errors.  An ANN, on the other hand, can easily handle noisy data.  Typically, the weights 
corresponding to the noisy data points will approach zero after many iterations, causing this data 
to have little effect on the output.  Two kinds of ANN’s were used to analyze the low pressure 
AE data.  First, a Kohonen self organizing map was used to separate or classify the data into 
different failure mechanisms.  Following classification, the AE data were input into a back-
propagation neural network to predict burst pressures. 

 

      
Fig. 3. Basic SOM architecture.     Fig. 4. BPNN architecture with amplitude histogram input. 

Kohonen Self Organizing Maps 
 A Kohonen self organizing map (SOM) is a type of ANN which is used to categorize or 

classify data.  The architecture of a SOM can be seen in Fig. 3.  Data are first applied at the input 
layer of the SOM.  There is one input neuron for each parameter of a data point.  For example, 
here the AE data were categorized in the SOM by using amplitude, counts, duration, energy, and 
rise time; hence, there were 5 input neurons.  The Kohonen layer, which in this case was one-
dimensional, will then process and classify the data into a number of categories.  The number of 
categories possible is defined by the size of the Kohonen layer.  For example, four categories or 
failure mechanisms were expected for the graphite-epoxy bottles: matrix cracking, crack 
coupling, delaminations, and a mixture of fiber breaks with multiple hit data (Reifsnider et al., 
1983).  This resulted in the need to use a 4x1 Kohonen processing layer, which yielded four 
possible classifications.  If the number of categories is unknown, it is best to use more categories 
than expected.  The network will not necessarily use all of the categorizations possible, but the 
size of the processing layer should be optimized to yield the best classification.  Finally, the 
output layer shown in Fig. 3 gives an x-y coordinate representing the categorization of each data 
point or AE hit. 

Back-propagation Neural Networks 
 Unlike an SOM, a back-propagation neural network (BPNN) is used for prediction.  A 

BPNN’s architecture consists of an input layer, one or more hidden or processing layers, and a 
single neuron output layer as seen in Fig. 4.  Data are first input to the BPNN through the input 
layer.  When using AE data, typically an amplitude histogram is input into this layer with one 
neuron per each 1 decibel amplitude interval.  For this application, the amplitude range of the 
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pressure vessel AE data ranged from 60-100 dB.  With each decibel level requiring one input 
neuron, this yielded a total of 41 input neurons.  The processing hidden layer then sums the 
weighted inputs from all the input neurons and passes them through the each hidden layer neuron 
transfer function; these outputs from the hidden layer then become the inputs to the single output 
layer neuron.  In this case, the output from the single output layer neuron is the predicted burst 
pressure.  

  
 In order to produce a BPNN capable of accurately predicting burst pressures, the test data 

must be split into training and testing files.  Since there were fifteen pressure vessels tested in 
this project, eight bottles were used to train the network, while the remaining seven were used to 
test it.  The way the BPNN learns to predict is analogous to the method, in which a student learns 
to solve a problem.  The student will first learn a subject and learn how to solve a set of problems 
relating to it.  Later, the student will be tested on different, but similar, problems to determine or 
test how well the subject has been learned.  Likewise, a portion of the AE data was used to train 
the network.  This portion of data included the appropriate AE amplitude histograms for eight of 
the bottles along with their actual burst pressures.  The network will predict the burst pressures 
by using randomly assigned initial neuron weights.  In order to improve the prediction results, 
the output error is computed, and the BPNN will iterate until either a defined number of 
iterations occur or a specified RMS error is achieved between the training bottles’ burst pressures 
and the BPNN’s prediction results.  The BPNN will finally be tested on the remaining bottles to 
check the prediction ability of the network.  Here, the burst pressures are not supplied, but 
instead they must be predicted using only the untested bottles’ amplitude distribution histograms 
as inputs. 

Application of Artificial Neural Networks 
 
 Multiple approaches were taken to optimize the artificial neural network parameters to 

improve their burst pressure prediction ability.  As stated earlier, the data were classified into 
four failure mechanisms using the SOM.  Obtaining well categorized data proved to be a 
relatively simple task.   However, determining the best way to input data into the BPNN was 
much more difficult.  Two different neural network programs were used to determine which 
produced better results.  NeuralWorks Professional II+, a program built solely for ANN’s, and 
the neural networks application in MATLAB were both used.  For each program, both 
categorized and uncategorized amplitude histograms were input into the BPNN’s for burst 
pressure prediction.  The hypothesis was that the classified data, which provided no data overlap 
and removed MHD, would result in lower errors when input into the BPNN.  Additionally, the 
amount of amplitude data input into the SOM and BPNN was varied between the initial 12%, 
25%, and 50% of the channel 1 AE hits up to burst.  It was believed that more AE data would 
result in less prediction error; on the other hand, less data correlated to an earlier prediction, 
which meant less damage to the bottles.  Finally, the method in which the input file was set up 
was varied.  This included appending all four of the amplitude histograms to one another, 
removing the MHD and fiber breaks, using only the matrix cracking data, and using a categorical 
variable to specify cure type.  All of these approaches will be discussed in further detail later. 

NeuralWorks Professional II/PLUS Predictions 
 NeuralWorks Professional II/Plus is a software package that is specifically designed to 
generate artificial neural networks. For this project, this software was used to generate a series of 
BPNN’s to predict burst pressures in tall graphite epoxy bottles using low-pressure acoustic 
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emission data.  An SOM was also used to classify failure mechanisms within the AE data sets 
and thereby allow the BPNN to make more accurate predictions.   

  
 The SOM categorized the data using five different AE parameter inputs: rise time, duration, 
counts, energy and amplitude.  This SOM classification process iterated 30 times through the 
total number of AE hits for each bottle, resulting in the four different classifications previously 
mentioned.  Shown in Fig. 5 is an amplitude distribution histogram of the categorizations 
obtained from the SOM.  Figure A1 in the Appendix is a three dimensional plot of amplitude, 
energy and duration of one of the bottles in the data set.  It was expected that some of the data 
would overlap due to the fact that different failure mechanisms can appear similar when 
analyzing the various AE parameters.  It is clearly seen that the largest group of the data from the 
amplitude histogram was categorized as matrix cracking.  
 

 
Fig. 5. Categorized amplitude distribution. 

 
 Once the SOM classified the data, it was necessary to determine the format in which the 
BPNN input files would be created.  An input file for the uncategorized data would only have 
one amplitude histogram as an input.  Because of this, the input file would have 41 columns: one 
for each amplitude level.  On the other hand, the classified data had three appended amplitude 
histograms representing the first three failure mechanisms.  This resulted in 123 columns.  
Further improvement of the input file resulted in the addition of three more columns, which used 
a binary categorical variable to indicate the cure type of the bottle.  This variable can be seen in 
Table A2 of the Appendix.  The additional columns made for a total of 126 columns to the 
categorized input file.  An example of the format of the categorized file can be seen below in Fig. 
6. 

 
 The BPNN was trained on seven of the fifteen bottles and tested on the remaining eight.  To 
maximize the effectiveness of the training data, the bottle with the maximum burst pressure as 
well as the bottle with minimum burst pressure were used in the training file.  Furthermore, one 
bottle of each of the cure types was included in the training files.  The remaining bottles were 
chosen at random.  By choosing these different types of bottles to train on, more accurate 
predictions were obtained.  The bottles that were trained and tested on can be seen in Table A3 
of the Appendix.  
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Fig. 6. BPNN categorized input file format. 

 
 The BPNN prediction was accomplished using two different methods.  In the first method, 
uncategorized data were used as an input, while in the second, categorized data with MHD 
removed were used instead.  Each method was tested with the initial 12%, 0-25% and 0-50% of 
the AE hits.  Other parameters such as the number of neurons per layer, learning coefficients, 
and momentum were optimized in order to yield the best possible burst pressure predictions.  An 
effort was made to train and test the network to predict failure using the least amount of data 
possible.  It was expected that less data supplied to the BPNN would result in higher prediction 
errors but minimize damage done to the bottle during testing.  To optimize the results for both 
methods, the number of neurons in the hidden layer of the BPNN was varied from 4 to 20 
neurons.  The learning coefficient value was optimized by varying it from 0.3 to 0.9, and the 
momentum was varied from 0.4 to 0.9.  The root mean square (RMS) error for the seven training 
bottles was also varied from 0.1% to 5%.  The normalized cumulative delta (norm-cum-delta) 
learning rule was used along with a hyperbolic tangent transfer function.  The epoch size for the 
BPNN was set to seven, this being the number of files or bottles that the BPNN trained on. 

 
 The prediction accuracy for the uncategorized AE amplitude histogram data was better than 
expected.  All of the cases resulted in less than a 20% error. This was unexpected, since the data 
were believed to include high amounts of multiple hit data.  Here the optimum worst-case error 
occurred when 25% of the data were input to the BPNN.  This resulted in an error of 7.94%.  The 
errors and the neural network parameters that were used to achieve them can be seen in Table 1.  
Regarding the categorized data, the optimum worst-case error was 5.73%, which corresponded to 
25% of the data input into the BPNN.  This prediction was a 560% improvement over the 
original NASA Marshall Space Flight Center research predictions (Table A1, Appendix).  The 
BPNN parameters used to attain these accuracies are summarized in Table 2. 
 

Table 1: Uncategorized NeuralWorks prediction errors. 
 

 
 

Table 2: Categorized NeuralWorks prediction errors. 
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MATLAB Neural Network Predictions 
 The primary purpose of using MATLAB in addition to NeuralWorks was to compare the 
burst-pressure prediction accuracies of both programs.  The input data used for the MATLAB 
neural networks and the methodology of optimization were the same as those used previously for 
the NeuralWorks software.  The only difference is that the neural network toolkit for SOMs in 
MATLAB was used to classify the data into their respective failure mechanisms.  The classified 
data were subsequently input into MATLAB’s BPNN toolkit for burst pressure prediction.  
 
 The SOMs for the different bottles were generated using the programming command called 
“newsom” in MATLAB.  This program allowed the user to choose how MATLAB categorized 
the data.  Since the tall bottles were made of graphite-epoxy, the SOMs were configured to have 
four failure mechanism classifications: matrix cracking, crack coupling, delaminations and fiber 
breaks with multiple hit data (Reifsnider et al., 1983).  The different failure modes were color-
coded and the data were manipulated into various plots using MATLAB.  This software also 
allowed three-dimensional plots to be generated for the purpose of observing the energy, 
amplitude and duration of the bottles as they approach their burst pressures as shown in Fig. A2 
of the Appendix.  The classified AE hit data showed four different failure mechanisms in the 
amplitude histograms, but the classified data for the various failure mechanisms had considerable 
overlap as can be seen in Fig. 7. 
 

 
Fig. 7. MATLAB BPNN categorized amplitude distribution. 

 
 The BPNN in MATLAB runs the “newff” command from the neural network toolkit.  This 
command required the input and target data sets for training and testing.  The input for this 
particular case was the amplitude distributions acquired from the SOM, and the target was the 
burst pressure of the various bottles during AE recording.  Again the number of hidden layer 
neurons was optimized for the BPNN.   For burst-pressure prediction of the tall graphite-epoxy 
bottles, a loop was created to vary the number of hidden layer neurons from 1 to 20.  The output 
of the BPNN was a matrix of errors in reference to the different number of hidden layer neurons.  
The optimum worst-case error was selected out of this group.  It is important to note that the 
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MATLAB BPNN will randomly assign bottles to train, test and validate the network.  To ensure 
that the network is set up properly, the bottles for the training, testing and validating can be 
chosen manually by splitting the bottles evenly according to the actual measured burst pressures 
(see Table A4 of the Appendix).  This was done to ensure that high and low burst-pressure 
bottles were spread evenly among the test bottles.  This prevented a scenario in which all the 
bottles chosen for training were those of high or low burst pressures, thus distorting the results. 
 
 As stated previously, the data were run in a similar fashion to that of NeuralWorks.  Both 
categorized data and uncategorized data were input into the BPNN with various percentages of 
initial data used.  However, the MATLAB BPNN experienced better results when predicting on 
matrix cracking only data.  This is the only major difference in input data between the two 
methods of prediction.  The results of the MATLAB uncategorized prediction can be seen in 
Table 3, and the results of the categorized prediction can be seen in Table 4.  
 

Table 3: Uncategorized MATLAB prediction errors. 
 

Input 
Data 

Bottle 
ID 

Hidden 
Layer 

Neurons 

Learn 
Coeff. Momentum 

BPNN 
Predicted 

Burst 
Pressure  

(Mpa) 

Actual Burst 
Pressure 

(Mpa) 
% Error 

12% 4B 4 0.5 0.8 19.27 17.74 8.63 
25% 8A 11 0.6 0.6 18.63 20.92 -10.94 
50% 7B 4 0.9 0.41 20.12 17.74 13.41 

 
Table 4: Categorized MATLAB prediction errors. 

