


Theoretical Aspect

Figure 1 shows the model of a dislocation and displacement in an elastic solid. The dis-
placement uj(x, t) at the point x = (X, X,, X3) and time t due to the dislocation ¢(x’, t’) is

u. (x,t) = %t'%q "Ho (X 1) "Crg (¥) "Gy (X, X', 1 1) dA )]

where vq is the g-component of the normal vector of the dislocation surface, ¢, is the
p-component of the dislocation, Cpgjk 1s the elastic constant of the medium, A is the area of the
dislocation surface, and Gj is Green’s function, which represents the displacement in the
i-direction at (X, t) due to an instantaneous point force of unit impulse in the j-direction at (x’, t”)
[8]. Gijj e is the derivative of Gj; in the k-direction (e.g. 0G;j/0xk). As shown in Fig. 2, assuming
the displacement in the x3-direction at the epicenter of the microcrack opening in the same direc-
tion and is considered as a point source (e.g2. 1 =j =k =3, on AA), equation (1) becomes

Uy (%,1) = $D() #G 455 (X, X , 1" 1)A'=D() ! Gy (1)

with D(t) = $,(t)"#A"(! +2p) )

where ! ;(t) is opening displacement of the microcrack, AA is the area of the microcrack, and
D(t) is an AE source function of the microcrack, and ! represents time domain convolution.
The AE source function is a step function with height of AD and rising time of At (shown in Fig-
ure 3). By using AD, radius of the microcrack, a, and nucleation velocity, V., could be deter-
mined as

a:%élfa 3

Ve=2a/At (4)

where G, represents the critical stress for maincrack formation. However, when the displacement
u3(x, t) is detected by the AE sensor, its output V(t) is

V() = G (t) ® S{t)® D(t) = R(H) ® Dt) )

where S(t) is the response function of AE measurement system, R(t) is called combined response
function. In order to calculate the AE source function, following time deconvolution is essential.

D(t) = V() ® R (1) (©)
I uz(x,t) Xo
o o
/@ = At
DY ) &
13X, =
— = AD
AA
0 Time[ u s]
Fig. 1 Model of displacement Fig. 2 Model of microcrack  Fig. 3 Example of AE
dislocation in elastic medium. and epicenter displacement. source function D(t).
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The response function for monopole source, Ry, (t), could be determined by well-defined mo-

nopole source such as pencil-lead breaking. Conversion from monopole to dipole source such as
crack opening can be accomplished by

d at o 1 9

(t) o, m (D) o, ot m (D) V. o

where V{ is the longitudinal wave velocity.

R_ (1) @)

Experimental Procedures

Specimens

High purity alumina ceramics (Japan Medical Materials Co.), the material for actual artificial
joints, was used in this study. Mechanical properties are given in Table 1. The 0.5-inch CT
specimens were used for fracture toughness tests. To avoid the influence of reflected waves,
thickness of the specimen was selected as 1 inch. In order to minimize the effect of water content

on fracture process especially at the tests in air, specimens were dried in a vacuum drying oven at
150 °C for 2h.

Table 1 Mechanical properties of alumina (Manufacturer’s data)
Density Purity Average Grain Elastic Modulus
[g/cm’] [%] Size [ 1 m] [GPa]

3.97 >99.9 1.4 400
Load Cell
Sensor *
Specimen
C') Strain PC
o e
e——]
O Clip Gage
+ Digital
: Oscilloscope
Pre-Ampx4 (Threshold:130pV)
(Gain:40dB)

Fig. 4 Schematic diagram of the testing system.

Fracture Toughness Test using CT Specimens and AE Measurement

The testing system is described in Fig. 4. CT specimens were loaded at a crosshead speed of
0.01 mm/min in air and in water and the load was measured by load cell. The specimens used for
the tests in water have been soaked in water with ultrasonic bath for 30 minutes before the tests.
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During the tests in water, only the portion of notch tip has been filled with water. Crack opening
displacement (COD) of specimens were also measured by clip gage. At the same time, the
waveforms of AE signals emitted from microcracks were detected by four piezoelectric AE sen-
sors (Pico, PAC). The AE signals were amplified by pre-amplifiers and sent to a digital oscillo-
scope, whose sampling interval was 10 ns. Preamplifier bandwidth was 100 kHz to 2 MHz. Total
gain was 40 dB, and threshold level was 130 uV at the input of pre-amplifiers.

Results and Discussion
AE Source Chracterization

Figure 5 shows the typical result of AE behaviors during the fracture toughness test using CT
specimen. In Figure 5, compliance of specimen has changed with rapid increase in AE event and
energy. Figure 6 shows the typical waveforms. Figure 6(a) shows an example of AE signal emit-
ted by a microcrack nucleation during the fracture toughness test. Figure 6(b) shows an example
of combined response function of specimen and AE measurement system determined using pen-
cil lead breaking. Figure 6(c) shows an example of AE source function of the microcrack nuclea-
tion. Using equations (3) and (4), it was estimated that the microcrack with radius of 9.6 um and
nucleation velocity of 37 m/s was nucleated.
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Fig. 5 Typical AE behavior during the test with notch in air.
Effect of Environment on the Microcracking

Figure 7 shows the result of the AE source characterization. Figure 7(a) shows the distribu-
tion of radius of microcracks generated during the fracture toughness tests. Figure 7(b) shows
that of nucleation velocity. From the tests, microcracks with radius of 6.6~1 7um and nucleation
velocity of 9.5~47 m/s were detected. On the other hand, in water, the radius was 13~22 pm and

176



0.2 1 10
01| £ 05| [
s J s
=01 | .05 | A
& 0
-02 N 4 2 R -1 N N N N A
0 2 4 6 8 10 0 2 4 6 8 10 S A
Time[ps] Timef[ps] ime[ ps]
(a) AE signal, V(t). (b) Response function, R(t).  (c) AE Source function, D(t).

Fig. 6 Typical waveform about microcrack nucleation.

the nucleation velocity was 26~86 m/s. Therefore, it is clear that both radius and nucleation ve-
locity of microcracks formed in water are larger than those in air, which is likely due to the in-
fluence of stress corrosion cracking.

25 — L 15
ol L] in Air | T [ in Air
. = . in Water 2 0l . i Water
2 15} g
= z
z 10 5
5 3
| 0 .
OO 5 10 15 20 25 30 0 10 20 30 40 50 60 70 80 90
Radius of Microcracks, a [um] Nucleation Vel\(,"iilg}go]f Microcracks,
(a) Distribution of radius. (b) Distribution of nucleation velocity.

Fig. 7 The result of the AE Source characterization.
Average area of microcracks characterized by AE source characterization was 3.9 x 10™ mm?
in air and 8.9 x 10 mm? in water. On the other hand, coalescing intergranular cracks were ob-
served on fracture surface by SEM and their average areas are 1.6 x 10™* mm? in air and 7.9 x
10" mm? in water. Since they showed good agreement with each other, it was verified that the
results of AE source characterization have reasonable accuracy.

Conclusions

Quantitative detection of microcracks in fracture process of bioceramics was conducted by
AE source characterization, and the following conclusions can be drawn.

(1) By AE source characterization, it is understood that both radius and nucleation velocity of
microcracks in water are larger than that in air, which might be the influence of stress corro-

sion cracking.
(2) The result of AE source characterization shows excellent quantitative agreement with that

of observation by SEM, which verified that the results of AE source characterization have
reasonable accuracy.
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Although further investigation is needed for theoretical modeling of microfracture process, it
should be emphasized that the indispensable knowledge for the reliability assessment of bioce-
ramics was obtained in this study.
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DETERMINATION OF WAVE ATTENUATION IN ROCK SALT IN THE
FREQUENCY RANGE 1 - 100 kHz USING LOCATED ACOUSTIC
EMISSION EVENTS
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Gesellschaft fiir Materialpriifung und Geophysik, Dieselstralle 9, D-61231 Bad Nauheim,
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Abstract

Rock salt is a candidate material for construction of a telescope detecting ultrahigh-energy
neutrinos by acoustic emission measurements. These ultrahigh-energy neutrinos are generated,
for instance, by the collision of galaxies or supernova explosions. Interaction of these ultrahigh-
energy neutrinos with matter is extremely seldom. Therefore, the telescopes have to have dimen-
sions of kilometers in all directions and should be placed in the ocean, or in the polar ice, or in
salt domes. The economical feasibility of an acoustic neutrino detector strongly depends on the
spacing between the acoustic sensors. In this paper we will report on our experience of acoustic
wave propagation and wave attenuation in rock salt in the frequency range of 1 to 100 kHz and
some conclusions with respect to the usefulness of rock salt as a neutrino detector. The experi-
ence bases on long-term acoustic emission measurements in a salt mine.

