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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. 
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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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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. 
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 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.   
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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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