 

Input 
Data 

Bottle 
ID 

Hidden 
Layer 

Neurons 

Learn 
Coeff. Momentum 

BPNN 
Predicted 

Burst 
Pressure  

(Mpa) 

Actual Burst 
Pressure 

(Mpa) 
% Error 

12% 8A 11 0.007 0.9 19.71 20.92 -5.79 
25% 6B 6 0.007 0.9 20.63 22.34 -7.65 
50% 4B 5 0.007 0.9 22.67 21.06 7.63 

 
Conclusions and Recommendations 

 
 The low error achieved from the classified and the unclassified AE amplitude histogram data 
demonstrated that accurate pressure predictions can be obtained using both the NeuralWorks 
Professional II+ and MATLAB neural network software packages.   NeuralWorks produced the 
lowest worst-case error of 5.73%, while MATLAB followed closely with a -5.79% error.  Both 
SOMs effectively categorized the data into failure mechanisms, while the BPNNs used this 
categorized data to accurately predict burst pressures.  After optimization of the network 
parameters, the BPNNs predicted burst pressures with less error when the AE data were 
categorized in almost every case.  The two parameters that were not varied in this research were 
the hyperbolic tangent transfer or activation function and the normalized cumulative delta 
learning rule.  It is possible that with a change in these two parameters that the prediction errors 
could be lowered even further.  In general, it was found that NeuralWorks provided slightly 
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better, more refined results, while MATLAB was easier to use and produced results faster than 
NeuralWorks. 
 
 Besides the SOM classification of the failure mechanism data, the other factor that may have 
contributed even more significantly to the accuracy of the burst pressure predictions was the 
three digit categorical variables used to identify the five different cure types for the bottles.  
These can be seen in Table A2 of the Appendix.  The addition of such categorical variables to 
the input data allows the BPNN to fit the data for each cure type separately rather than treating 
all the bottles as being from the same batch.  This may explain a large part of the error obtained 
in the original analysis as can be seen in Table A1.   
 
 Another topic that was explored was the nondestructive testing of additional bottles.  From 
Table A5 of the Appendix, it can be seen that the minimum burst pressure for any bottle in the 
data set was roughly 16 MPa.  The highest pressure required to collect 12% of the total AE 
activity for any bottle was slightly below 13 MPa.  It can be concluded from this that loading any 
future bottle of the types that were tested in this research to 13 MPa would result in at least 12% 
of the total AE activity being recorded.  This should allow a burst pressure prediction within a 
±10% worst-case error while preventing any bottle from failing during the hydroproof test.  
However, the data in Table A5 also indicate that the tall graphite-epoxy bottles tested herein, on 
average, had to be pressurized to almost 50% of their burst pressures to obtain sufficient AE data 
for accurate burst predictions.  As such, the goal for obtaining accurate burst pressures at low 
proof pressures (≤25% of the average burst pressure (Hill et al., 1996)) was not met for this 
research.   
 
 For future tests, perhaps the best way to both lower proof pressures – and thereby minimize 
damage to the test article – plus ensure that there are sufficient AE data for burst pressure 
predictions would be to lower the threshold at which the AE data are taken from 60 dB down to 
50 dB.  This would substantially increase the amount of AE data available for processing and 
possibly allow AE data to be taken up to only 25% of the average burst pressure while 
generating worst-case prediction errors within ±5%, values which are more typical for such tests.   

Appendix 
 

 
Figure A1: NeuralWorks SOM classification 3D plot.  
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Table A1: Original MSFC neural network burst pressure predictions [2]. 

 
 

Table A2: Cure type categorical variables. 

 
 

 
Fig. A2. MATLAB SOM classification 3D plot. 
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Table A3: NeuralWorks BPNN training and testing bottles. 
 

 
 

Table A4: MATLAB BPNN training and testing bottles. 
Burst 

Pressure 
(MPA) Input Type Bottle Name Bottle Number 
22.93 Train GBT5A 4 
22.53 Test GBT5B 5 
22.34 Validate GBT6B 8 
21.83 Train GBT6C 9 
21.8 Train GBT5C 6 
21.4 Train GBT8B 14 
21.06 Test GBT4B 2 
20.92 Validate GBT8A 13 
20.91 Train GBT6A 7 
20.61 Train GBT4A 1 
20.33 Train GBT8C 15 
17.86 Train GBT7A 10 
17.74 Validate GBT7B 11 
16.05 Test GBT7C 12 
15.79 Train GBT4C 3 
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Table A5: Pressurization requirements with critical values highlighted. 
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Abstract 
 
 This paper reviews progress in acoustic emission (AE) research and its applications to high 
performance composite materials and structures. The achievement and inadequacy in under-
standing of AE from composites are examined along with cases of successful usage in commer-
cial and aerospace fields, taking into account limitations due to high attenuation and anisotropy. 
New goals for the future are also discussed in view of new analytical tools and vastly advanced 
instrumentation. 
 
Keywords: attenuation, localization of damage, inspection, Lamb waves, wave propagation, fi-
nite element method (FEM), frequency analysis, modeling and simulation, pattern recognition, 
signal processing, aerospace, chemical and petrochemical, advanced composites, fiber reinforced 
materials, pressure vessel, structural health monitoring, composite structural evaluation, compo-
site materials NDT. 
 
1. Introduction 
 
 Acoustic emission (AE) played an important role in the development of glass-fiber reinforced 
composite (GFRP) rocket motor cases for Polaris A3 circa 1962 [1]. It was the beginning of AE 
applications that have expanded greatly over the last 50 years. AE was next deployed in testing 
propellant tanks for the Apollo lunar module and other aerospace applications [2]. Aerojet engi-
neers recognized the variation in AE to originate from resin, interlaminar and fiber failures [1, 2] 
and modified manufacturing processes, e.g., by eliminating the geometrical inflection points in 
design to reduce the interlaminar shear stresses [3]. They used the summation of AE amplitude to 
successfully predict the burst pressure and developed practical AE source location equipment [1]. 
Continued work on rocket motor cases at Thiokol introduced Kaiser effect and load-hold emis-
sions to the burst pressure prediction [4]. These pioneering accomplishments still form the back-
bone of AE pressure vessel inspection technology today.  
 
 Research on fiber-reinforced composites started in early 1970s [5-7]. Results verified correla-
tions of AE to micro-fracture mechanisms. In one of the earliest AE papers on composite materi-
als research, Liptai [5] showed the breakdown of Kaiser effect (this is now known as Felicity ef-
fect) and gradual reduction of Felicity ratio (aka Load ratio per JSNDI for concrete applications) 
in cyclically loaded fiberglass reinforced plastic (FRP) NOL rings. The latter was recognized as 
static fatigue (or stress rupture, a well-known glass failure mode due to load hold) of glass fibers, 
but no follow-up AE study was apparently published. Significance of these findings was initially 
unnoticed, however.  Kim et al. [6a] clearly observed Felicity effect in carbon fiber reinforced 
plastic (CFRP) as well, but dismissed this effect while Kimpara [6b] also found Felicity effect, 
but treated it as error. The first peer-reviewed paper on composite research seems to be from 
UCLA’s Tetelman group on boron-epoxy composite [7]. They correlated fiber fracture to AE, 
electrical resistance and compliance changes.  
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 A breakthrough came in 1977 when Fowler recognized that AE activities found before reach-
ing prior maximum load indicate the degradation of FRPs [8, 9]; for this behavior, he coined a 
new term, Felicity effect, and defined Felicity ratio as (load at AE re-start during reload-
ing)/(prior maximum load)[see also the follow–up work, 10-12]. Subsequently, the Committee 
on Acoustic Emission from Reinforced Plastics (CARP) was organized, including Fowler, Teti, 
Crump, Hagemeier among others [13, 14]. Through extensive collaborative field tests, CARP 
developed FRP inspection technology and published method documents through Society of the 
Plastics Industry, then through ASME/ASTM [15, 16]. This Recommended Practice spelled out 
loading scheme, AE analysis and interpretation methods and evaluation guideline, enabling 
widespread AE applications of FRP vessel examination, in chemical industry in particular. 
Fowler [12] documented success achieved in reducing major accidents via this AE method. In a 
revised document published in 1995 [17], intensity analysis method is used, relying on severity 
and historic index, along with emission during load hold, total counts, high amplitude emission, 
Felicity effect as key elements of evaluation. Dr. Fowler states (e-mail, 2012) “In	  the	  absence	  of	  
CARP,	   the	   revised	   procedure	   became	   an	   open	   document.	  	   A	   number	   of	   organizations	  modified	   it	   for	  
their	   own	   in-‐house	   needs.	  	   Some	   equipment	   vendors	   programmed	   it	   for	   use	   with	   their	   proprietary	  
equipment.	  	  Even	  though	  not	  a	  public	  document,	  the	  technique	  has	  widespread	  use.”	  His students ex-
tended its uses in FRP design and analysis [18, 19]. Fowler [20] and Davies [21] gave details of 
the intensity analysis method, which has also been used in MONPAC system for examining met-
al chemical processing equipment [22].   
 
 With improved FRP technology combined with the advances in AE instrumentation, numer-
ous studies on research and applications followed and have been documented in AE Testing vol-
umes of ASNT Nondestructive Testing Handbooks [23], where one can find many AE uses, such 
as for testing bucket-truck FRP booms. Also available are six-volume conference proceedings of 
AECM [24a-f], ASTM and ASME codes and standards, and many journal/conference articles 
that reach into thousands. Hamstad contributed important reviews [25, 26] along with his many 
papers with his extensive composite research since early 1970s. See also other notable reviews 
[12, 20, 27, 28]. Gorman [29] and Wevers [30] reviewed AE methods for structural health moni-
toring (SHM) field. See [31] for a review of newer AE analysis techniques. Drouillard and Ham-
stad indexed early AE papers in [32].  
 
 We must realize first that AE has not provided an effective NDT tool for some parts of com-
posite industry. Such a tool is sensitive to existing defects, and is globally applicable to a large 
component in real time monitoring condition. While many success stories exist in FRP industry, 
as noted above by Dr. Fowler, AE has only played limited roles in many aerospace sites. We 
know AE can do better. In this paper, selected aspects of research and applications will be re-
viewed to highlight the progress achieved and to point to areas in need of more work. The main 
focus will be on development from the last 10-15 years since references cited above [23-30] have 
provided adequate coverage for the earlier period. Hopefully, we can go to the next level of un-
derstanding to give better solutions. Applications of advanced composites are expanding beyond 
aerospace and chemical industries into transportation industry and utilities. Such expansion pre-
sents renewed challenges for AE to be a worthy NDT method.  We do have to overcome prob-
lems due to high signal attenuation in composites and need to explore the causes of Felicity ef-
fect and stress rupture, just listing a few. Collectively, we should resolve these obstacles, and 
make AE into a truly indispensable NDT method. 
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Research  
 
Fiber fracture 
From the early days of AE, glass fiber (GF) fracture has been recognized as energetic AE source 
detected close to the fracture load. AE from single fibers, tows (or strand) and unidirectional 
(UD) composites was initially characterized with amplitude distribution in order to compare with 
other failure mechanisms. By now, the difficulty of using AE amplitude by itself in signal dis-
crimination is well recognized. However, a misconception that fiber fracture always produces 
high-energy event still persists to this day and this section is intended to clarify the situation. 
 
 For typical 10-µm diameter UD GFRP, peak amplitude ranges from 60-80 dB (ref. 1 µV=0 
dB; literature in the 80s often used 1 µV=20 dB and one needs to reduce amplitude values by 20 
dB) [33-35]. This range depends on the fiber diameters and sensors used, but GF results are fair-
ly consistent over the years when sensor difference is accounted for. Wolters [33] used sensitive 
resonant sensors with less than 10-mm propagation distance and found 40-60 dB for 6 µm, 65-85 
dB for 13 µm and 80-100 dB for 24 µm fibers, while another reported 50-70 dB for 13.5 µm GF 
[34]. In our test of woven GFRP [36], high amplitude AE signals of 60 dB mean level were 
found at above 90% of the failure load, verified as fiber fracture microscopically. Woven GFRP 
failure mechanisms are the subject of a detailed study [37], and complementary AE study should 
allow better understanding of woven composites, which are increasingly used in aircraft fuselage 
with carbon fibers, such as Boeing 787 (A.K. Mal, July 2012, private communication). Recent 
studies [38-40] reexamined single fiber composite (or SFC, with epoxy matrix) tests. Nordstrom 
[38] used 18-µm glass fibers and found peak amplitude of fiber fracture at 80 dB (150 kHz sen-
sor). He also obtained Weibull moduli of 7-9 and correlated the shape of stress-strain curves to 
progressing fiber fracture (see also [41]). Bohse [39] used 20-µm glass fibers with peak ampli-
tude of fiber fracture to be 58-81 dB (PAC-WD sensor used). More recently, de Oliveira [40] 
conducted careful SFC tests determining the amplitude of fiber breaks along with source location 
data. Such amplitude correction with source location was introduced earlier [42], but has seldom 
been used since. Carey [43] also introduced distance correction in his AE signature analysis 
work on CFRP. Using 21-µm GF, SFC showed 20-dB attenuation over 45 mm and fiber-break 
AE mean amplitude of 73 (53-79) dB (58 dB for 11-µm GF); the lower values are due to the use 
of a wideband sensor (DWC B1025). In single tow 9-µm GF composite experiment, Nanjyo et al. 
[44] obtained lower amplitude values ranging from 46-56 dB (Pico sensor). Diameter and sensor 
differences are responsible for the observed variation in amplitude ranges since GF strength and 
modulus are essentially unchanged. Berthelot obtained comparable amplitude range for 13-15 
µm GF and for 7-µm T300 CF [45, 46].  