Keywords: Acoustic emission, microcracking, rock salt, wave attenuation, neutrino detector
Introduction

Before we are going to present results of our acoustic emission (AE) measurements in salt
rock, a brief introduction on neutrino detection is given. Neutrinos are particles which are emit-
ted from most violent astrophysical sources like exploding stars (see http://icecube.wisc.edu).
They are interacting extremely seldom with matter. The feeble interaction of neutrinos with mat-
ter makes them ideal astronomical messengers. Neutrinos can travel across the universe without
hindrance and interference. However, this same attribute makes cosmic neutrinos difficult to
detect. Most of the trillions of neutrinos that stream through a human body or a square meter of
the Earth’s surface every second do not leave any trace. But, on rare occasions, a passing neu-
trino crashes into a proton or neutron. This collision produces a particle called muon. The muon
travels in the same direction as the parent neutrino hundreds of meters or even kilometres
through a detector material like ice, water or salt rock. Muons from high-energy neutrinos (en-
ergy range between 10" and 10'° eV) radiate blue light, which is the so-called Cherenkov radia-
tion. In transparent ice or clear water this light can be detected by optical sensors like photomul-
tiplier tubes. A neutrino telescope must be huge, transparent, dark, and below the earth surface to
shield cosmic rays. Therefore, deep oceans or the 3000-m-thick Antarctic ice cap are used as a
neutrino telescope. The so-called IceCube is the first kilometer-scale neutrino observatory,
which is now under construction [1]. About 4800 photomultipliers will be installed 1500 m be-
low the ice surface ina 1 km x 1 km x 1 km volume.

Ultrahigh-energy neutrinos (energy of >10'"7 eV) have great cosmological significance and
may reveal new physics beyond the standard models. Because of decreasing neutrino flux with
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increasing energy an observatory far larger than one cubic kilometer will be required. An estima-
tion shows that no more than one ultrahigh-energy neutrino per year can be detected with
IceCube (see http://icecube.wisc.edu). For a few years, salt domes have been under consideration
to detect the interactions of ultra-high energy neutrinos with rock salt. Salt domes are widely
distributed and have a suitable size of typical dimensions 3 x 4 x 5 km. The disadvantage of salt
relative to ice is due to the rapid decrease of Cherenkov light intensity. Ice is far more transpar-
ent than salt to light.

Besides the Cherenkov radiation, a part of the energy is converted into acoustic energy. The
basis for the AE of ultrahigh-energy neutrinos is a thermo-acoustic effect, which was first pro-
posed by Askariyan [2] and Learned [3]. Their model is based on the fact that in a condensed
medium the energy of an electromagnetic cascade resulting from the neutrino interaction is con-
centrated in a roughly cylindrical volume of length L = 5 m and diameter d = 5 cm in a liquid or
solid (see Fig. 1, left-hand side).

Fig. 1 Thermo-acoustic model of electromagnetic cascade resulting from the neutrino interaction
(left-hand side) and radiation pattern of P wave with this model (right-hand side) [4].

Due to the rapid thermal expansion of the material in the cylindrical volume, compressional
waves or so-called P waves are produced. The amplitude of the P wave is determined by the cas-
cade energy, the thermal expansion coefficient, and the wave velocity in the medium. The
maximal amplitude is in a direction orthogonal (incidence angle 0 = 90°) to the axis of the cyl-
inder (right-hand side of Fig. 1). In axial direction (O = 0°) of the cylindrical volume only small
signal amplitudes will be emitted. The expected frequency of the P wave is in the range between
10 to 60 kHz and lies exactly in the frequency range in which we are detecting microcracking in
salt mines. Besides the primary effect of thermal expansion a secondary source of acoustic emis-
sion may be microcracking in the heated volume induced by the generated transient deviatoric
stress field.

The idea of many researchers in this field is to investigate the feasibility of detecting high-
energy neutrino interactions in underground rock salt domes using a network of many AE sen-
sors. To determine the spacing between the sensors, attenuation of acoustic waves plays a major
role for the use of salt domes as a neutrino detector. Price [5] calculated attenuation coefficients
for grain diameters from 0.2 to 2 cm for rock salt as a function of frequency in a range from 1 to
100 kHz. He concluded that in pure and undisturbed rock salt, the scattering at grain boundaries
is the limiting factor of the detection length and that absorption plays a minor role and can be
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neglected. He compared the result of his calculations with ultrasonic measurements at 58 to 64
kHz in the Huckley Salt Mine, Texas [6] and with our AE measurements in the repository in
Morsleben, Germany [7].

The present authors have already reported several times about AE measurements in rock salt
at earlier conferences [8-11]. Their earlier contributions showed field studies from the central
and southern sections of the underground repository of Morsleben in a salt mine in northern
Germany. Originally, the central section of the repository was monitored by a network of 24 AE
sensors since 1995. This network was recently enlarged to 48 channels and covers now a rock
volume of about 250 m x 200 m x 120 m. The signals are recorded in the frequency range from 1
to 100 kHz. The sensors are distributed at three excavation levels installed in 3 to 20 m deep
boreholes. The average depth of the monitored volume is about 400 m. Mining in this area con-
tinued until the 1960's, but most of the rooms in the rock salt were mined 60 to 70 years ago.
The aim of these AE measurements is to investigate the micro- and macrocracking processes,
which are important for the evaluation of the stability of cavities and the hydraulic integrity of
the rock, which is of special interest in the case of an underground disposal of hazardous waste
in salt rock.

To estimate the attenuation of ultrasonic signals during their propagation through the rock
salt, we describe a method, which is successfully applied for many years during long-term AE
measurements in salt mines. This method uses the maximum amplitudes of the signals and the
location of the events to calculate an event magnitude analogous to the magnitude in seismology
and the damping coefficient of AE signals in rock salt.

In general, the deformation of large rock salt formations occurs for the most part without the
formation of macrocracking. Microcracking occurs, however, near cavities and at rock bounda-
ries. The cavities are mined mostly in rock salt, which has a high tendency to creep. It is not al-
ways possible to avoid excavating cavities near anhydrite layers. The brittle anhydrite is much
more rigid and has a higher strength than rock salt. The redistribution of stresses around cavities
leads to deviatoric stresses near rock boundaries. If these stresses exceed a certain level, mi-
crocracks form.

For this study, we investigated wave attenuation in rock salt under high deviatoric stress
conditions accompanied by high AE activity. For this purpose, AE events, which have been
located in a time period of 9 months (November 15, 2004 to August 23, 2005), were considered
in our analysis. Half a year before, in this mine segment, one cavity was backfilled. This mine
segment showed persistent high AE activity because of stress redistribution and high humidity
[11]. Previously, there was almost no activity before backfilling in this segment.

Location of AE Events

To determine the attenuation of acoustic waves the length of the travel paths from the AE
source to the sensors and, therefore, source location is of upmost importance. During long-term
AE measurements in salt mines, a huge number of events (up to 350 located events per hour) can
be detected. Fast data-acquisition systems and in-situ location are essential to process all data.
Therefore, in-situ location is a standard procedure during data acquisition [12]. The locations of
AE events are determined by inversion of the travel times of P waves and S waves, which are
extracted from the signals (see for example Fig. 2, where very clear P- and S-wave onsets are
discernible at each channel).
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Fig. 2 Signals of a located AE event from the Asse salt mine, detected using 8 borehole sensors
in rock salt [12]. This test site contains no larger cavities that could hinder wave propagation.

This is done in different steps. After pre-processing of the signals by filtering and smoothing
operations, in a first step the P-wave onsets are automatically picked using high-quality signals
only, i.e. signals with high signal-to-noise ratio. From these P-wave onsets a first estimation of
the source coordinates is made using an iterative least-squares procedure. If the residual error is
larger than 0.8 m, the onsets with the largest residues are stepwise eliminated and a new solution
is calculated until the residual error drops below the 0.8-m limit.

In order to be able to locate sources outside of the sensor network, we also consider the S-
wave onsets. Therefore, we automatically pick the S-wave onsets in a time interval around the S-
wave onsets expected due to the result of the location using P-wave onsets only. In the second
step of source location, we use the found S-wave onsets together with the remained P-wave on-
sets. P-wave and S-wave onsets with large residues are again eliminated until the residual error
falls below 0.8 m. Locations are considered valid only if at least ten onsets (P wave or S wave)
have remained. A by-product of such location procedure is that typical working noise without
clearly discernible onsets and, therefore, wrong arrival times are eliminated due to large travel
time residuals.

In spite of the complex geometric situation with AE sensors in the vicinity of closely spaced
excavations and resultant masking of direct wave propagation paths, we obtain a location accu-
racy of about one meter in distance up to 50 m around the sensor network, using the described
procedure.

Figure 2 shows the signals of a located event in salt rock. In this case, an array of eight AE
transducers was used for source location. The onsets of the first signal peaks were automatically
determined ("Tr"). In addition to the residual error, the agreement between calculated onsets of
the P wave ("L") and the S wave ("T") with the observed onsets assesses the quality of location.
In this example, the event is located within the sensor network in an undisturbed rock formation
and, therefore, the location error is very small and amounts about 20 cm.
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The sites of the AE activity from a time period of about 9 months between four excavation
levels are shown in a top view in Fig. 3. The extension in vertical direction amounts to approxi-
mately 120 m. Each AE event is plotted as a point. Only strong events (696,278 events), which
were precisely located using at least 16 P- and S-wave arrival times are included in this figure.
The locations of the AE borehole sensors are plotted as open circles.
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Fig. 3 Location of AE events between November 15, 2004 and August 23, 2005 (696,728

events) in top view.

The events can be roughly separated into two Regions I and II (marked by ovals). The high-
est density of AE events was observed in Region I outside the AE network above the backfilled
cavity. The AE network is only able to monitor the roof of the cavity, not the floor and the walls,
because all sensors are located at levels higher than the cavity. The events in Region II were
preferably located along walls of open cavities, which will be backfilled in the future. Compared
with Region I, most of the events of Region II occurred 50 m to 100 m higher than in Region I.
The AE activity in this area is interpreted as ongoing damage in the immediate vicinity of mine
cavities and rock boundaries due to dilatancy under deviatoric stress conditions.

Determination of AE Magnitude and Attenuation Length

The maximum amplitudes A of all sensors in a network and the distances r of an AE source
to the sensors are used to determine a measure of signal strength in an analogous way as with
magnitude determination in seismology using a relation, which considers geometric wave at-
tenuation as well as attenuation by damping:

A(r) o< %-exp(—a ) (1)

where o0 means the damping coefficient. The amplitudes are specified in the logarithmic decibel
(dB) scale. In a semi-logarithmic plot (Fig. 4) of the product 4-r versus » of all transducers a
linear relationship is obtained by a straight-line fit to the data. The value of the straight line at
the reference distance ) = 50 m is determined and regarded as the magnitude of the AE event.
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The slope of the straight line corresponds to the damping coefficient. Generally, damping of
high-frequency AE waves is caused by scattering and intrinsic absorption, which will mainly
occur at grain boundaries or microcracks, by small inclusions of other rock materials, gas, or
water, which are embedded in many rock formations, and by reflection, refraction, and mode
conversion at boundaries between different rock materials.

File: AN3-7141 / Event No. 6 / Date 11-Jun-2005 / Time 07:01:33
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Fig. 4 AE amplitudes of one event measured with 28 sensors corrected for geometric wave dis-
persion versus distance.

It can be seen from Fig. 4 that travel paths of the signals range from 25 to 140 m. The slope
of the line corresponds to a damping coefficient of 3.9 dB per 10 m which corresponds to an
attenuation length of approximately 22 m. The attenuation length, in which the peak amplitude
corrected for geometric wave dispersion, A-7/ry, is reduced to 37% (or 1/e), is a reciprocal meas-
ure of the damping coefficient. The value of this straight line corresponds to a magnitude of
56.35 dB at the reference distance r, = 50 m. It should be mentioned, that the damping coeffi-
cient and the magnitude are mean values which are determined at various travel paths from the
source to the 28 sensors and in various directions.

Results

Figure 5 displays the distribution of the mean attenuation length of the events in a gray-scale
density plot. The plot shows the attenuation length within horizontal cells of 5 x 5 m; cells con-
taining less than 10 events are displayed as white areas. Again, as in Fig. 3, Regions I and II are
marked by ovals.

The lowest mean attenuation length of about 25 m occurred in Region II in a small zone be-
tween y = 250 m and y = 290 m (light grey cells). In this area microcracking still takes place at
the contours of closely spaced cavities even a long time after excavation. On the other hand, the
highest attenuation length of about 510 m was obtained in Region I outside the sensor network
(northwest direction). The highest and lowest attenuation lengths of 25 m and 510 m correspond
to damping coefficients of 3.47 dB per 10 m and 0.17 dB per 10 m, respectively.
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Scattering at microcracks occurs in regions of deviatoric stress, e.g. in the excavation dis-
turbed zone (EDZ) with thickness of a few meters at the contour of underground cavities. That
may be the reason for the high damping values found in regions of closely spaced cavities like
Region II. On the other hand, in Region I with the lowest attenuation, the AE signals mainly
propagate through undisturbed rock salt to the AE sensors. It should be mentioned, that this kind
of analysis assumes implicitly no correlation between the radiation pattern and the orientation of
the fracture plane of the source. However, this effect does not seem statistically important be-
cause of averaging over many events located in the whole monitored area.
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Fig. 5 Attenuation length obtained from AE events between November 15, 2004 and August 23,
2005 (696,278 events) in top view.

Conclusion

Apart from geometrical attenuation, intrinsic absorption, and shadowing effects by cavities
and drifts, high-frequency acoustic waves are attenuated by scattering at small inclusions of an-
hydrite, clay, gas, or water, which are embedded in most salt rock formations. On the other hand,
in regions of deviatoric stress, e.g., in the EDZ with thickness of a few meters at the contour of
underground cavities, scattering at microcracks is the limiting factor of the attenuation length.
Most of the AE signals partly travel through these zones because all sensors are installed in flat
boreholes, which were drilled from the gallery walls. That may be the reason for the low attenua-
tion lengths in regions of closely spaced cavities like Region II. A comparison of our estimated
attenuation lengths with the calculated one, which Price published [4] seems doubtful. We as-
sume that the main reason for scattering is microcracks in the EDZ. When measuring in very
large volumes of homogeneous rock salt, the attenuation lengths should be even larger than 500
m. The critical point seems to be over which distances a salt dome is homogeneous enough.

Difficulties are to be presumed at boundaries between different rock materials like rock salt,
anhydrite, or clay because of reflection, refraction, and mode conversion of acoustic waves.
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Even under very slow creep conditions, microcracking and consequently AE activity may be
induced at these geological boundaries. These interfering signals are to be possibly discriminated
from neutrino generated events by careful source analysis.
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Abstract

A 26.5-meters long, prestressed concrete girder was loaded in 5 stages to failure in four-point
bending to evaluate damage evolution. AE signals were recorded in 12 zones of the girder for
zonal location. Using laboratory tests of reinforced concrete beams with known dominant dete-
rioration mechanisms, seven classes of reference AE signals were identified. These signals were
used for AE signal classifications in the monitoring of the girder, employing NOESIS supervised
pattern recognition (SPR) procedure. AE activities generated by different types of sources char-
acterized the deterioration evolution in girder. AE SPR analysis applications in civil engineering
structures will need definitive correlation with failure progression.

Keywords: Prestressed concrete girder, pattern recognition analysis, deterioration mechanism
Introduction

Acoustic emission (AE) is suited for the health monitoring of concrete bridges and structures.
A guideline for highway structures was developed following the conventional AE procedures [1
- 4]. For prestressed concrete (PC) bridges, which have been in use for a long time, we still lack
adequate evaluation technology for damage development during service. Using current AE
methods, we can estimate AE activities and their locations. The next objective is to assess the
characteristics of the flaws and their severity. Moment tensor approach is a valuable method [5],
but we rely on the evolution of AE parameters utilizing supervised pattern recognition (SPR)
analysis techniques [6]. This requires a set of reference AE signals, which we have developed in
laboratory. Here, we report the AE examination of a large PC girder during proof loading using
SPR. With further work, AE monitoring in field tests of prestressed and post-tensioned concrete
bridges will become a practical tool.

For wider acceptance of AE methodology by bridge inspection community, it is necessary to
present the validity of AE tests effectively. We introduce the general approach used in that disci-
pline [7 - 9], so that we can communicate the AE inspection results. General direction will be
suggested, although we must continue to strive for satisfactory grading criteria based on AE and
correlation work with fracture studies.

Bridge Inspection

Most bridges are primarily inspected visually. Assessment is made for all structural mem-
bers. Inspected bridge members are rated from 0 (failed condition, closed for traffic) to 9 (excel-
lent condition) in the US for overall characterization of the general condition of an entire com-
ponent (see Table 1) [9]. Another approach is to give severity code for each structural
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Table 1 Condition Rating

. EXCELLENT CONDITION

. VERY GOOD CONDITION - no problems noted.

. GOOD CONDITION - some minor problems.

. SATISFACTORY CONDITION - structural elements show some minor deterioration.
. FAIR COIdjjITION - all primary structural elements are sound but may have minor

section loss, cracking, spalling or scour.

. POOR CONDITION - advanced section loss, deterioration, spalling or scour.
. SERIOUS CONDITION - loss of section, deterioration, spalling or scour have seriously

affected primary structural components. Local failures are possible. Fatigue cracks in
steel or shear cracks in concrete may be present.

. CRITICAL CONDITION - advanced deterioration of primary structural elements. Fatigue

cracks in steel or shear cracks in concrete may be present or scour may have removed
substructure support. Unless closely monitored it may be necessary to close the bridge
until corrective action is taken.