 
Fig. 1 Peak amplitude distribution of fiber fracture at 40-60% of the fracture load from 9-ply UD 
sample with pre-cut mid-plies [48]. Celion G50 fiber. 
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 When carbon fibers (CF) were tested initially, peak amplitude of AE signals for T300 CF 
was 30 dB less than glass fiber [34, 47]. In part, this is because most carbon fibers have 7-µm 
diameter, and earlier CF strength was lower (T300 tensile strength = 2.65 GPa circa 1982). In 
our study [48, 49], the peak amplitude range was 30-50 dB for Celion G50 UD composites of 
various cut-ply arrangements (MAC175 sensor). This is 10+ dB lower than our GF results [36]. 
These AE signals from CF started to occur at 25-33% of the composite strength and also had 
short duration (mostly <50 µs) [34, 47, 48]. Figure 1 shows the peak amplitude distribution due 
to fiber fracture at 350-530 MPa, corresponding to 40-60% of the fracture stress from 9-ply UD 
sample with the middle 3 plies pre-cut [48]. Berthelot [46, 75] and Awerbuch [50] observed sim-
ilar amplitude range (30-50 dB) during tensile and fatigue tests of CFRP coupons (CF not speci-
fied in [50], but probably T-300). Nanjyo’s tow composite tests in 1992 [44] were also conduct-
ed for PAN (M50, 5-µm diameter) and pitch (XN50, 10 µm diameter) CF as well, giving compa-
rable amplitude as GF data cited above; 44-56 dB for M50 and 38-58 dB for XN50. These CF 
were stronger than T300 or G50; 4.2 GPa for M50 and 3.7 GPa for XN50, accounting for the 
higher amplitude by nearly 20 dB (Fig. 2). In this study [44], the Weibull analysis of CF fracture 
strength and AE hits-strength distributions was reported.  For three lots of CF, Weibull moduli of 
5.7 to 13 were found for the fracture strength, while AE hits had higher Weibull moduli, m = 7 to 
35, indicating multiple CF fracture in the tow tests [44]. A recent statistical analysis of AE sig-
nals from non-bonded GF bundles showed m to be 2.8-4.0 for 15-µm diameter fibers [41], which 
are about a half of m = 5.6 to 9 in tow tests [38, 40]. 
 
 Recently, a new method for composite fracture study appeared [51, 52]; this is “High resolu-
tion Synchrotron Radiation Computed Tomography (SRCT)” and was used to capture fiber dam-
age progression in a cross-ply CFRP laminate. Wright [51] showed that transverse-ply cracks 
initiate at 20% of the failure load, whilst 0º-splitting initiates at ~40% and large delaminations at 
~60%. It is important to note that these cracking events occur in advance of significant fiber 
breaks that start after 60%. In Scott [52], fiber fracture was analyzed and compared with other 
studies, including AE. AE results for fiber fracture accumulation showed the same trend as 
SRCT and Weibull moduli are similar (also similar to [38, 40, 44]). The number of fiber breaks 
(Nf) was found to follow  

 Nf = C (σ/σο)
m, (1) 

where σ is stress and σο  is characteristic stress and m is Weibull modulus. See also [38]. It is 
hoped this method can be used widely leading to more definitive AE mechanistic studies. 

 
Fig. 2 Peak amplitude distribution of fiber fracture of a) XN50 pitch CF, b) M50 PAN CF, c) E-
glass fiber tow-composite samples. Pico sensor. [44] 
 
 SFC tests with 7-µm carbon fibers, Bohse [39] showed amplitude of fiber fracture at 45-75 
dB with the median value of 65 dB (WD sensor used; fiber unidentified, but ~late-90s vintage), 
comparable to usual GF fracture amplitude. In this work, CF diameter is ~1/3 of GF (–18 dB in 
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area) and less than 10 dB amplitude difference implies that higher CF modulus (by a factor of 
3.5) accounted for the comparatively stronger AE in CF fracture (assuming comparable fracture 
strains). This CF SFC fracture result is 20-30 dB higher than previous studies from the 1980s 
[34]. This higher range of AE amplitude for CF fracture seems to reflect higher CF strength (2.5 
GPa for G50 to 6.3 GPa for Toray T1000) and higher fracture strain values (0.7% for G50 to 
2.2% for T1000). This is obviously due to dramatic improvements of CF properties in the last 
three decades. Thus, if one uses newer CF fracturing at 3-5 GPa (50-80% of T1000 fiber 
strength) in lieu of the G50 CF fractured at 350-530 MPa in 1988, 40 dB stronger AE signals are 
expected. Thus, we should observe CF fracture amplitude of similar or higher magnitude as 10-
µm GF. In fact, Sause et al. [53] showed this recently. Comparing E-GF (6.5 µm) and T800-CF 
(5.2 µm), he obtained fiber fracture energy of 12.6 and 13.1 mNm3/s2. Assuming similar signal 
durations, the amplitude is expected to be comparable for comparable fiber diameters. It should 
be clear that AE amplitude from fiber fracture can vary widely. Small diameter, low strength CF 
produces AE amplitude comparable to the matrix sources (in 30-40 dB), while larger diameter 
fibers lead to higher amplitude to 80 dB. For thicker filaments, it can be even higher; AE signals 
from 150-µm boron filaments produced 95+ dB signals [54]. Fiber optic samples also give simi-
lar strong AE. 
 
 Recent tow composite tests using T1000 CF indicates the number of CF fracture at stresses 
below 60% of the fracture strength is grossly reduced with improved CF quality (no amplitude 
data was reported unfortunately) [55]. Figure 3 shows this behavior in tensile testing with inter-
mittent load hold (ILH) for characterizing Felicity ratio, but cumulative hits start to rise rapidly 
after the fifth load hold or at 213 lbs (failed at 352 lbs) or 60.5% of 6.77 GPa fracture strength. 
The same NASA group examined Kevlar tow composites as well. In this case, fibers start to fail 
at ~90% of the fracture strength [56]. This behavior is in common with GF composites. Detailed 
analysis of these experiments of UD composites should clarify this situation on amplitude levels. 
 

 
Fig. 3 AE of T1000 CF tow-composite test using ILH schedule at NASA. Red: Applied load (in 
lbs), Blue: AE. [55] (1 lbs = 4.54 N) 
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 When a carbon or glass fiber fractures, it does so in brittle manner. Typical crack velocity in 
brittle fracture is several tenths of mm/µs or higher (e.g., 0.52 mm/µs for PMMA [57] and  
1.6 mm/µs for glass [58]). Actual cracking velocity is expected to be much smaller as a static 
crack needs to accelerate under stress. For GF and CF, fracture time is expected to be 0.7~2 µs 
assuming crack velocity of 5~10 m/s (or µm/µs). The lower velocity limit is for GF [58], while 
CF crack velocity is expected to be twice that since CF moduli are ~4 times that of GF (crack 
velocity scaling with the Rayleigh velocity [57]). This translates to the center frequency of 
0.5~1.4 MHz for AE signals from fiber fracture, which is partially within the high frequency 
range of common AE sensors, such as PAC WD, Pico and DWC B1025/B1080. Indeed, Gorman 
[59] reported such fiber-break signals from a COPV cover the entire range of flat sensor re-
sponse (20-400 kHz), in contrast to matrix cracks (splitting), for which detected signals had fre-
quency contents confined below 50 kHz. He also observed that, in hundreds of pressure vessel 
tests, including both CFRP and FRP vessels, waves with the highest frequencies appeared when 
the load or pressure level exceeds above 80% of ultimate stress. Thus, tow composite behavior 
extends to the windings of COPV. SFC samples in de Oliveira’s study also showed high-
frequency components [40]. His signals contained strong 300-1050 kHz components (using 
DWC B1025), especially when debonding accompanies a fiber break or when 7-µm CF SFC has 
a fiber break. He attributes the effect of debonding to the higher freedom of the fiber ends at 
fracture. In contrast, GF fiber break signals without simultaneous debonding (11 and 21 µm GF) 
have the highest peak at ~170 kHz with gradually decreasing high-frequency components. Gor-
man [59] observed similar vibration-induced AE from broken ends of tows and further clarifica-
tion of debonding may be worthwhile in providing new inspection scheme. It should be noted 
here that Kim and Nairn [60] showed that fiber-matrix debonding always accompanies a fiber 
fracture in GF and CF SFC. Their epoxy resin (Epon 828) did not exhibit flat or conical fracture 
envisioned by earlier work [34]. We must have independent proof before assigning to an AE 
cluster a mechanism of fiber fracture with or without debonding. 
 
 When using broadband sensors, the observed peaks in the frequency spectra have to be treat-
ed with caution. Unless one has broadband flat-in-frequency sensor and propagation path, the 
peak frequency differs from the source-defined frequency. Most available sensors today have 
limited frequency range and have resonance peaks. Sheet or plate geometry has preferential fre-
quency ranges of wave propagation. For example, Bohse [39] correlated fiber fracture to 500-
kHz peak using WD sensor while matrix fracture contains lower frequency peaks only. This 
work and many others clearly demonstrated that one can often identify AE mechanisms via the 
frequency domain information. In fact, it is an important part of our pattern recognition analysis 
studies on composite AE [61a-c]. On the other hand, one cannot conclude fiber fracture has such 
a frequency peak because the WD sensor used is the origin of this peak (WD has three main res-
onances including one at 500 kHz [62]). Such arguments assigning frequency peaks to some spe-
cific AE sources have shown up too often in the past [63-65], yet most such claims revert to spe-
cific sensor or sample resonances and sensor-source path has significant effects. For example, de 
Groot et al. [64] examined a variety of CFRP and assigned frequency ranges to specific mecha-
nisms. Such correlation is valid for the test condition they utilized, but the particular peaks origi-
nated from the use of WD sensor again, which was also the sensor used in Giordano et al. [65]. 
Eaton et al. [66] warned that “the overriding effects of specimen geometry and sensor response 
can produce misleading results” in their study to use frequency for separating source mecha-
nisms having the differing relaxation time. One should not expect specific frequency peaks in 
other test arrangements, except for the general concept of faster source events to have higher fre-
quency contents. It is instructive to refer to the most broadband AE study reported to date by 
Scruby and Battle, extending the limit to 3 MHz (–6 dB point) [67]. They did find two peaks for 
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the signal from fatigue crack propagation, the main one at 600 kHz. However, these peaks are 
due to the normal modes of the sample. Even more broadband system is needed to identify the 
key frequency of fiber fracture via the frequency spectrum analysis since fracture time is quite 
short, on the order of 0.1-1 µs.  
 

 
Fig. 4 Waveforms of fiber fracture (theory-broken line; experiment-solid line). [68] 

 
 This situation regarding the frequency peaks also arises in theoretical studies. For example, 
Guo et al. [68] obtained the solution of the wave motion produced by a general source in a com-
posite plate using laminate theory with transverse shear correction. He identified the distinguish-
ing features of the wave motion produced by various micro-fracture events (e.g., matrix cracking, 
delamination, fiber break, etc.) in thin composite laminates. Guo represented fiber fracture with 
0.125-µs cracking time in a model CFRP plate among others. Using the experimental transfer 
function of a broadband sensor (B1025) showing 200-2000 kHz bandwidth (within 3 dB of the 
peak at 1 MHz,), the calculated waveform for CF fracture shows dominant ~1 MHz oscillations. 
See Fig. 4. The apparent frequency in this waveform is much lower than the expected center fre-
quency of the original crack model, or 8 MHz. Note that Guo did not claim fiber fracture AE to 
have 1 MHz peak frequency. Recently, Sause [69] used finite-element modeling of laminated 
composites and crack models for CF fracture (in-plane) and resin fracture (out-of-plane) with 
0.1-µs cracking time. The CF crack produced displacement signals dominated by ~1-MHz So 
waves (where So velocity starts to decrease sharply), whereas the resin crack produced 100-300 
kHz Ao waves. His model included Lamb wave propagation of 50 mm from the source. Here, the 
Lamb-wave dispersion effects play the central role in limiting the upper frequency limit of the 
simulated AE signal and deciding the centroid frequency. Sause has presented more extensive 
analysis of related modeling in his thesis work [70]. His results point to the additional factor we 
must consider in trying to assess the source function when AE moves through thin sheets/plates. 
[It is noted that Ichikawa et al. [A1] reported theoretical calculations for the intensity of Lamb 
wave modes and dispersion effects as a function of frequency-thickness product. They used steel 
as the medium, but confirmed the Lamb-wave behavior observed by others. See Appendix 1.] 
 