. "IMMINENT" FAILURE CONDITION - major deterioration or section loss present in

critical structural components or obvious vertical or horizontal movement affecting
structure stability. Bridge is closed to traffic but corrective action may put back in light
service.

. FAILED CONDITION - out of service - beyond corrective action.

Table 2 (a) Severity code and description

Code Description

1 As new condition or defect has no significant effect on the element (visually or
functionally)

2 Early signs of deterioration, minor defect/damage, no reduction in functionality
of element

3 Moderate defect/damage, some loss of functionality could be expected

4 Severe defect/damage, significant loss of functionality and/or element is close to
failure/collapse

5 The element is non-functional/failed

(b) Extent code and description

Code Description
A INo significant defect
B Slight, not more than 5% of surface area/length/number
C Moderate, 5%-20% of surface area/length/number
D (Wide, 20%-50% of surface area/length/number
E Extensive, more than 50% of surface area/length/number
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element from 1 (no damage) to 5 (failed/non-functional) in Poland (see Table 2). For the latter,
one also uses extent code from A (no significant defect) to E (extensive, more than 50% of sur-
face area/length/number) to determine the surface area affected by the defects. Combinations of
severity and extent codes are used to designate the state of a structure. Visual inspection, how-
ever, is unable to detect and evaluate internal deterioration, its localization and/or severity. Such
characterization is feasible using AE testing, but we have to develop criteria to rate AE activity
observed and to codify the extent of AE source distribution. These should correlate to the sever-
ity and extent codes or to the rating scale in the US. We believe the use of clustering of AE
sources via SPR can rate AE activity, while zone location results can be converted to extent
scale. Before reaching that stage, we need to identify deterioration mechanisms from the AE
clustering and signal features through corroboration with the fracture study of beam elements.

Experimental Procedures and Results

We utilized standard AE instrumentation. A 12-channel MISTRAS system from PAC was
used along with DECI 55-kHz sensors. For each signal, we recorded rise time (RISE), counts to
peak (PCNT), counts (CNTS), energy (ENER), duration (DURA), peak amplitude (AMPL), av-
erage frequency (AFRQ), rms voltage (RMS16), reverberation frequency (RFRQ), initiation fre-
quency (IFRQ), signal strength (SSTR), and absolute energy (ABEN). To locate AE sources, we
localized them with zonal scheme only because of high inhomogenity of girder. The length of a
zone depends on signal attenuation. We chose that the signal attenuation, when AE signal travels
along the zone length, should be less than 10 dB. NOESIS Professional (ver. 4) pattern recogni-
tion software was used to group AE signals into clusters containing waves generated by a similar
type of sources. For concrete engineering structures, most of the AE sources in a cluster can be
referred to a specific deterioration mechanism. To identify this mechanism, experimentally de-
termined reference signals by known failure mechanisms are necessary. Detailed examination of
failure processes are also critically needed.

Reference AE signals

In our study, to create AE reference signal database, we recorded the AE events generated
during laboratory tests on reinforced concrete (RC) beams of 1.15 x 0.15 x 0.15 m. Data from
larger beams of 13 and 18 m in length was also considered. We utilized only AE signals recorded
during the loading parts of experiment, when known failure mechanisms were dominant. Unsu-
pervised pattern recognition analysis was applied to the AE signals produced by the deterioration
processes during loading. We performed this classification based on twelve AE signal parame-
ters. We assumed that each of failure events results in specific AE sources that produce charac-
teristic signals, which belong to one of the clusters. From the AE data of RC beams, we obtained
eight clusters.

AE Monitoring during the Loading of a Girder

A 26.5-m long and 1-m high prestressed-concrete (PC) girder was loaded in 4-point bending.
Span length was 25.4 m and the center loading points were 5 m apart. The wire distribution in
the girder was concentrated near the bottom to support tensile loads. Loading was applied in five
cycles with unloading between them, as shown in Fig. 1. In each cycle or sequence, the applied
load increased in multiple steps (usually the load increase for each step equals 60 kN). Maximum
loads in the five sequences were 122; 232; 622; 996; and 1370 kN. The results presented below
concern only the AE records collected during selected loading steps, represented by color bars in
Fig. 2. That is, data presented will be from sequences III, IV and V. The crack distribution and
crack opening were observed between loading steps. At the maximum applied load of 1.4 MN, a
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Fig. 2 Applied loading of 26.5-m PC girder in five sequences. Color bars show the periods of AE
data analyzed.

significant deflection of the beam took place and made it impossible to continue loading, al-
though the beam could bear higher loads. Twelve AE sensors were located at the bottom of the
girder, and the AE activities recorded from only the high stress zones were analyzed using PAC
MISTRAS 2001 processor for this paper. The sensor spacing was 1.72 m. The sensor positioning
was asymmetrical and #1 sensor was at 2.70 m from one span support. Sensor pairs #5 and 6, 8
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and 9 straddled the center loading points and are the closest to them. The strongest AE activities
were usually found on these sensors, but the next strongest can be on other sensors, as shown in
Fig. 3 (signal strength vs. time in sec). In zone 9, which showed the highest AE signal strength,
AE signal strength reached a peak at 88 sec corresponding to a load of 956 kN. However, this
sharp peak was not as prominent in the next zone (10), at which AE signal strength was the sec-
ond highest. In zone 10, AE activities persisted ~10 sec longer, implying the AE source was
propagating toward zone 10.
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Fig. 3 AE activities in zones 9 and 10 during sequence IV, at the loading step 934 - 996 kN.

Table 3 The mean values of signal parameters in clusters.

Cluster No Co Cl C2 C3 C4 (O8] Cé6
Color O ¢ \ 4 o) A +
Mean rise time 254.48 276.75 287.18 258.18 121.80 294.49 256.50
Mean counts 192.40 947.57 | 8423.74 | 5300.82 16.31 7561.48 | 7961.00
Mean energy 171.5 887.0 19594 4260 11.07 7948 21116
Mean amplitude 63.15 72.76 87.85 77.21 46.65 83.01 99.25
Mean ave. frequency 18.46 20.01 33.71 23.70 87.91 30.40 32.00
Mean RMS (16) 0.22 0.33 1.55 0.42 0.13 0.71 2.86
Mean reverb. Freq. 18.18 19.93 33.71 71.57 11.32 30.39 32.00
Mean initiation freq. 118.71 101.30 46.62 71.57 273.29 47.29 35.00
Mean absolute energy | 5.05¢+4 |5.50e+5 | 2.84e+7 | 1.96et6 | 1.16e+3 |6.70et6 | 1.68e+3
Mean signal strength | 1.07e+6 |5.54e+6 |1.22e+8 |2.66e+7 |7.18et+4 [4.96e+7 |1.32e+8
Mean duration 11124 47396 249991 220322 1164.1 248140 | 249981

AE Signals Analysis

With the help of Supervised Pattern Recognition (SPR), recorded AE signals during loading
sequences III-V were grouped into clusters. This classification was performed for each loading
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steps and each zone separately using NOESIS with the database of reference signals from labora-
tory RC beam tests. We found seven clusters containing AE signals from the 26.5-m beam test,
but one cluster contained only a few signals and their origins were difficult to elucidate. Average
values of AE parameters differed from cluster to cluster, as shown in Table 3.

In reporting AE analysis below, we suggest possible source mechanisms for some of the
clusters. However, all such assignments are tentative and require further verification. Still, it is
useful to point out likely origins where warranted. Among the clusters shown in Table 3, two
clusters: CO (represented in graphs by red squares) and C4 (pink circles), contain signals of low
energy, signal strength, counts and duration. These appear to be from micro-cracking and from
friction in concrete aggregates, respectively. In Fig. 3, red points constitute the background.
Cluster C1 (with blue diamonds) are of AE signals of moderated duration and signal strength.
They appeared when tiny cracks in the girder become visible. These signals precede the appear-
ance of readily visible cracks. High-energy AE signals in clusters C2, C3 and CS5, are much
stronger than the three low energy clusters above (C0O, C1 and C4). Long duration and high sig-
nal strength characterized them. We noticed that when these signals appear, signals in clusters
CO0 and C4 vanished. Signals of clusters C2, C3 and C5 were observed with the development of
severe deterioration processes.

During loading sequences I and II, a few C1 signals were observed at these low load levels.
Extensive cracking started during sequence III, at the load step marked by blue color in Fig. 2.
AE activities during this loading step are shown in Fig. 4. The load increased linearly from 498
kN. After 50 sec or the load of 540 kN, stronger signals in clusters C3 and C5 were detected.
This point diagram contains the AE data from the whole girder. Further load increases mainly
resulted in crack opening and growth, and only a limited number of cracks were initiated. In the
next load step, various types of sources produced the AE including cracks at the vicinity of
prestressing wires.
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Fig. 4 AE activity of girder during the loading step 498 — 622 kN, sequence III.
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From the beginning of loading sequence 1V, the girder contained many defects of different
severity. We expected that this would influence the AE activity during loading that started from
zero level (cf. Fig. 2). During sequence IV loading, AE from load steps under 622 kN (prior
maximum) produced weaker signal strength than in sequence III. In the next two higher steps to
685 kN and 747 kN, AE activities were comparable to those at sequence III. When the girder
was loaded to 872 and 934 kN during subsequent load steps, however, AE activities were sub-
stantially lower. In the last step of sequence IV, AE activities returned to the previously observed
level (similar to that shown in Fig. 4). Zone 9 AE behavior was similar, but the strong activities
were found in load steps of 685, 747, 809 and 966 kN while weaker AE activities were again
noted in steps of 872 and 934 kN. This is illustrated in Fig. 5. When we compare the data from
sequence III and IV, it appears that previously introduced damages have no continual influence
on AE during further loading where strong AE started at higher load levels. This is inferred from
the near absence of AE activities in the step of 934 kN and from the strong emissions in the last
load step of sequence IV. Some damages cease to develop, while other defects become active in
enlarging damaged region.
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Figure 6 presents the amplitude data of classified signals; the data is from the last load step
(996.5 kN) as shown in Fig. 5. The amplitude replaced signal strength in this plot. It is seen that
(4 signals are mostly below 60 dB and at most 70 dB. CO signals (red) range between 50 and 80
dB. In the other extreme, very strong C6 signals (numbering only 3) have 98-100 dB amplitude.
High signal strength C2 signals have a range of 78 to 96 dB. It is interesting that signals from
C1, C2, C3 and CS5 clusters have amplitudes of overlapping values.
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Fig. 6 Signal amplitude vs time of the last load step (996.5 kN); clusters shown by color.

When the girder was loaded in sequence V, the load exceeded the design capacity, although
the girder was still supporting the applied load even at the maximum load applied. In spite of
high load the recorded AE activity during the load step (1254 kN) was not much higher than
those shown in Fig. 4 obtained at the load step of only 622 kN maximum. This is shown in Fig.
7. AE strength depends clearly on damage mechanisms rather than the applied load level.

Discussion and Concluding Remarks
AE signals recorded during the loading of a large girder are of two types: low-energy (LE)
and high-energy (HE). LE activity (CO and C4) took place from the beginning of the loading

while the HE sources started at higher loads and exhibited intermittent nature. HE source initia-
tion and activity depended on applied stress level and stress components (tension/shear), but low
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activity periods were found even at very high loads. HE sources active in one zone may trigger

AE activity in other zone far away.
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Fig. 7 AE activity in whole girder during sequence V, load step 1180 - 1254 kN.

AE of a girder was recorded and analyzed with the help of SPR and reference signal data-
base. AE signals can be classified into clusters that can be referred to possible deterioration
mechanisms and deterioration levels of structure. AE activity in clusters characterizes the level
of deterioration better than empirically selected AE signal parameters. In the next step, we will
try to develop from AE characteristics the scale that can be related to bridge inspection codes.
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MULTIPLET ANALYSIS FOR ESTIMATION OF STRUCTURES INSIDE
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Abstract

A multiplet analysis of acoustic emissions (AE) from a salt rock specimen was performed. A
multiplet is a group of events with similar waveform considered to be generated on the same
crack plane. We applied a multiplet analysis to determine the precise relative source locations of
AE events and delineate the structures inside the rock specimen. The results were compared
with the source locations determined by the joint hypocenter determination method. The crack
planes were estimated from the source locations of multiplets, and the orientations of the planes
were evaluated. No trend in the orientations of the crack planes defined by their source locations
was found, and the multiplets did not occur on a single crack plane but on adjacent microcracks
within a region. The feasibility of a multiplet analysis for finding microstructures and evaluating
crack extension was demonstrated.

Keywords: Signal processing, microseismology, cross-spectrum analysis
Introduction

The determination of acoustic emission (AE) source locations is a key procedure for crack
distribution evaluation and source mechanism analysis. Several precise mapping technologies
have been developed in engineering seismology [1-4]. The application of precise mapping
methods to phenomena such as earthquakes on natural faults, subduction zones, and geothermal
or oil and gas reservoirs has revealed that such methods are feasible for the evaluation of
fault/crack orientation and dynamics, such as the fault slip rate, as well as for determining the
locations of the faults/cracks. The collapsing method is an advanced mapping technique for de-
lineating structures. We previously applied this method to AE events from a salt rock specimen
to identify the structure inside the specimen [5]. The collapsing method emphasizes structures
by optimizing source locations, and it is a feasible means of quickly delineating structures from
AE clouds of large numbers of events. However, with this method it is difficult to interpret di-
rectly the physical meaning of the delineated structures because the collapsing method is a relo-
cation method, which moves the original source locations by taking into account the size and
shape of the error distribution for each source location and then redetermines the source locations
through mathematical optimization. On the other hand, a multiplet analysis is a precise mapping
method for similar AE events and then determining their relative source locations by a cross-
spectrum analysis. This method has been applied to AE events in geothermal fields to estimate
the fractures activated by fluid injection to enhance the reservoir [6, 7]. Recently, multiplets
were used to evaluate repeating earthquakes in a subduction zone in northeast Japan, and a mul-
tiplet analysis was found to be a feasible method for evaluating the slip rate and the relationships
between slip behavior and earthquakes in the subduction zone [8]. However, a multiplet analy-
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sis has not been applied to AE events from a rock specimen because the frequency component of
AE events from the cracking of a rock specimen is several hundred kHz, which makes it difficult
to obtain reliable full-waveform data, to which a cross-spectrum analysis can be applied, owing
to the limitations of the digital data acquisition system. If a multiplet analysis could be applied
to AE events associated with cracking in a rock specimen, then this technique would be feasible
for measuring crack extension and investigating the dynamic behavior of cracks such as has been
done in the case of natural earthquakes and AE events in geothermal fields. In this paper, we
apply a multiplet analysis to AE events from a salt rock specimen to show the feasibility of a
multiplet analysis for the evaluation of structures inside the specimen.
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Fig. 1 Example of waveforms composing a multiplet.

Multiplet Analysis

Figure 1 shows waveforms of a multiplet detected during one axial compression test of a salt
rock specimen. A group of similar microseismic events is called a multiplet [1]. A multiplet is
most likely the expression of stress release on the same crack plane, with the same source
mechanism. High-resolution mapping of multiplets by a cross-spectrum analysis makes detailed
identification of small-scale fractures possible. A multiplet analysis is a method for determining
relative source locations of similar AE events. AE events with similar waveforms are detected
using a coherency function and visual observations. A cross-spectrum analysis is applied to
similar AE events to detect differences in the relative arrival times of the waves. In general,
source location errors are caused by picking errors in the detection of P- and S-wave onsets, be-
cause the precise detection of wave onsets is difficult. The introduction of a cross-spectrum
analysis makes it possible to detect wave arrival times of slave events relative to the master
event. In a multiplet analysis, the source locations are considered to be adjacent to one another;
therefore, the wave propagation paths of similar events are almost the same, and the effect on the
velocity structure along the ray paths can be cancelled. Thus, source locations determined by
considering the origin of similar events can provide information on the spatial distribution and
orientation of seismically activated cracks.
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Experimental Procedures

The experiment was conducted on a cylindrical salt rock specimen (diameter, 150 mm;
length, 300 mm) from the Asse salt mine in Germany, in the laboratory of the Department for
Waste Disposal Technology and Geomechanics at the Technical University of Clausthal, Ger-
many [5]. A triaxial hydraulic loading system, which contains a hydraulic cell where a cylindri-
cal rock sample covered by a Viton sleeve is subjected to high hydraulic pressure, up to 75 MPa,
and additional axial force up to 2.5 MN, was used for the test [9]. During the test, the axial dis-
placement and axial force, the radial pressure, and the volume change (dilatancy) of the speci-
men were measured and displayed on the screen of a computer. The digitized data were recorded
by means of a personal computer (PC) running Linux and stored every 5 s on the hard disk. The
pore volume of the specimen, which corresponds to the change in the oil volume in the triaxial
cell, was measured using a double-acting hydraulic cylinder. The accuracy of the dilatancy
measurement was about 0.0025% of the total volume within the load cell. At the beginning of the
test, the specimen was compacted overnight (16 h) under isotropic stress conditions at a pressure
of 20 MPa to close open fractures at the surface of the specimen, which had been created during
the forming of the sample. After the compaction phase, the test was performed by applying a
constant strain rate of 0.05%/min and a constant radial pressure of 5 MPa. The strain rate corre-
sponds to an axial displacement of 0.15 mm/min.
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Fig. 2 Locations of sensors.
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AE sensors were countersunk into the surface of the specimen in small milled holes (Fig. 2).
A stiff strain gauge glue was used to affix the sensors within the holes. Each sensor was a pie-
zoelectric disk made of lead metaniobate ceramic with an aperture of 7 mm and a thickness of 5
mm. Lead metaniobate ceramic has a low mechanical quality factor, a low dielectric constant,
and no planar coupling factor. This material is used primarily when a clean impulse response is
required. A brass casing protects the piezoelectric disk against damage from deformation of the
specimen during compression. The AE measuring system includes three four-channel transient
recorder cards in the PC. The transient recorder cards (sampling rate, 10 MHz; resolution, 14 bit;
storage capacity, 512 kByte/channel) were read each time when at least two channels were hit.
The digitized signals were stored on the hard disk of the PC.