 In considering the frequency contents of AE signals, one must not forget that high frequency 
components are attenuated rapidly as the signals travel from the source to sensors. Unless the 
sensors are almost over the source, the high frequency components above 200-300 kHz are re-
duced to background beyond 0.5~1 m distance. This has been known for 30 years and was incor-
porated in the CARP procedures, but we have no effective remedy applicable to typical applica-
tions. In laboratory, sensors are close to sources and we can try to understand the basic behavior. 
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Fig. 5 Observed and matched calculated waveforms with source parameters. UD GFRP test. [71] 
 
 Another approach to the study of fiber-AE originated from Takemoto group at Aoyama 
Gakuin University. Suzuki et al. [71] conducted elaborate experimental analysis of GF fracture, 
deducing the source function for detected AE signals during tensile testing of UD FRP. The goal 
of getting the force-time function of an AE source is similar to the deconvolution approach from 
the 1980s, but waveform simulation and matching of source parameters distinguish this method 
from the past attempts [72]. Suzuki [71] incorporated the viscoelastic nature of FRP by introduc-
ing a frequency independent relaxation function, R(t), after Weaver [73] and extended the 
Green’s function approach of Ohtsu and Ono [74]. Suzuki [71] used a NIST-type displacement 
sensor, as well as an 8-channel source location system that identified the source position (using 8 
Pico sensors). Both displacement waveform and location data were fed as input to waveform 
simulation algorithm. Adjusting the source rise time and crack volume, theoretical and experi-
mental waveforms were matched. Here, the latter waveform was obtained by a conical displace-
ment sensor of NIST design derivative (PAC S9208). Examples of such pair are shown in Fig. 5 
for fiber-break cases.  A cross plot of source parameters, crack volume vs. rise time, in Fig. 6, 
indicates the crack velocity limits of 2-22 m/s. The median crack velocity is 6.5 m/s in a good 
agreement with the measured crack velocity in glass of 5 m/s [58].    
 
 Note that, in elastodynamic theory [73, 74], the source parameter representing its magnitude 
is given by the product of the source area (A) and displacement (bi), or crack volume. In fiber 
fracture, fiber opening equals bi, not the released elastic energy. Thus, the energy analysis given 
in the past, such as by Lorenzo [70] and Berthelot [75] needs to be modified. Another overlooked 
aspect of AE signal analysis is the modeling of sensor input. For example, Berthelot [75] used a 
rectangular pulse to represent a crack signal, which is a sensible first-order approximation for 
surface displacement due to an opening crack detected at the epicenter. Note that the source dis-
placement function is step-wise, but with a slope (Fig. 4 in [75]). Because Green’s function is 
convolved with the source [74], surface displacement becomes a Gaussian-type mono-pole pulse 
(left: Fig. 5, [75]). It was simplified to a rectangular one (right: Fig. 5, [75]). AE sensors, howev-
er, typically respond to the velocity component. Thus, the sensor responds to two sharp pulses of 
opposite polarity separated by the duration of the rectangular pulse (Tf). In this case, the FFT of 
the velocity response has the center frequency of 1/2Tf, instead of the displacement response that 
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peaks at zero and vanishes at 1/Tf. When one uses a Gaussian shaped displacement pulse (a half-
width of 0.22 µs; Appendix 2, Fig. A2a), its FFT gradually vanishes without multiple zero points 
as can be seen in Fig. A2b. Note the half-width is 2 MHz, equaling the inverse of the base width 
of ~0.5 µs in Fig. A2a. The derivative of the Gaussian pulse is known as a Gaussian mono-pulse 
and is shown in Fig. A2c. The FFT pairs of Gaussian mono-pulses of 0.2 to 2 MHz are shown in 
Fig. A3. It is evident that these pulses are broad and one can hardly use the spectra for source 
discrimination. Even recent AE modeling efforts have not taken these points raised here and 
reevaluation is called for. 
 

  
Fig. 6 Crack volume vs. source rise time. Data points are within the zone between crack veloci-
ties of 2.3 and 22 m/s. [71] 
 
 Still another issue evolves from the examination of Fig. 5. Note the three waveforms origi-
nated from fiber fracture, but with different propagation paths and distances (6.2 to 12.2 mm). 
These differences resulted in P, SP and S waves arriving at variable timing. Typical argument for 
the frequency contents relies on the P-wave arrival. However, a sensor detects all arrivals and 
time differences dictate the frequency spectra of the received AE signals. This aspect must be 
accounted for as well in discussing the frequency content of an AE signal when it consists of 
bulk waves. 

 

Fig. 7 Typical waveform from a transverse matrix crack in [0/90n/0] CFRP. [77a] 
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Matrix and interfaces 
AE signals originating from the matrix and interfaces are varied and range from weak to strong, 
making unambiguous characterization difficult in practical composite structures. Several differ-
ent mechanisms are expected to overlap as well. In model composites, however, clear distinction 
is possible.   
 
Transverse matrix cracks: In 1979, as a part of an extensive investigation on composite failure 
mechanisms, Bailey et al. [76] first reported using AE for detecting transverse crack initiation in 
GFRP, while CFRP produced no AE due to pre-failure degradation. Prosser [77a] reported one-
to-one correlation between observed So Lamb wave signals and transverse matrix cracks in 
cross-ply composites (Fig. 7) when 90º-ply thickness exceeds 0.4 mm (3 plies). Notice that this 
signal is of high-frequency type (~700 kHz) and in thick cases (>6 plies) of very high amplitude 
(>80 dB). Gorman and Ziola [77b] showed even stronger events in (0/90)s CFRP, ranging up to 
98 dB, but with >100 µs duration. [Note this work is the first to exploit the plate wave character-
istics of AE signals in typically thin composite samples.] Some of these signals with short dura-
tion are hard to differentiate from fiber-break signals. When transverse matrix cracks occur, three 
possible micro-mechanisms exist; i) matrix (resin) cracking, ii) debonding of fiber-resin bounda-
ries and iii) fracture of bridging fibers. Matrix is low strength and slower fracture produces only 
low energy (amplitude) AE. See [39] for epoxy cracks having ~55 dB AE even for large area 
cracks. Matrix cracks are present in notched woven-roving fracture surfaces in [36, 37] as resin-
rich areas of the size of roving diameter exist throughout the composite. In laminates made from 
UD prepregs, only the interlaminar layers have contiguous resin constituent and the contribution 
of mechanism (i) is limited. Debonding is expected to be the main mechanism for the transverse 
matrix cracking in laminates with straight fibers and as the source of first ply failure. Mecha-
nisms i) and ii) typically coexist in woven composites [36, 37]. Woo and Choi [78] characterized 
debonding AE to have low amplitude (under 70 dB) and low frequency (lower frequency peaks 
than the sensor resonance of 265 kHz for PAC µ30) using in situ microscopical observation of 
the notch-tip zone. They showed, however, that once macro-cracking begins, higher ampli-
tude/frequency (>70 dB, 430-450 kHz) peaks are dominant, implying bridging fiber failures con-
tribute substantially. Fracture surface showed both of these (ii and iii) mechanisms. Elevated 
temperature exposure (wet or dry) affects the matrix-bonding behavior, which was detected with 
AE. Schoßig et al. [79] used environmental SEM to assess damage mechanisms of short-fiber 
GFRP and identified 14 different mechanisms and recorded AE simultaneously. However, too 
many processes occur together. No clear correlation to AE signal characteristics is established so 
far. Bussiba et al. [80] exposed CFRP (0/10 layup) to 100ºC for 2 weeks and saw accelerated 
debonding with the knee strain down from 1.5% to 0.6%.  Wet exposure of GFRP was reported 
in [61c, see also 81]. 

 
 Godin et al. [82-85] made a series of well-designed studies using UD, angle-ply and cross-
ply composites with advanced pattern recognition analysis. Using Kohonen map and k-means 
methods, they identified four distinct signal types and attributed them to matrix cracking, interfa-
cial debonding, fiber fracture and delamination. Waveforms of the 2nd and 3rd types are visually 
indistinguishable, however. The use of Kohonen maps appears effective in identifying clusters of 
AE signals and will be examined in a later section. In de Oliveira’s thesis [40], he summarized 
nearly 20 other AE works on transverse matrix cracking and also reported own cross-ply GFRP 
testing [see also 60]. He developed artificial neural networks based on self-organizing maps with 
waveform and wavelet-transform data as input. Among six clusters identified, transverse matrix 
cracking produced two types of AE signals having characteristic So waves centering at 350-400 
kHz lasting 30~60 µs. The low frequency part arrived first as expected for So waves. Shorter 
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Fig. 8 Waveforms and frequency spectra of 6 different types, classified by pattern recognition 
analysis of AE signals from QI CFRP laminate. Time scale: 41.0 µs/div, Frequency: 97.7 
kHz/div, Amplitude scale varies. WD sensor at the sample center. Huang [61b] 
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duration signals (type II) are attributed to the initiation, while longer ones (type I) to the propaga-
tion of transverse matrix cracks [60].  
 
Delamination-Shear: Ono [48] reported AE from the delamination of UD CFRP with pre-cut 
plies with several different shearing zones. Shear strength level was 5 – 24 MPa. Overlap length 
ranged from 25 to 75 mm (13 mm width). Tensile loading produced initially medium amplitude 
signals (50 - 70 dB) with an average event duration of ~120 µs from the initiation of Mode II de-
lamination. At higher loads, high amplitude events (70-130 dB) of long (> 200 µs) event duration 
were found. These are caused by rapid advances of delamination under mainly Mode II loading 
with out-of-plane stress near cut edges. Lagunegrand et al. [86] examined free-edge delamination 
on ±30º angle ply CFRP and identified 90-100 dB signals as Mode-III delamination induced AE. 
This delamination occurred between +30º and –30º plies in shear, while mixed mode shear was 
reported in [15n/90m/-15n]s laminates. Scholey [87] examined delamination in large-sized QI 
CFRP samples with cut plies, getting 10-50 pm Ao-wave amplitude as the area of delamination 
reaches ~30 x 50 mm after loading. Surprisingly, duration is only ~100 µs, implying delamina-
tion expands in small steps. Huang [61b,c] examined waveforms of various AE origins of CFRP 
tensile samples (UD, cross-ply, quasi-isotropic) in conjunction with pattern recognition analysis. 
One of six types identified is due to delamination, which becomes active just prior to sample 
failures. As shown in Fig. 8, type-D delamination signal has the lowest frequency content (~100 
kHz) and long duration, while fiber-break AE (types A and B, latter with larger matrix debond-
ing) has highest frequency content and short duration. (Type C is from transverse matrix crack 
with ~100 kHz peak, type E from splitting with ~400 kHz peak and type F from shear crack in 
±45˚ plies at medium frequency.) Corresponding power spectra show features originating from 
WD sensor resonances (esp. at ~100, ~230, ~300 and ~400 kHz) as the sensor primarily detected 
signals under its face in the middle of a narrow sheet sample. Effects of Lamb wave types may 
be present for types A and D, in particular. 
 
 De Olveira [40, 42] identified two types (IV and V) of delamination-induced AE signals in 
cross-ply GFRP tests. Both are Ao-mode waves with low frequency contents under 400 kHz 
(down to 20 kHz in type V) and strongest contents at 150-230 kHz. Type IV was observed at 
lower loads, attributed to matrix-fiber decohesion as well as delamination. Type V appeared near 
final fracture when delamination activity was high.  
 
Delamination-Opening: Bohse and coworkers [88, 89] studied Mode I (crack-opening type) de-
lamination using DCB specimens and correlated AE energy with strain energy release rate (GIc), 
supporting the concept of damage zone concept ahead of the crack tip. They consider the pres-
ence of matrix cracking and matrix-fiber interfacial debonding, the latter in stronger interface 
condition. Some bridging fiber fracture is possible as well as in [78]. This also has more high 
frequency component, allowing the discrimination of the two mechanisms. In both, however, the 
main frequency feature is the dominant low frequency components below 200 kHz. Amplitude of 
these AE is mostly (~90%) in 60-80 dB range. Another CFRP DCB tests [64] reported essential-
ly same results with a comparable low frequency peak (120 kHz with minor one ~300 kHz, both 
characteristic of WD sensor). This low frequency peak was also seen in epoxy resin crack and in 
lap-shear AE. 
 