Additionally, ultrasonic transmission measurements in the axial direction and at two high
levels in the radial direction were performed using separate senders. A wide-band signal (like a
step function) with a rise time of 1 us was used. For the transmission measurements, which were
repeated every 5 min, the axial compression and the AE measurements had to be interrupted. The
overall duration of the test was about 4.3 h.

AE Source Location by Joint Hypocenter Determination

First, we determined the source location by using the travel-time inversion method, where P-
wave arrival times were used to determine the source locations and the origin time. The velocity
structure was assumed to be homogeneous (Vp = 4650 m/s). The RMS (Root Mean Square) of
the residuals was 1.596 ps. Next, the joint hypocenter determination (JHD) method was applied
to determine the source locations. The JHD method determines AE source locations jointing the
whole events and picking values [10]. The source locations can be estimated by removing sys-
tematic errors through iterative compensation of the station correction. Figure 3(a) shows the
source locations determined by the JHD method. The location accuracy was slightly improved
and the RMS of residuals decreased from 1.596 ps to 1.549 us (Table 1) when only the source
locations of AE events identified as multiplets were plotted.

Application of A Multiplet Analysis

The best way to find similar waveforms is to identify them by eye. However, it is impossible
to deal in this way with large numbers of events. To solve this problem, we previously intro-
duced a coherence function, which calculates the correlation between two time series in the fre-
quency domain [1]. A total of 10,000 events were searched for similar waveforms using the Ch.
1 signals, and the mean coherency values in the frequency range of 50-150 kHz were calculated.
The time window used for the calculation was 400 ps, and the P- and S-wave codas were also
included. AE events with a coherency of more than 0.68 were identified as a group of similar
events. In all, 2856 events (approximately 29%) were classified into multiplet groups. Twenty-
nine % is not a high value when compared with AE in, for example, a geothermal field. The
waveform coherency when P- and S-waves are included is lower than that of AE events in a geo-
thermal or other large field. In the case of AE in a small specimen, some of the events occur
within the area regarded as the near field, because the distance from source to sensor is small
compared with the wavelength. Therefore, the P- and S-waves cannot be distinguished, and the
waveforms change dramatically depending on the apparent incident angle from source to sensor,
which is the reason that the proportion of similar events is low.
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Table 1 RMS of the residuals for different mapping methods.

RMS of the residuals (us)

Single Event Location 1.596
Joint Hypocenter Determination 1.549
Multiplet Analysis 0.317
200 . , 200 —
* = o °n
150 | %&Eo‘%&og‘ : 150 °¢‘*¢§€ﬁa‘ 1
oFy J* » o+ of 4y © 4 *
100 *vh o nlP ¥ ¥ 100 F ¥a¥gm Ohan
B SN
. R Ded\: *
50 f ° 4 1 50 + ;u ‘f N 1
e " Ve gk T A eE N
. | ..a +°9‘ p E | o & o ++
£ *0 K £ 0 o .9
~ +y e &. ° ~ + o
N ; : °°“ N * *"‘:ﬂg P
-50 - + ] -50 g’: % .
‘u . by ++ .“ 2 I'.I’ % * ﬁf{ﬁlﬁ
-100 | 50 o -100 | IR P
O@QN whe° B
og+° ~+ '.. f %
+ o © “ ce L ] [=]
1501 3 & 150 [ o g ol ®
* - L Tl (S
T Eaad' o o" Fe * % o
X + -200 N + (a)
100 0 100 -100 0 100
X (mm) Y (mm)
200 —— ¥ 5% R & ™ ® 3.
Yer o i SR I
L +
mof ‘3.@.,* EoN ¢ . s0r a2 .gf‘{; R
e ° & * " ‘{ "’ > © o
» 3 «*
o *% °’? % - 100 ""‘# o* &
+
Y A A 1 &y STt o
50 4 . 50 * HE
E ? ?L n;.. -4* E 3 -UQ; ua""un
= 0 ot ° B ° o = 0 *-o-.n .‘ o.a
~ Q"%°&:5‘*: ~ Son *Rgy "
-50 0°"‘,¢“§! *"_ = 50 L+ . “..x
o Boy e - 38" Sug
n O o () + L4
-100 F O m $. 100 # < o & R
(]
Og, 8w & XK -%w
LR * ey & |
-150 ...-:‘;’ :%‘ : -150 -," b” ‘i’a:,,_ﬁ 1
> O R . "?ua@* %
-200 =2 T 200 M- i - (b)
-100  -50 0 50 100 -100 50 0 50 100
X (mm) Y (mm)

Fig. 3 Source locations by (a) JHD and (b) cross-spectrum analysis (multiplet analysis). The dif-
ferent symbols denote different groups (some of the groups have the same symbol due to the
limitation of the number of symbols).
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We selected those groups consisting of more than four similar events, and applied a cross-
spectrum analysis to determine the relative travel time. A total of 199 groups were analyzed, and
the relative source locations of 449 events were determined, where events were removed from
the analysis if the RMS of the residuals exceeded 1 ps.

Figure 3(b) shows the source locations determined by the cross-spectrum analysis, and Fig. 4
shows source location projections for 20-mm-thick slices. AE clusters corresponding to each
multiplet group are shown. The center of gravity of the multiplets is the same before and after
the relocation of the AE clusters. A multiplet analysis can determine source locations only rela-
tive to a master event; and the absolute locations cannot be determined. Therefore, the relocated
source locations for each group are shifted to the position, for which the center of gravity of
source locations becomes the same before and after the relocation.

140 <z< 160 120 <z< 140 100 <z< 120 80 <z< 100

60 <z< 80 40 <z< 60 20<z< 40

-20<z< 0 -40 <z<-20 -60 <z<-40

50mm X
-100 <z< -80 -120 <z<-100 -140 <2< -120 -160 <z< -140

Fig. 4 Projections of source locations on 20-mm-thick slices.

Figures 5(a) and 5(b) show the source locations of a multiplet before and after relocation.
The source distribution occupies a smaller area after the relocation because the error in the
source locations was decreased by the cross-spectrum analysis. The RMS of the residuals for all
of the estimated events was 0.317 us in the multiplet analysis; therefore, the source location ac-
curacy was improved.
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Fig. 5 Source locations before and after the multiplet analysis.

Lower hemisphere

Fig. 6 Poles of calculated planes.
Discussion

The smaller RMS of the residuals suggests that the source location accuracy was improved
by the multiplet analysis. On the other hand, because a multiplet can be considered to be the ex-
pression of stress release and destruction at the same crack with the same source mechanism, we
might infer that the planes formed by each cluster represent the crack planes induced in the rock
specimen. Therefore, we calculated the crack planes defined by the best-fitted plane for each
source location. Figure 6 shows the poles of the calculated planes, where each pole represents a
multiplet of at least five similar events. Although we expected the orientation of the planes to be
vertical because the rock specimen was compressed in the vertical direction, thus inducing verti-
cal cracks by tensile stress, no tendency was found in the orientations of the estimated planes.
Figure 7 shows the contribution ratios calculated using the covariance matrix defined by the co-
ordinate systems of the source locations and the eigenvalues of the matrix. This analysis is a part
of the principal component analysis, and the contribution ratio is an indicator of the source dis-
tribution in space. For instance, if the first and second contribution ratio indicates 1.0, then the
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source locations in the group lie on a plane. The population mode of the first contribution ratio
was high, around 0.7, but the first and second contribution ratios ranged from 0.3 to 1.0 (Fig. 7).
These contribution ratios indicate that the source locations were distributed within an elliptical
region and not on a flat plane. This result implies that similar AE events did not occur in a sim-
ple crack plane; thus, AE behavior differed from that of AE in a subsurface field such as a geo-
thermal field [6].

A moment tensor analysis suggested that crack formation was accompanied by a significant
isotropic part and an increase in the specimen volume, and that the source mechanism was also a
combination of tensile and shear modes. These analyses and observations suggest that the AE
events did not occur along a crack plane caused by shear dislocation, such as with a fault in the
Earth's crust, which is supported by the observation that a computed tomography image of the
specimen embossed the visible open cracks associated with the compression test. On the other
hand, the salt rock was composed of grains a few millimeters in diameter and exhibited a cellular
structure. In such a case, the AE events would occur at the boundaries between grains, when
grains become separated from each other or as a result of friction caused by the compression of
the specimen, and the source locations would be dispersed around the grains.

o N

Frequency

0 0.1 02 03 04 05 0.6 0.7 08 09 1 0 0.1 02 03 04 05 06 0.7 08 09 1
1st Contribution Ratio 1st & 2nd Contribution Ratio

Fig. 7 Contribution ratios calculated using the coordinates of the source locations.

Therefore, we infer that the AE events with similar waveforms were induced by microcracks
or by friction at the grain boundaries with the same source mechanism, and that the multiplet
analysis of the rock specimen delineated the region where the AE events had the same source
mechanism, which was not a planar structure like a fault in the Earth's crust. Clear planar struc-
tures could not be delineated because the AE mechanism in a rock specimen is different from
that in the Earth's crust. AE events in the Earth's crust are generated along a fault by shear slip,
and the source locations are distributed along the plane represented by the fault.

Conclusions

We used a multiplet analysis to determine relative source locations by a cross-spectrum
analysis. The source locations were estimated by both the JHD method and the multiplet analy-
sis. The RMS of the residuals revealed that the location accuracy in the multiplet analysis was
better than that in JHD, and clusters could be identified after the relocation. The planes defined
by the source locations of the multiplets were calculated to estimate the orientation of the crack
planes in the specimen. No tendency was found in the orientations of the estimated planes, indi-
cating that the source locations determined by the multiplet analysis depicted volume structures
rather than planar structures. The explanation is that the AE events with similar waveforms were
induced by microcracks or friction among the grains with the same source mechanism, and did
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not occur along crack planes such as faults in the Earth's crust. Although crack plane-like struc-
tures were not clearly delineated, we confirmed that a multiplet analysis is a feasible method for
estimating more precise source locations and for delineating structures within a rock specimen.
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Abstract

Damage of railway concrete structures has been evaluated using acoustic emission technique.
In the technique quantitative assessments of damage can be conducted from three-dimensional
(3D) AE activity induced by active live load with train passage. To obtain the 3D AE activity,
however, it needs multiple AE sensors together with longer analysis time. In order to get the
technique into widespread use, in this paper, linear AE source location, requiring two AE sensors,
are applied for the damage evaluation. After comparison was made with 3D results it was con-
cluded that the damage estimated by linear AE source location accorded well with those of 3D,
and therefore the damage assessment of railway concrete structures can be reasonably evaluated
using linear AE source location.

Keywords: Railway structures, damage assessment, Calm ratio, RTRI, linear source location
Introduction

Among modern infrastructures, railway structures have been constructed earlier than others,
experiencing a variety of damage due to weathering, earthquakes and so forth. The upper part of
railway structures can be investigated visually. It is difficult to conduct diagnosis for foundations
like piers, except for general evaluation with natural frequency [1, 2]. In order to obtain the
damage characteristics of lower parts, we have applied acoustic emission (AE) techniques, and
showed that train-induced AE activity can be used to evaluate the damage of concrete structures.
In this technique extant defects/damages contribute to the so-called secondary AE generation.
Only identified AE sources with the source location algorithm are selected for a damage related
AE activity. From the obtained AE sources such damage indices as Calm ratio, RTRI and
b-value are obtained. Those damage indices show the degree of damage reasonably well when
they are compared with actual damage conditions. The final goal of this study is to attain the
state of widespread use of the AE technique and to establish reliable AE criteria for defining the
degree of damage. In this paper, we report AE monitoring during the cyclic damaging of a
full-scale railway concrete pier. To examine the potential of the simplest way of AE source iden-
tification, linear AE source location is used for determining the damage indices. The resultant
damage is verified with 3D results. The applicability of linear AE source location for the damage
evaluation of concrete is discussed.

Damage Evaluation with AE Activity

In concrete subjected to incremental cyclic loads, AE activity can be classified into four dif-
ferent levels with the progress of damage. The damage levels are: intact; almost intact; slight
damage; and heavy damage. As shown in Fig. 1, during the second cyclic load, AE signals are
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Fig. 1 A typical AE variation with damage progression.

generated at the load level of the maximum prior load. This is known as Kaiser effect. This ma-
terial is intact or almost intact. In the third cyclic load, in which the material is slightly dam-
aged,the onset of AE appearance is at a lower level than before. Decrease of effective areas
against the external load or accumulation of microcracks within the material plays a significant
role to show this behavior. Considering the AE activity to the stress level experienced, such
damage indices as Felicity ratio [3], CBI ratio [4], and Load ratio [5] have been proposed. Also
the AE activity during unloading processes is important for the damage characterization [6].
With damage evolution to heavy damage, not only the AE activity during uploading but that
during unloading becomes more intense. Accumulation of shear-type cracks seems to induce this
phenomenon. The ratio of the accumulated AE activity during unloading to that during the entire
loading process, is referred to as Calm ratio [5]

The ratios mentioned previously may be difficult to apply for in-situ monitoring since the
maximum stress that the materials have experienced is not readily estimated. Thus, we have
proposed an RTRI ratio instead [7]. The RTRI ratio is defined by the following procedure: the
onset of AE activity is estimated on the basis of whichever measured parameters, such as
stress/load, strain/deformation and so forth, and the ratio is obtained as the ratio of the parame-
ter’s value corresponding to the onset of the AE activity to the maximum value (or peak value)
during the whole inspection period. The latter is used instead of the maximum stress that the
structure has experienced.

In addition to these indices, AE peak amplitudes are also known to be closely associated with
the fracture scale, or the degree of damage. Accordingly, the peak amplitude might be larger with
the progress of fracture. However, it was found that the damage evaluation was difficult from
only the peak amplitude; i.e., as the fracture develops an apparent mechanical property of the
structure decreases as well and this causes higher attenuation rates of the propagation medium
resulting in smaller amplitude of AE signals at the sensor even while higher-energy AE signals
were produced at the sources. Thus, in our study the peak amplitudes have been studied as their
distributions, namely improved b-value (Ib-value) [8, 9].
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Fig. 2 Photo of tested railway RC pier (left) and sensor configuration (right).
Cyclic Fatigue Test of a Full-Scale Concrete Pier

Experimental Condition

To characterize the AE activity corresponding to damage evolution, a railway RC pier (5.87
m high) was subjected to incremental cyclic loads. This pier was demolished after the test to
modify underground structures for subway construction. The cyclic test was controlled by the
lateral displacement from the south-to-north direction with step-wise increments of 1, 2, 4, 8, 16,
32, 64, and 128 mm, where the load was applied by means of two hydraulic jacks (maximum
capacity of 392 kN). The tested pier and the sensor configuration are shown in Fig. 2. 16 AE
sensors (60-kHz resonance) covered the whole area of the pier, and additional 12 AE sensors
(60-kHz resonance) were placed locally onto the area where stress concentration was expected.
The former outputs were processed and recorded with a DiSP AE system and the latter with a
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Fig. 3 Load applied and lateral displacement.
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Fig.4 Rebar strains at 400 mm high.

Mistras AE system (both by Physical Acoustics Corp.). Four strain gauges were attached to the
lower four sides, and displacements on two sides, namely the north and the east side, were meas-
ured with laser displacement meters. To estimate the internal stress condition, strain gauges were
also attached to rebars located at the four corners. A set of four strain gauges was each placed in
three different heights: 400, 1800 and 3200 mm from the ground.

Results

Figure 3 shows the applied load and the lateral displacement as a function of elapsed time
where the onset, peak, and termination of each step are indicated with solid lines, broken lines,
and solid lines, in order. The load variation corresponds well to the response of the lateral dis-
placement up to 15 ks; however, from 16 ks showing the step of 128 mm lateral displacement,
the load decreased slightly whereas the displacement was constant. This implies fracture oc-
curred either in the pier or in the ground support.

Figure 4 shows measured strains in the rebar at the height of 400 mm, where strain gages #1
and #2 were installed in the south and strain gages #3 and #4 in the north. Note the displacement
was given by force from the north. Both strains of #3 and #4 gages showed negative values indi-
cating compression, while the strains of #1 and #2 gages showed positive values or tensile state.
These trends agreed with the expected stress conditions. Special note is given for strain gage #2
(showing the value in the right vertical axis), where a sudden jump is found at 16.35 ks denoted
by a chain line. Tensile tests of rebar showed the yield point at 1500-1600 pe and the tensile
strength was reached at 2200-2300 pe. The strain at 16.35 ks stood at 2274 pe already, suggest-
ing that the rebar with strain gage #2 had yielded during the previous step; namely, 64-mm dis-
placement, and the sudden jump at 16.35 ks coincided the time when the stress had reached the
tensile strength.