 Recently, Sause et al. [53] published a comprehensive study of DCB tests with AE analysis 
examining interlaminar crack propagation in GFRP and CFRP. They conducted pattern recogni-
tion analysis to identify three clusters, corresponding to matrix cracking, interfacial failure and 
fiber breakage, using mostly frequency-based features, such as average, centroid, initiation, peak, 
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weighted peak frequency, six partial powers, etc. Cross plot of partial power at 450-600 kHz vs. 
weighted peak frequency easily separated the 3 clusters. Figure 4 in [53] compares observed and 
FEM-simulated signals and wavelet spectrograms, showing good agreement. Interfacial failure 
dominates cumulative signal amplitude, followed by matrix cracks. Fiber breaks contribution is 
low as this comes from bridging failure. This theory-test-model hybrid approach holds great 
promise in assessing complex structural composite design under various loading conditions, in-
tegrating AE as a part of health-monitoring scheme. 
 

 
Fig. 9 Amplitude vs. duration of tow-composite samples with (a) no and (b) maximum surface 
treatment. [44] 
 
Fiber-pullout: In tow composite tests, Nanjyo [44] used 4 different levels of (pitch-)CF surface 
treatment. Without treatment (level 0), many fiber pull-outs of up to 100 µm were observed after 
failure. With maximum treatment (level 5), fiber-matrix bonding improved and few fiber pull-
outs were found producing flat fracture surface. Comparison of these two conditions on ampli-
tude-duration plots indicates events with 60-80 dB amplitude, longer than 80 µs duration in-
creased more than ten-folds in the level-0 sample. These long duration signals are due to fiber 
pull-outs. This means pull-out AE amplitude is 9 dB higher to fiber fracture (Fig. 9) on average. 
However, differentiation must rely on duration. Single glass-fiber pull-out experiment by Mielke 
[90] produced similar results regarding amplitude, though fiber diameters of 20-25 µm were used 
and fiber-break amplitude was ~10 dB higher than pull-out signals while another study examined 
pull-out of SiC fiber from glass matrix [91]. A more recent work used AE in single Kevlar-fiber 
pull-out tests, and showed energetic signals of 50-90 dB (Pico sensor). However, AE part is dif-
ficult to evaluate lacking key details [92]. 
 
Mixed mode cases: Mizutani et al. [93] examined fracture of cross-ply CFRP under central point 
loading and observed four separate types of AE signals. Signal simulation using laser sources 
allowed him to establish source mechanisms of fiber fracture, transverse crack, delamination 
(shear) and matrix crack, designated as type-A, -B, -C and -D. These 4 signal types are shown in 
Fig. 10 together with wavelet spectrograms. Two sensors placed at 90º angle from the loading 
point (along 0º and 90º relative to the surface fiber axis) showed vastly different waveforms, 
helping the identification process. Of 327 total, initial 70 events showed the following: Mode-I 
type fiber fracture in the front layer (the first event + 3), followed by transverse matrix cracks in 
the mid-lamina (27), from the middle part on, delamination (15) and splitting-type matrix cracks 
(11), (13 unidentified). They also studied the same experiment, but under dynamic loading 
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condition. Details can be seen in JAE [94]. Four types of cross-ply CFRP plates were impacted. 
Lamb-wave AE signals were detected by small AE sensors on both surfaces to separate So and 
Ao modes. Only Impact-AE is obtained when the impact energy is below a fracture threshold. 
When internal fracture occurs, both Impact-AE and fracture-induced AE (or Fracture-AE) were 
detected. Most of strong AE signals were correlated with splitting matrix fracture source (type D 
in Fig. 10). 

 
Figure 10 Waveforms and wavelet spectrograms of 4 types of signals from point-loaded cross-
ply CFRP. [87] 
 
 There are other types of matrix fracture. For example, matrix fracture similar to the trans-
verse matrix crack, but fibers oriented along the loading direction, also occurs. This is usually 
called splitting and corresponding waveform is that of type E in Fig. 8 [61b,c] (also type III in 
[40, 42]). Another type of matrix fracture occurs under shear stress along the fiber-matrix inter-
faces in angle plies, such as those ±45º plies in quasi-isotropic laminates. This has a characteris-
tic waveform of type F in Fig. 8. Both E and F types have slowly rise time, reflecting slower 
growth of such cracking (WD sensor was on top of these sources 0.5 mm away, so no propaga-
tion induced slow rise time). The characterization of signal types relied on the laminate types and 
when these signal types were emitted during loading. (Note these features are dependent of test 
conditions: these tests used thin (~1 mm thick), narrow (13 mm wide) CFRP samples with WD 
sensor attached at mid-section. See also [95].) 
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Felicity effects 
When damage accumulates in materials, Kaiser effect breaks down. This is usually characterized 
by Felicity ratio; the stress of AE restart/prior maximum stress. Felicity ratio has been linked to 
the residual strength of composites, and has been studied over many years: see Hamstad’s thor-
ough discussion in 1986 [96]. Changes in Felicity ratio on laminates are shown in Fig. 11a and b. 
In Fig. 11a, Hamstad [96] shows a schematic plot of GFRP data by Fowler and Gray [10], where 
it drops with applied load. Awerbuch’s data on a multi-ply CFRP decreased with increasing prior 
stress above 1/3 of the tensile strength of 272 MPa [97]. Felicity ratio was down to 0.7 with prior 
stress of 220 MPa or 80% of the maximum. These are data from tensile coupons. On bend testing, 
GFRP also exhibited Felicity effect, but stress level at the start of decreasing Felicity ratio is 
higher (75-80%) instead of 45-60% in Fig. 11a, as shown in Fig. 12 [98]. Obviously, the differ-
ence arises from different failure mechanisms between tension and bend tests, but exact cause is 
unknown. AE monitoring in compression-after-impact or bending tests with damages showed the 
reduction of FR values [e.g., 99, 100]. Various AE parameters including FR were combined with 
neural networks for burst pressure prediction [e.g., Hill, [23], pp. 382-387]. 
 
 The origins of Felicity effects need to be explored further as we find few articles beyond 
Hamstad [96]. It is obvious that the stiffness of fiber-damaged zone is reduced and stress/strain 
differentials develop against the surrounding sound zones upon reloading. This is realized during 
any unload-reload step [cf. 41], since the stiffness is proportional to the fraction of intact fibers. 
A damaged zone has a lower stiffness and deforms more. The stress/strain differentials, in turn, 
produce additional interlaminar stresses, leading to premature delamination. This can be the 
source of Felicity effect in impact-damaged vessels. In the absence of fiber damage, delamina-
tion itself should give rise to frictional AE during an unload-reload step. At any interlaminar, res-
in-rich layer between plies of different fiber orientations, interlaminar shear stresses are always 
present. While the shear fracture strain is of the order of 1% in most resins used today, it is 
common to use longitudinal-hoop fiber angles of 60-70º and substantial interlaminar shear 
stresses result upon loading. With our current AE methods, separating delamination and friction-
al AE signals is feasible. With the above scenarios for Felicity effect, we should expect strong 
FR dependence on lay-up sequence.   
 

 
Fig. 11 a) FR vs. applied load of GFRP [96].       b) FR vs. applied stress of multiply CFRP [97]. 
 
 Felicity ratio (FR) provided sensitive measure of developing damage under compressive tests 
[101]. CFRP laminates with 914 or PEEK resin matrix having a seeded defect were cyclically 
loaded and f = 1 – FR was used as damage indicator (of internal delamination). Applied load P 
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and f are related with laminate specific manner with high R2-values >0.98. See Fig. 13. As the 
marks for visible crack indicates, f-value gives the warning of internal damage.  
 

 
Fig. 12 FR vs. stress ratio of a GFRP under bending load [98]. 

 

 
Fig. 13 Cyclically applied peak load vs. f = 1–FR for CFRP. a) with different resin, b) different 
orientation [101] Loading is compressive and CFRP has an internal defect to initiate delamina-
tion. Appearance of macro-cracks is marked by squares. 
 
 Several stressing sequences are used in obtaining FR. The usual one is to unload from the 
previous maximum as in [101], whereas incomplete unload sequences are more convenient to 
perform. One such example is shown in Fig. 3, called intermittent load hold (ILH), while CARP 
procedure calls for 10% unload with stepped loading (Fig. 4, [15]). The origin of Felicity effects 
is most likely from frictional (secondary) AE [97], but the link between Felicity effects and re-
sidual strength is empirical. Toward clarifying this link, NASA has embarked on extensive basic 
study of FR as they view this as one key element in the prediction of composite over-wrapped 
pressure vessel (COPV) performance. Specifically, it was found that some COPV failed in accel-
erated stress rupture testing; that is, COPV is pressurized and held for extended periods. They 
cannot afford such a failure in space [102]. Tow composite tests using Kevlar 49 and IM7 and 
T1000 carbon fibers were initiated with 4 sensors mounted on 250 mm long samples [55, 103-
105]. AE results for a T1000 tow test was seen in Fig. 3. FR from this and similar tests showed 
quite different behavior compared what we have observed previously. Figure 14 shows the new 
findings. Data for an IM7 COPV is also included for comparison. Felicity ratios given here were 
determined using the first AE event for Kevlar-epoxy tow, and the mean of the first 15 events for 
T1000 tow, IM7 tow, and the single IM7 COPV. FR values are in all 4 cases higher than 0.9 
even very close to the failure load. FR is above 1.0 up to load ratio of 0.6-0.7 for CF and 0.85 for 
Kevlar fiber. For COPV, FR stays above 1.05 to load ratio of 0.78. First, these finding again 
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imply that fibers remain intact to much higher stress levels than older CFs like G50 used in [48] 
(IM7 is relatively old, however) as discussed earlier in conjunction with Fig. 3. A recent study 
[106] of T1000 Weibull modulus indicates that m-value at lower strength range exceeds 30 
(overall m = 5.9), thus virtually eliminating fiber fracture below 80% of the average strength. 
Second, frictional mechanisms are not as active as in old CFRP, reflective of better interfacial 
bonding. Interlaminar shear strength has doubled from previously common AS4/3501 (76 MPa) 
to newer T1000 CFRP (150 MPa). This condition is true even in COPV, in which windings of 
various orientations are expected to lead to interlaminar shearing and friction (it is unclear if this 
particular COPV was subjected to autofrettage* (*an over-pressurization step to put the metal liner in com-
pression), which can suppress AE at lower loads.) Third, flaws like splitting or delamination are 
not expected in tow composites, although this is not the case for COPV. As higher FR values are 
linked to low damage state and higher failure strength, more extensive studies on composite Fe-
licity effects seem to be highly advisable. These should point to improved materials and manu-
facturing processes. FR on pressure vessels will be discussed later.  

 
Fig. 14 FR vs. load ratio for T1000 carbon-epoxy tow (black-dotted), IM7 carbon-epoxy tow 
(grey-dashed), Kevlar 49 -epoxy tow (white-solid lines), and an IM7 composite overwrapped 
pressure vessel (large crossed hexagonal symbols). 95 % confidence intervals also shown. [105] 
 
Wave propagation 
Typical composite structures comprise thin members and AE signals are transmitted as Lamb or 
plate waves of extensional (or symmetric) and flexural (asymmetric) modes.  Many composite 
members are anisotropic as well. Basic aspects on plate waves have been covered well in [12] 
and standard textbook [107]. In composite AE field, work by Gorman and coworkers [108-110] 
brought the focus on the peculiar wave propagation behavior of AE signals in thin composites, 
especially on the aspect of source orientation producing different wave modes.  Hamstad and his 
NIST colleagues enhanced our understanding with extensive finite element modeling studies to 
shed light on the source types and resultant plate waves [111-114]. Large wave attenuation in 
composites has been accounted for in CARP methods [8-17, 20, 21]. Downs and Hamstad [115] 
showed the sharp amplitude drop (20 dB in 6 mm) due to geometrical spreading in CFRP vessels 
of inverse-square-root distance dependence. More recently, the anisotropic nature of composite 
plates has been included in analysis. Mal et al. [116] used a classical damping factor approach to 
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anisotropic wave analysis and found satisfactory results between theory and experiment (though 
this work is difficult to transfer to AE study). Sause incorporated suitable source models and 
wave propagation analysis on such CFRP model sheets [53, 69, 70]. Using complex elastic mod-
ulus obtained by air-ultrasonic technique [117, 118], some wave propagation analysis included 
attenuation factors as well [119-122]. Anisotropic velocity calculations are also reported for 
common CFRP layups [123-126].  
 
 Actual measurements of attenuation are limited. Suzuki [71b] measured P-wave attenuation 
in 60% UD-GFRP as a function of propagation direction and frequency. Along the fibers (at 0˚), 
attenuation was 60 dB/m for 0 – 1 MHz and 180 dB/m normal to fibers (at 90˚), 0 – 1 MHz. See 
Appendix 3. Suzuki also showed the relaxation function model of Weaver [73] fits the data 
above 1 MHz, but measured attenuation did not diminish at low frequencies contradicting model 
prediction. Prosser [76a] obtained apparent attenuation of So and Ao waves in IM7/977-2 CFRP 
of 1.2 and 3.7 mm thick quasi-isotropic laminates. For So mode in the thinner plate, attenuation 
was 42 dB/m (410 kHz) and for Ao mode it was 83 dB/m (85 kHz). For the thick plate, corre-
sponding values were 35 dB/m (230 kHz) and 51 dB/m (90 kHz), indicating the effect of thick-
ness and frequency. Attenuation observed on a CFRP pressure vessel [115] was higher. These 
values change when geometrical spread of inverse-square-root (Lamb waves) is accounted for. 
Gallego and Ono [127] reported attenuation measurements on CFRP plates of three types of 
layups (UD, XP, QI). So and Ao wave modes are separately evaluated and frequency effects are 
examined. Attenuation is also high. It is evident that any AE analysis must consider frequency-
dependent signal loss through the transmission. It must be pointed out that some of theoretical 
papers on Lamb wave attenuation [117-126] state that guided waves propagate long distances. 
This is contrary to their results, many showing 100+ dB/m, and without experimental support. 
 
Applications 
 
Pressure vessels and tanks - 1 
 When AE applications mature, we find few reports in publications especially after these are 
compiled in reference books, like NDT Handbook [23] and codes and standards established. Ap-
plications to chemical tanks and vessels fall into this category after the first three AERC/AECM 
conferences [24a-c]. Rocket motor case applications are at a similar state [see [23], pp. 377-381]; 
actually, few reports had appeared from the beginning due to their sensitive nature. In this con-
nection, it is interesting to find a review on the burst pressure prediction; Joselin [128] covers the 
subject quite comprehensively, introducing each paper adequately without inserting own inter-
pretation. Thus, a reader must judge which approach is successful/unsuccessful on his/her own. 
Also many papers from AECM series conference proceedings are missing, as access to them 
may be difficult outside the US. Still this review is a recommended reading on this topic.  
 
 There are two important issues at this time. One is the evaluation of impact damage and the 
other is estimating the residual life of COPV. The first topic is not limited to pressure vessels, 
but it is one of the critical problems in aerospace circle. This has been studied with AE for more 
than 20 years [e.g., 129-135]. It is known that impact energy links to the burst pressure. Many 
AE parameters have been “successful” in predicting the burst pressure [23, 128]. An example of 
burst pressure-Felicity ratio correlation is shown in Fig. 15 [130]. While the sample size of this 
study is small, it is believed a larger database has been prepared to show the same trend within 
the aerospace circle. Yet industrial practice still uses AE as a supplementary method. As a tool 
for space COPV inspection, Chang [136] in 2003 assessed AE to be better on “inspection time” 
and “field use”, as average on “flaw characterization”, “simplicity” and “COPV preparation” and  
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as weak on “whole field”, “data evaluation” and “sensitivity”. In the AE field, we think “whole 
field”, and “sensitivity” as AE’s major strong points, but actual judgment by the practicing engi-
neers is much more critical.   
 
 As mentioned in Felicity effect section, NASA is attempting to use AE for COPV burst pres-
sure prediction [102-105]. This is now based on the higher levels of newly measured FR values 
of near unity. Figure 16 shows Felicity ratio with increasing previous highest pressure for an IM7 
COPV during two separate pressurizations to 6800 psi (circles) and to burst (crosses). A linear fit 
is made to both pressurization data. Once the FR value at burst is established with confidence, 
this will allow burst pressure prediction from lower pressure ILH loading schedule. As noted be-
fore, this FR-pressure relation is comparable to tow composite behavior. This surprising similari-
ty is promising in a sense that newer COPV manufacturing is eliminating many sources of flaws 
that previously decreased FR values, and also reduced COPV strength. It is hoped to see even 
better correlation develops in the case of newer T1000 fibers. 
 

  
Fig. 15 FR values are almost linearly related to failure strength of spherical Kevlar COPV [130]. 

 
Fig. 16 Felicity ratio vs. increasing previous highest pressure for an IM7 COPV. Data from [105]. 

 
 In connection to the use of FR values, it should be noted that another parameter is useful in 
some cases. Downs and Hamstad [133] defined Shelby (countdown) ratio, which is (the load 
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during unload when a predefined AE activity level is reached) divided by (the previous maxi-
mum load). This ratio was used much like FR values in correlating to the burst strength of CFRP 
pressure vessels. This ratio is being used in the NASA study discussed above [102-105]. 
  
 The second problem of estimating the residual life of COPV comes from stress rupture be-
havior of high strength fibers. It is well known that silicate glass suffers from static fatigue, i.e., 
time dependent fracture due to the presence of moisture, aka. stress corrosion cracking. Similar 
effects exist in COPV made with Kevlar and carbon fibers. Figure 17 shows sustained load de-
sign curves for three types of COPV. These are used for determining the allowable sustained-
load operating stress for a specified time at load using a probability of survival of 0.999. The 
time at pressure represents the sum of the time that the COPV is pressurized at or above 60% of 
mean expected operating pressure [136]. Over a long period of service, allowable applied stress-
es are quite low relative to the static strength. Of the three fibers, carbon fibers give the best per-
formance at longer times (>100 hrs).  
 

 
Fig. 17 Sustained load design curves for three types of COPV. Data from [136]. 

 
 Since fiber fracture is the root cause, AE can play a significant role in resolving this problem 
of estimating the residual life. From the earliest days of AE, the stress rupture issue was recog-
nized and Liptai [5] reported the process of stress rupture of a GFRP NOL ring. See Fig. 18a, 
which follows two hrs of loading before fracture with rising AE counts. This sample was loaded 
to 80% of the expected fracture load. Another NOL ring was loaded in fatigue at 50% of the ul-
timate load. At each 2000 cycles, it was loaded to 75% with AE monitoring, shown in Fig. 18b. 
As listed in the figure, estimated FR values decreased with loading cycles, quickly dropping to 
~0.5 (as noted earlier in Introduction). Since then, however, only a few reports of AE monitoring 
of stress rupture of FRP appeared in the last 40 years [136-140]. There are reports of FRP stress 
rupture studies [e.g., 141-143]. NASA conducted wide-ranging study of Kevlar COPV used in 
Space Shuttles (24 used in each orbiter vehicle) after the Columbia accident and reestablished the 
reliability to be 0.998 relying mainly on accelerated pressurization testing. Raman spectroscopy 
was used to evaluate the residual stress state of Kevlar [144]. No mention of AE appeared in the 
report. However, another program is in progress [55,102-105,140] at NASA. On stress rupture 
tests, only a glimpse of data can be viewed so far [145], showing the usual increase in AE just 
prior to failure. In some cases, other data appear inconsistent [140] and we need to wait for the 
completion of the program. Still the location data on a successful test of a COPV shows several 
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concentrations of energetic AE events within 24 hrs of final failure (slide 19, [145]). Two views 
are given in Fig. 19. Such data point to the availability of information that warns incipient failure 
if continuous AE monitoring is used. Without monitoring, projecting 0.999-level reliability will 
probably require a new strategy yet to be formulated.  

a)  b)  
Fig. 18 a) Cummulative AE counts vs. time at 80% of fracture load applied. b) AE counts vs. 

load under fatigue load with intermittent proofing. Data from [5]. 
 

 
Fig. 19 Distribution of energetic AE events in 24-hrs period before the final fracture. Kevlar 
COPV. Data from [145] with color inverted for easier viewing. 
 
Pressure vessels and tanks – 2 
AE tests of smaller tanks have occupied some European AE groups of late. These have to be 



 

 201 

done at low cost and rapidly. See [146-148]. A similar effort was undertaken by Propane Educa-
tion & Research Council in the US, using ISO11119-3 as the basis. They chose to use only visual 
inspection, relying instead on the safety factor [149]. They stated in their Exemption request to 
the US Dept. of Transportation (prepared by Battelle) that “Electronic methods which have been exam-
ined to some level of detail in the laboratory include acoustic emission and acousto-ultrasonics (sic). Other potential 
inspection methods include holography, shearography, and thermography. These methods are used by highly trained 
staff in controlled laboratory and manufacturing plant conditions for quality control and special purpose applications. 
However, available data indicate the quality of damage detection in composite cylinders by these methods is incon-
sistent and varies significantly with the material selection, design, and manufacturing techniques. Consequently, 
unique NDI test criteria will be necessary for each different cylinder design, even though they may be from the same 
manufacturer. Practical application of these methods will be erratic and inconsistent for operations which inspect 
more than one cylinder type at one time, as is typically done in cylinder and propane industries.”  Their products, 
LPG/CNG cylinders, are inexpensive, requiring the lowest cost inspection method. Yet, this 
seems to be the state of general NDT community that is so ignorant of the state-of-the-art in AE 
technology.  The safety factors they incorporated are still of interest; This value, minimum stress ratio, 
is defined as the ratio of the fiber stress at calculated design minimum burst pressure divided by the fiber stress at 
2/3 times test pressure (i.e. working pressure). For cylinders without liners or with non-load-sharing liners, the stress 
ratios are: 

•  Glass fibers     –  3.4 
•  Aramid fibers  –  3.1 
•  Carbon fibers  –  2.4 

These cylinders are designed to last 15 to 50 years and the minimum stress ratio is to assure 
against failure due to stress rupture. Note CF can be stressed the highest. It is not known if this 
has received DOT approval. 
 
 On the side of chemical vessels, AE is well accepted thanks to the efforts of Dr. Fowler and 
the CARP, as mentioned in the Introduction. A manufacturer of FRP vessels [150] recommends 
AE testing of their product as follow: “Acoustic emission tests on used equipment are most effective when 
there is baseline information available. It is therefore recommended that all critical FRP equipment be baseline AE 
tested soon after start-up. Once in service, the amount of AE testing that is done is the owner’s prerogative. Often, 
equipment is tested at a point in time approximately halfway through the estimated life span of the equipment. On-
going testing will depend on the results of this test. When critical equipment is nearing the end of its service life, 
regular AE testing can provide a meaningful structural evaluation that may prolong equipment use and prevent un-
expected failure.  Acoustic emission testing identifies and locates active defects in laminates by detecting minute 
acoustic impulses that are generated as a defect propagates under load. A major advantage of this procedure is its 
ability to monitor an entire piece of equipment quickly.”  This is a welcome testimony for the validity of 
AE testing. 
 
 Small, but extremely high-pressure cylinders also present technical challenge, as in the case 
of 100-MPa hydrogen cylinders [151]. Also see Gorman [152] for AE specific discussion. A new 
ASME Code case was developed based on AE to provide the accept-or-reject criteria. These are 
based on the curvatures of cumulative events and energy curves that quantitatively measure pres-
sure vessel stability. These are COPV, but the liners do not carry load, unlike the space counter-
part discussed in the previous section (these carry 20-30% load [144]). An example of AE cumu-
lative event (ΣAE during load hold) analysis is shown in Fig. 20. Left curves are AE events 
curves for 4 channels. At 320-570 s, load is held and event rates started to decline, which are fit-
ted with exponential functions of the form 

 ΣAE = A exp (B t) + C,  (2) 

t = time and A, B, C constants. For the curve on the right, shape factor B is –0.0183 and good-
ness of fit is R2 = 0.91. When B is negative, AE event rates decay and the vessel is accepted as 
stable. Other factors used include the number of fiber breaks, fiber break energy, background 
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energy oscillation effect (which begins at 60-75% of burst pressure) and frictional AE. This 
Code is now published from ASME (Section X, Appendix 8, 2010) [151b] and being applied in 
the field. This Code requires for vessel acceptance that the value of B falls between –0.1 and –
0.001 and R2 ≥ 0.80. Alternately, it is possible to use time required for the structure to emit 99% 
of AE events on a dwell, namely, t99%. Here, t99% = ln (0.01)/B and takes values between 25 and 
40 min. For various non-AE requirements, see [151a and b].  
 

 
Fig. 20 a) Cumulative events and pressure vs. time. Load is held between two vertical lines. b) 
Exponential fitting of the cumulative events vs. time for channel 1 during pressure hold period. 
[152] 
 
Wind turbines 
Increasing size of wind turbine power generators demands constant monitoring and maintenance. 
Articles of applicable NDT methods and of AE methods have appeared [153-157]. Ciang et al. 
[153] reviewed various SHM methods, with a broad discussion on AE with a dozen references. 
Some new approaches are suggested. Reference [154] suggests somewhat limitedly “AE is con-
sidered more robust for low-speed operation of wind turbine compared to the classic vibration 
based methods.  This approach is also more ideal for identifying early faults in gearbox bearings.” 
Reference [155] is a brief summary, while [156] reported on an AE test of 25-m long blade with 
a static step loading schedule and noted locations of AE events at 77% of the fracture load. Sen-
sor placements tightly (20-50 cm spacing) surrounded the eventual failure site.  
 

 
Fig. 21 Surface damage above the spar-cap skin interface with 3 R6I AE sensors (#18-20). [100] 
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Fig. 22 AE energy rate vs. fatigue cycles. [157]        Fig. 23 AE event locations near the spar cap  

end. [157] 
 
 Rumsey et al. [157] conducted high-cycle fatigue loading of TX-100 blade of 9-m length to 
over 4 million cycles. Dr. Beattie performed AE testing portion. This blade has 6-mm balsa 
wood at center, a glass cloth supporting a single ply of UD carbon fibers at 20º, then the top mat 
layer on both sides. At mid-length, spar cap is joined to the base side, where eventual failure was 
predicted and AE monitored. At ~2.5 million fatigue cycles, a large visible crack developed par-
allel to the chord axis on the high-pressure side at ~4.5 m. The crack then grew along the 20º off-
pitch-axis carbon fiber direction until the test was stopped at 4 million cycles. Figure 21 shows 
the surface damage above the spar cap skin interface with 3 AE sensors (PAC R6I) nearby. Al-
most immediately with test start, AE detected AE events and followed the evolution of blade 
failure around the end of the spar cap at 4.5 m, but no significant damage in any other monitored 
areas (24-channel system used). Significant AE appeared at 3.55 million cycles and extreme 
damage indications started at 3.78 million cycles (see AE energy rate in Fig. 22). The locations 
of the AE events (Fig. 23) matched the visual damage shown in Fig. 21. The most significant re-
sult of this test was that only AE was able to predict and identify the damage location and severi-
ty while a few other SHM sensors failed to see the damage. 
 
 Another approach for AE characterization, i.e., pattern recognition/neural network, has been 
used for AE signals from turbine blade tests. [158-160] This approach provided damage grade 
assessment, relatable to the state of cracks and other flaws developed in fatigue loadings [158]. 
Load-hold emissions were useful in setting up the classifiers. Other methods evaluated different 
aspects of blade state assessment [159, 160]. This application is still developing and new meth-
ods are expected in this Conference.  
 
Space Shuttle 
NASA tried to develop and implement on-board impact detection technologies after the loss of 
the Space Shuttle Columbia. Prosser [161, 162] described a system called Shuttle Wing Leading 
Edge Impact Detection System (WLEIDS). It had been installed on all Space Shuttle missions 
till recent retirement of the fleet. The system tested accelerometers and AE sensors for detecting 
the impact of launch foam debris on the leading edge made of reinforced carbon-carbon and on 
thermal protection tiles. Even though a foam block tested was ~0.8 kg, its speed is 240-290 m/s 
and produced detectable damages with the sensors. Some hypervelocity (6.8 km/s) tests were 
done, indicating different waveforms from the slow impacts. Implementation on shuttle fleet re-
lied on flight-qualified accelerometers that proved to function at lower frequency range than AE 
sensors, while reducing the signal acquisition frequency down to 20 kHz, beneficial in data 
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storage and transmission to the Mission Control on earth. For each Space Shuttle, 66 sensors 
were on board and 22 battery-powered data acquisition/wireless transmission units were mount-
ed in each wing cavity. The system recorded data from all sensors continuously during launch 
and ascent to orbit. The data was transmitted wirelessly to a laptop computer in the crew com-
partment and then downlinked to ground. The monitored data consists of rms values of g-force. 
A summary file of the largest peaks is also stored and used for preliminary analysis. When war-
ranted, detailed analysis follows. For all flights since Columbia, the WLEIDS has performed ex-
ceptionally well. None of probable impact events have been of amplitude consistent with critical 
damage to the RCC leading edge and in-flight inspection at the suspected impact locations using 
the Orbital Boom Sensing System has not revealed damage. Post-analysis of the entire records 
evaluated the system performance on flight for future deployment. Some of the waveform rec-
ords in the ground tests can be seen in [161] and key components of the Shuttle Wing Leading 
Edge Impact Detection System are shown in Fig. 24.  
 

 
Fig. 24 Key components of the Shuttle Wing Leading Edge Impact Detection System. [161] 

 
Sandwich structures 
In practical composite design, sandwich structures are widely used [163]. Aluminum or Nomax 
honeycomb core is widely used in aerospace applications and foam core is common in less de-
manding design. AE studies of such structures are not many. Burman [164] conducted an exten-
sive study of sandwich composites under static and fatigue loading conditions and used AE for 
monitoring crack initiation and growth in the core. AE location aided failure process study on 
invisible subsurface damages. AE behavior is typical one with rising AE near fracture, and am-
plitude reaching into >80-dB range. Sandwich composite panels are finding new applications in 
rehabilitating aging infrastructures [165, 166]. Reference [165] used a small AE system and ob-
tained some AE results on tensile samples, but only rough data outline is given. Larger samples 
with cyclic loading are also tested, but results are not clearly analyzed or presented. [166] used 
16-channel AE system and obtained some AE results during stepwise loading and signal attenua-
tion on the panel, but definitive results are yet to come. In these ambitious projects, it is hoped 
that past AE experience in the literature is used to better outcomes. 
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 In similar composites with 30+% GFRP skin and balsa-wood core, Hoa [167] studied their 
AE behavior extensively, producing an ASTM document (ASTM E1888-12). It is worth noting 
that, starting from FR concept, Hoa defined a trend number Z = A2/A1, where  
 A1 is AE parameter (counts, hits) upon loading to P1. 
 A2 is AE parameter (counts, hits) upon reloading to P1. 
Under cyclic loads, Z tends to vanish in a good vessel (or a zone), while Z in damaged one starts 
to rise. This parameter is useful in judging this type of sandwich composite and may be applica-
ble for other types. 
 
Aircraft applications 
In 1984, we were invited to monitor the testing of a prototype all Kevlar composite aircraft 
(Avtek) using AE. See Fig. 25, which shows an 8-channel AET-5000 system. The Avtek plane 
was supported at the main wings and canard wing tips while the mid-fuselage was pulled down. 
30- and 175-kHz sensors were distributed, especially at the canard attachments. This position 
turned out to be much weaker than design load, producing significant AE and stopping the test 
before damage. This demonstrated the AE test’s worth, but the Kevlar plane project did not con-
tinue long unfortunately. 
 

 
Figure 25 AE monitoring of prototype Avtek aircraft in 1984.  Dr. I. Roman, on leave from He-
brew University of Jerusalem, operated AET-5000 system. [The original of the cover photo 
shown in JAE vol. 3] 
 
 AE applications in aircraft industry appear to have advanced according to the anecdotes from 
AE equipment makers, but little is known in the open literature for obvious reason. Only about a 
dozen papers appeared in JAE in the past 30 years with direct connection to airframe, but only 
metallic.  Composite structural components are increasing their importance even in commercial 
aircraft, but the role of AE is apparently limited. Pfeiffer and Wevers [168] detailed AE and 
Lamb wave methods for aircraft SHM applications as a part of AISHA project under European 
Research Area. For critical damages, appropriate Lamb modes are being identified for such parts 
as helicopter tailbooms and Airbus slat tracks. Takeda [169] reviewed small-diameter optical fi-
ber sensors for damage monitoring and structural health monitoring (SHM) of composite struc-
tures. They also reported on results from ACS-SIDE project in Japan with optical SHM. Fiber-
Bragg grating (FBG) sensors are combined with PZT actuators for Lamb wave inspection of 
CFRP structures. Several articles on NDT in aircraft manufacturing appeared recently [170-174], 
but only one briefly mentioned AE’s use in predevelopment-design phase [170]. Our concerted 
efforts to change the perception of key people in this industry are needed. For example, an im-
proved activation method of impact/delamination damage for AE diagnosis will be needed to 
provide a better technique to aircraft people. On composite panels, the benefit of global 
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inspection with AE often evaporates from high wave attenuation behavior. An innovative meth-
od is required also. 
 
 Figure 26 shows expanding uses of composite in modern commercial and military aircrafts. 
This poses a formidable challenge for NDE/NDT of composite components during manufactur-
ing, service inspections, flight conditions and SHM. Numerous laboratory tests have been carried 
out during last decades on large composite components for aircraft structures. At the beginning 
of the 1990s, Boeing designed and built a 64-channels AE system, called AE Pre-failure Warn-
ing System (AEPWS), which was used on a prototype of a low tail horizontal stabilizer (LTHS) 
box [175]. AEPWS, based on calculation of the AE energy (MARSE), was used to monitor se-
lected flights for the first lifetime (50,000 flights) of fatigue cycling of the LTHS. At the end of 
the 1990s, Saab Aerospace (Sweden) monitored by AE two full-scale test on the JAS 39 Gripen 
combat aircraft, partially manufactured from CFRP [176]. In the first one, the wings and the ver-
tical stabilizer (which are primarily manufactured from CFRP) were monitored by a 72-channels 
PAC AE system in order to localize damage in the early stage. It was possible even without any 
false alarms and no more damage was detected by other NDT techniques. During the more than 
100 real-time tests FR index was checked. 

 
Fig. 26 Composites ratio in structural aircraft weight during last decades in commercial and  
military aircrafts.  
 
 Toward the goal of more active AE utilization in composite aircraft area, some papers are of 
interest [177-179]. Leone et al. [177] monitored AE in several honeycomb sandwich composites 
curved fuselage panes, each containing a different scenario of damage, using the Full Scale Air-
craft Structure Test Evaluation and Research (FASTER) placed in Atlantic City (US). In particu-
lar, the evolution of particular notches artificially made on the full-scale T700-CFRP sandwich 
panels was monitored by AE using an 8-channel 150 kHz resonant sensor configuration located 
in circle (see Fig. 27). A good correlation was found between the notch progression (see Fig. 28) 
and AE accumulated and during loading of the panels (see Fig. 29). The most of the events rec-
orded were below 70 dB (between 85-97 %). Figure 29 shows that the percentage of high-
amplitude events, normally associated with fiber breakage, was less than 5% of the total AE 
events recorded.   
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Fig. 27 Left: Honeycomb sandwich composite panel. Right: A segment of the panel showing the 
AE sensors arrangement, a photogrammetry system and an artificial notch. [177] 
 

 
Fig. 28 Notch-tip damage after complete final fracture in two sandwich panels. [177] 

 

 
Fig. 29 Load-time history and accumulation of AE events and amplitudes recorded during load-
ing two panels. Each dot signifies a three-hit event. [177] 
 
Sensors and Sensing 
Aljets [178, 179] completed a thesis with new approach to source location methods and validated 
them on large CFRP plates. One is to use an array of 3 closely positioned (45 mm) sensors. Us-
ing this sensor array, wave modes and source locations are obtained with two different methods. 
The array sensor approach is similar to Sachse’s patent of 4-sensor array, but the latter was for 
source location purpose [180]. As we saw earlier in this review, the knowledge of wave modes is 
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very important information today. More such work on large samples must be pursued to make 
AE acceptable to industry engineers. In this connection, a new method of Lamb-wave detection 
should be of interest. Yeum et al. [181] used a sensor of two coaxial PZT elements, a center disc 
and a surrounding ring. This sensor needs to be placed only on one surface. The mode decompo-
sition can be performed at any selected frequency without changing the PZT size and/or spacing 
configuration, aided by solving 3D Lamb-wave propagation equations with the PZT size and 
shape as input. This technique was demonstrated for Lamb waves in an aluminum plate, but 
should be applicable to composite plates as well. 

 Optical sensing of AE signals relied on bulky components initially, but the size of sensors 
and associated equipment started to shrink. Wevers et al. [182] introduced an intensity modulat-
ed optical sensor based on the microbending into a CFRP plate and evaluated AE from develop-
ing damage, though S/N ratio needed improvements. Surgeon and Wevers [183] evaluated ef-
fects of adding optical sensors into CFRP plates. When optical fibers are near the stress-carrying 
plies, degradation was detectable. Subsequent reports from this group [184, 185] examined sig-
nal processing aspect for S/N improvements and a different sensing principle, using polarimetric 
single-mode optical fiber sensors. Other approaches also appeared more recently [186-188] with 
interferometric techniques. FBG sensors are from a different principle and is amenable to source 
localization. See Tsuda’s article [189] on its use in SHM applications along with [169]. For em-
bedded usage, see [190]. The main obstacle for wider uses of optical sensing is still the cost of 
equipment.  

Pattern recognition – Clustering 
When we initiated using pattern recognition analysis (PRA) software, called ILS, in the early 
1980s [61a, 191, 192], we relied on autoregressive modeling to obtain the signal feature vectors 
and utilized principal component analysis. It was cumbersome, but the promise of signal discrim-
ination was encouraging. We next used Icepak software from TISEC in the 1990s, which vastly 
ran faster and reported CFRP signal classification results discussed earlier [61b,c, 95]. With Ice-
pak, several algorithms including artificial neural network were available, but we primarily used 
k-NN. In these studies, we had to supply the likely clustering scheme based on separate aspects, 
such as special specimen geometry, loading range, microscopy, etc. Unsupervised PRA algo-
rithm started to appear [193] and Noesis software improved the coordination with PAC’s data 
acquisition hardware in an integrated operation. This approach basically uses the standard AE 
parameters along with partial power spectral density, chosen to represent different AE source 
features. A different approach is taken in Vallen’s VisualClass that relies on time-staggered 
power spectral features. In the past decade, PRA has become a common tool in AE examination 
[194, 195; see also Hill, [23], pp. 382-387].  

 Kohonen introduced a new concept in classifying a large body of diverse data [196]. This is 
known as the Self-organizing Map (SOM). It has been incorporated into PRA scheme for AE 
data analysis [40, 82-85, 197-199]. For non-specialists, it is easiest to start with [40, 84]. In the 
simplest term, SOM helps achieve “Birds of a feather flock together” phenomenon by directing a 
data vector (characterized by multiple features) into an area of a map where other data vectors of 
similar characteristics are already present. Godin [84] combined SOM with k-means method to 
improve further AE data classification. [200, 201] are recent studies that take advantage of the 
new PRA method with SOM. SOM Toolbox for MATLAB is available from Prof. Kohonen’s 
group [http://www.cis.hut.fi/somtoolbox/links/somsoftware.shtml] and can be incorporated into 
own data analysis package. With the SOM, robust unsupervised PRA is possible and this should 
become a practical AE analysis tool shortly. 
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Concluding Remarks 
 
 During the past ~50 years, we have expanded the knowledge base on AE. Still, further ad-
vances are critically needed to make AE an indispensable tool for composite industry. This arti-
cle has attempted to review “composite AE” from materials researchers’ perspectives and to sur-
vey how AE has contributed to various applications. The first part was reasonably achieved but 
the second part was only partially fulfilled, as it has been difficult to gain information of AE 
technology practiced in various industries. We have also identified a few crucial problems that 
have to be resolved to reach our goal of making AE a useful tool for industry. These include dis-
placement-velocity sensor response, high wave attenuation in composites and the lack of under-
standing of Felicity effect and stress rupture. Promising developments include new methods for 
high-pressure vessel monitoring sanctioned by ASME, SOM-based unsupervised PRA, and tack-
ling of issues with wave attenuation and stress rupture. We trust this article presents a fresh 
summary of what has been discovered and utilized, points out obstacles to surmount and gives 
some suggestions to future work, hopefully serving as inspiration for developing a new technol-
ogy.  
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Appendix 1: Lamb wave propagation 
 
 In 1986, Ichikawa et al. [A1] investigated the optimum conditions for using Lamb waves for 
inspection of steel sheets, which fail from nonmetallic inclusions under heavy deformation. Us-
ing theoretical results, they developed an improved inspection system for use in steel production 
lines. From the basic Lamb wave behavior, they noted complexity, such as 1) some modes are 
difficult to excite or detect depending on frequency-thickness product, or f·d values, 2) the 
sharpness of flaw reflection varies strongly with f·d values, and 3) flaw reflection pulse has a dif-
ferent frequency from that of the excitation pulse.  
 
 Pulse excitation and detection typically uses piezoelectric sensors that respond to normal dis-
placement; on the plate surfaces, one needs vertical particle displacements from Lamb waves. 
For a plate of thickness, d, scalar and vector potentials are introduced to represent displacement 
and stress within the plate using free boundary conditions on the surfaces. The components of a 
displacement vector (U, W) for the wave propagation direction, x, and for the normal (thickness) 
direction, z, are given by:  
 
 For symmetric modes: 

  
 For asymmetric modes 

  
 

where d = 2δ, 𝑞!! = 𝑘!! − 𝑘!!, 𝑞!! = 𝑘!! − 𝑘!!, 𝑠!! = 𝑘!! − 𝑘!!, 𝑠!! = 𝑘!! − 𝑘!!, ω  = 2πf : angular  
frequency, ks (a, l, t): wave number for symmetric (asymmetric, longitudinal, transverse) wave, α, β 
= constant. Wδ  is defined as an index to express the magnitude of the surface normal displace-
ment, W, relative to the integrated mean-square displacement as: 

      
Using equations 3 and 4 with the shear modulus of steel = 80.3 GPa, density = 7.8 Mg/m3, Pois-
son’s ratio = 0.28, the phase velocity and Wδ  in dB scale are shown against f·d in Fig. A1 (a) and 
(b). These are reproduced from Figs. 4 and 5 in [A1]. It is evident that Wδ  varies widely 
depending on the wave mode and f·d values. It is significant that the surface normal displacement 
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of So mode is less than –17 dB for f·d ≤ 1 MHz·mm, while that for Ao is always above –6 dB. 
This explains why So mode is usually not observed at low frequencies, especially for thin struc-
tures.  
 
 The wave dispersion also affects the pulse amplitude. The group velocity Cg is given by  

 
!
!!
= 1 − !

!
  (!"
!"
), (5) 

where C is the phase velocity. When a pulse with the center frequency fo and its spread in the 
frequency domain Δf (in half-value width) travels time t over distance l, resulting in pulse spread 
in time of Δt (in half-value pulse width) of: 
 

  
where Ao is a constant. A parameter Dg defined below indicates the sharpness of a pulse affected 
by the velocity dispersion. With the transverse velocity Ct, we have: 
 

  
 
 Results of calculation are shown in Fig. A1(c) (which is Fig. 6 in [A1]). When the value of 
Dg vanishes, the dispersion effect is minimal. Again, Dg varies strongly with f·d values, depend-
ing on the wave mode. Open circles marked P1 to P8 (in Fig. A1 (b) and (c)) indicate the points 
where Dg = 0. Table 1 in [A1] gives the f·d values (along with C/CL, Cg/CL and Wd (in dB)) corre-
sponding to P1 to P8 : 
 
 Pi             P1      P2 P3  P4 P5  P6 P7 P8 
 f·d value    1.42    2.52 2.80 4.81 6.97 7.26 7.41 9.09 
 wave mode          Ao       So A1 A1 S1 A3 A3 A2 
 C/CL 0.79 1.23 2.00 1.33 1.38 2.80 2.60 1.40 
 Cg/CL 1.01 0.54 1.18 0.69 0.70 0.78 0.78 0.71 
 Wd (in dB) -6.0 -4.0 -8.5 -5.1 -5.2 -3.8 -3.9 -5.1 
 
 There seems another vanishing Dg point at f·d = 4.12 for S1 mode, but Wδ  is low here. Judg-
ing from various wave propagation data, both theoretical and experimental, it appears that when 
Dg ≤ ±0.3~0.5, pulse propagation is possible without suffering excessive dispersion effects.   
 
 Considering both Wδ  and Dg, this work leads to approximate ranges where good pulse detec-
tion with low dispersion loss can be expected: 
 
 So mode f·d = 1 ~ 2, >3.5 
 Ao mode      > 0.5 
 S1 mode       ~2.7 
 A1 mode         2 ~ 4 
 S2 mode         3.5 ~ 7 
 A2 mode      > 5.8 
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Fig. A1. a) Phase velocity of Lamb waves vs. f·d values. b) Index for surface normal displace-
ment Wδ  in dB scale vs. f·d values. c) Parameter for dispersion effect Dg vs. f·d values. These 
figures were assembled from Figs. 4-6 in Ichikawa et al. [A1], matching the abscissa. 
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Since Wδ  is in dB scale, it should dictate the outcome, while effects of Dg parameter needs to be 
explored experimentally. 
 
 This result of Ichikawa et al. [A1] is for isotropic medium and not directly applicable to fiber 
composite materials. However, this gives for the first time explanations for oft-peculiar Lamb-
wave propagation behavior. In practical inspection setups, one also needs to consider frequency-
dependent attenuation effects. 
 
Appendix 2: Gaussian Pulses 
 
 A Gaussian pulse is defined as a function of time t 

 𝐺 𝑡 =   exp  [−𝑡!/2𝜎!] (8) 

where σ is a pulse width parameter [A2]. The pulse width at one-half of the peak height, t1/2, (al-
so called the full width at half-maximum or FWHM) is given by  
 𝑡!/! =    8  ln  (8)  𝜎 = 2.35482  𝜎. (9) 

 Figure A2 (a) shows a Gaussian pulse with t1/2 = 0.22 µs [A3]. The power spectral density of 
this pulse is given in Fig. A2 (b). It peaks at f = 0 and the spectral width at one-half of the peak 
height, f1/2, is equal to 2.0 MHz. The half-height widths are related to each other by [A4] 

 t1/2 x f1/2 = 0.44. (10) 

 The time derivative of a Gaussian pulse defines a Gaussian mono-pulse (aka monocycle). 
Using the center frequency, fc, it is given by [A5] 

 𝑉 𝑡, 𝑓! ,𝐴 =   2 𝑒  𝐴𝜋𝑡  𝑓!   exp  [−2 𝜋𝑡𝑓!)! , (11) 

where A is the peak height. A Gaussian mono-pulse at 2 MHz is shown in Fig. A2 (c) [A6]. In 
the frequency domain, this is given by 

 𝑉 𝑓, 𝑓! ,𝐴 =    !
!

!!
!
!
!!
exp  [− !

!
!
!!
)! . (12) 

 The inverse of the center frequency is essentially pulse duration, τ. That is, 
 τ x fc  ~ 1. (13) 
A pair of waveform and its frequency spectrum from [A5] was scaled to 2 MHz to 200 kHz cen-
ter frequencies. Four such pairs are illustrated in Fig. A3, (a) to (d).  
 
 The most striking feature of Fig. A3 is the broadness of the spectra. For a 2 MHz pulse (of 
0.5-µs duration), –3 dB half-power points are at 1 and 3.2 MHz. At 200 kHz (5-µs long pulse), 
the corresponding frequency range is from 100 to 320 kHz. Thus, a variation in source duration 
has to be quite large to be noticeable in the detected frequency spectra. Since most sensors and 
structures have natural frequencies, their dominance will be difficult to overcome. 
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Fig. A2. a) 2-MHz Gaussian pulse. b) Its power spectral density. [A3] c) 2-MHz Gaussian mono-
pulse. [A6] 
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Fig. A3. a) 2-MHz Gaussian monopulse and its power spectral density. b) Same for 1 MHz. c) 
Same for 500 kHz. d) Same for 200 kHz. [A5] 



 

 227 

Appendix 3: Directionality of Attenuation and Source Types 
 
 Suzuki [71b] measured P-wave attenuation in UD-GFRP with 60% fiber content using a laser 
technique. Figures 4.15(g), 4.16 and 4.17 from his thesis are shown in Fig. A4 below. These 
show high attenuation especially for 90º orientation at 160-180 dB/m, but even for the orienta-
tion along fibers (0º) it is 60~80 dB/m. These are still 2 to 5 times less than in epoxy. 
 

 
Fig. A4. a), b) Frequency dependence of P-wave attenuation in GFRP. c) Orientation dependence 
at 1.4~1.65 MHz. [71b] 
 
 Downs et al. [A7] examined the directionality of AE sources in an Al plate, that is, the orien-
tation dependence of FEM-generated AE signals due to three types of sources, i.e., in-plane di-
pole, microcrack initiation, and shear at 45° about the y-axis without a moment. They used wave-
let transform to characterize the absolute WT peak magnitude as a function of radiation angle 
and source depth. The fall-off with increasing angle is dramatic for the in-plane dipole (nearly 
100 %), as shown in Fig. A5. It is least for the microcrack initiation, except for a source at the 
mid-plane, where the 45° shear has the least fall-off. The results also demonstrated that the WT 
absolute peak magnitudes have their greatest values when the source is close to the surface and 
have their lowest values when the source is located at or near the mid-plane.   
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 The directionality WT magnitude of microcrack sources is shown in Fig. A6, where 0º-
amplitude was used to normalize other radiation angles. Here, frequency: 270 kHz, propagation 
distance: 180 mm, plate thickness: 4.7 mm. S0  and A0 data behaved differently; Source depth 
effect was present for the A0 mode, but not for the S0 mode. In both modes, the magnitude did 
not vanish at 90º. 

 
Fig. A5. Absolute peak WT magnitudes for various source depths for in-plane dipole source at 
180 mm propagation distance [A7]. 
 

Fig. A6. Normalized peak WT magnitudes for microcrack source at 270 kHz; legend lists source 
depth (mm), propagation distance (mm), and mode [A7].  
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