Figure 5 shows the cumulative AE events and the lateral displacement with respect to elapsed
time. The AE events are defined as located AE sources in three dimensions with a source loca-
tion algorithm. The AE events started to be active from 16-mm displacement (around 4 ks), and
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intensive AE activities during unloading (or decrease of displacement) were observed from
32-mm displacement (11 ks). Using the onset of AE activity and the accumulated numbers of AE
events during unloading to those during a whole loading process in every stage, RTRI and Calm
ratios were calculated.
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Fig. 5 Cumulative AE and lateral displacement. The number of unloading AE events at each
stage is given in the figure, ranging from 1 to 146 events.

Figure 6 shows 3D AE source locations on the eastern surface for 32-mm (left) and 64-mm
(right) displacements. The crack traces are also drawn in this figure and in Fig. 7. As shown the
figure, AE sources at around 1.0 m height, corresponding to the observed vertical crack, were
started to be active from 32-mm displacement. At this displacement, AE activity can be found in
the foundation as well (see below 0.0 m). At 64-mm displacement, both AE sources at 1~1.5 m
height and those at 2~2.3 m developed further and became more concentrated.

Figure 7 shows 1D AE sources on the same eastern surface. The 1D AE sources were ob-
tained using the sensor array for wide area monitoring (see Fig. 2). In the figure, the crack trace
and AE events are drawn at every step-wise lateral displacement with different colors. AE
sources both in upper and intermediate areas started to appear from 8-mm displacement (see the
red traces). Specifically numerous AE sources were observed during 64-mm displacement. AE
sources under unloading are actively generated during 128-mm displacement and the locations of
AE sources are almost identical to those of observed cracks.

Figure 8 shows RTRI on each surface obtained from 3D AE sources as well as 1D AE
sources. It is noted that since the RTRI obtained in each step of displacement explained the
damage condition in the previous stage, the horizontal axis can only show the damage up to 64
mm,; i.e., the RTRI obtained based on 128-mm displacement shows the actual damage during
64-mm displacement. Except for the first drop from 2 mm to 4 mm since the values of more than
1.0 showing the intact state, the remarkable decrease can be found during 32-mm displacement.
Regarding the trend of 3D and 1D, both showed the same variation as a function of lateral dis-
placement, irrespective of the direction of surface. This suggests that one-dimensional sources
can provide the same useful damage information as those of 3D.
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Fig. 6 Three-dimensional source locations.

Figure 9 shows similar results as Fig. 8 but for Calm ratio. Besides the RTRI, the Calm ratio
can evaluate the damage up to 128-mm displacement. The Calm ratios in the chart obtained dur-
ing 128-mm lateral displacement were calculated using three different parameters: lateral dis-
placement; applied load; and rebar strain. The Calm ratio became active from 32-mm displace-
ment and increased further at 64 mm. This trend agreed well to that of RTRI. However, at
128-mm displacement, the Calm ratio gives different values depending on the employed pa-
rameter; i.e,, considerable increase was found in rebar, a slight increase for load and remaining
constant for displacement. The parameter, which can evaluate the damage condition properly,
will be discussed next.
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Fig. 8 RTRI obtained both from 1D and 3D AE.

Discussion

Effective Structural Behaviors in Association with AE Activity

As shown in Fig. 4, one of the rebars evidently yielded during 64-mm displacement stage and
it reached the tensile strength during 128-mm displacement. Thus, the internal damage of the pier
apparently developed intensively beyond the lateral displacement of 64 mm. Figure 10 shows the
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Fig. 10 Concrete strains on different surfaces.

surface concrete strains of the pier on all of directions. In sound or minor damage condition, the
strain variation would follow that of applied deformation. However, both surface strains on the
east and west walls decreased even during the up-deformation process (see 64 mm displacement
or between 13 ks and 15 ks), implying that the pier had already lost the load bearing capacity.
Furthermore, from the crack observation, distinct shear-type cracks could not be developed in the
pier through the test. Accordingly, the damage evolution of the pier seemed to be terminated
during 64-mm displacement and further development of the damage would not be introduced by
the subsequent stage, namely 128-mm lateral displacement. Considering those findings, the Calm
ratio on the basis of the rebar-strain overestimate the damage (see Fig. 9). Thus, the Calm ratio
based on either the load or the displacement better evaluates the actual damage.
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Damage Quantification of AE Damage Indices

Figure 11 shows a chart consisting of Calm ratio and RTRI. In the map, damage criteria re-
ported [10] are overlaid with broken lines. H, I and M in the chart show the damage level: heav-
ily, intermediate; and minor damage, respectively. Since the RTRI during 128-mm displacement
could not be obtained, the plots up to 64-mm in the lateral displacement are shown. Using the
reported criteria, the minor damage was estimated when 4-mm displacement was given. The in-
termediate damages were indicated both during 8- and 16-mm displacement, and from 32-mm
displacement heavily damage in the pier was indicated. Conclusively, these evaluations were in
good accordance with other findings as well as actual damage.

Conclusions

A full-scale railway concrete pier was cyclically loaded and damaged with AE monitoring.
Main findings obtained through the test are as follows:

1) Damage indices obtained from AE activity in combination with structural behaviors
showed a good agreement with actual damage. Among structural parameters used, in-
ternal strains measured on rebars showed overestimation for the actual damage. The ap-
plied load or the deformation is more appropriate parameter when evaluating the struc-
tural integrity quantitatively.

2)  Since the aforementioned issue was both found in 3D and 1D AE sources, it can be con-
cluded that structural integrity of railway concrete structures is potentially evaluated by
using the simplest array of AE sensors, namely 1D AE sources.
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Abstract

The purpose of present research is to estimate the damage of solid oxide fuel cell (SOFC) by
using a new factor of acoustic emission (AE) during loading test. Acoustic emission signals and
fracture processes were monitored by AE measurement system in real time during the test. In
the investigation of fracture process with AE amplitude distributions, high-amplitude, middle-
amplitude and low-amplitude signals correspond to vertical cracking, delamination in the cath-
ode, and vertical cracking in the elctrolyte, respectively. It was demonstrated that the AE
method enabled us to detect these fracture processes and to determine the condition for the onset
of the damage in a single cell.

Keywords: Solid oxide fuel cells (SOFCs), Ceria-based single cell, Simulated operating condi-
tion, Fracture process

Introduction

Solid oxide fuel cells (SOFCs) have been regarded as a highly efficient power generation
system (70 %) for future applications. Since SOFCs convert the chemical energy of the fuel di-
rectly to electrical energy without the intermediation of thermal energy, conversion efficiency is
not subject to the Carnot limitation. Because of their high temperature of operation (600 ~
1000°C), natural gas fuel can be re-formed within the cell stack, which eliminates the need for an
expensive, external re-former system [1, 2]. Thus, SOFCs are expected to become a major elec-
tric power source in the future. In SOFCs, large oxygen potential gradients exist across the two
ends of the electrolyte, with the fuel side exposed to highly reducing conditions and the air side
to ambient conditions. Under air conditions, electronic charge compensation occurs in ceria-
based electrolyte by the formation of Ce*". However, when sufficiently reducing conditions pre-
vail, oxygen vacancies form and the Ce*" reduces to Ce®” in order to maintain electrical neutral-
ity via ionic compensation. The net result is a lattice expansion due to the change in the ionic ra-
dii of Ce [3, 4]. Thus, when exposed to a reducing environment, the ceria-based electrolyte ex-
hibits lattice expansion, also called chemical expansion, and is therefore subject to differential
strain across its thickness that could cause fracture (Fig. 1) [3—6]. In general, electrochemical
techniques have been used extensively to determine the electrical performance and electrochemi-
cal reliability of SOFCs. In addition to the electrical reliability, it is also important to ensure the
mechanical reliability of SOFCs under operating conditions. Thus, the establishment of a suitable
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mechanical testing method under the operating conditions is a prerequisite for the development
of reliable SOFCs.

This paper presents the experimental results of the investigation of damage on the ceria-
based single cells under testing conditions. In this study, a simulated environment testing
method combined with acoustic emission (AE) monitoring was developed in order to investigate
the fracture processes of SOFCs. It was demonstrated that the AE monitoring conducted in this
study was useful to detect and analyze the fracture processes in a single cell.

Cathode
[ =i= 1
| | Internal stress L

Anode
Fig. 1 Schematic diagram showing the electrolyte (fully relaxed case) [3].

Experimental Procedures

Sintered 20%-samarium-doped ceria, (CeO;)ys(SmO; 5)o.2, or 20SDC, disks were used as the
electrolyte. The diameter and thickness of the 20SDC electrolyte were 16 mm and 1 mm, re-
spectively. Cermets of NiO-(CeO;)ps(SmO;s)o, (weight ratio of 60:40) and Lag ¢Srg4Cog -
FepsO; were used as the anode and cathode, respectively. The anode and cathode (10 mm di-
ameter) were applied symmetrically on opposite sides of the (CeO,)s(SmO; 5)o, electrolyte by
a screen-printing method. The thicknesses of the anode and cathode were 30 um, and 15 um,
respectively. Figure 2 shows a schematic of the test section of the apparatus used for evaluating
the mechanical performance of a single cell under simulated operating conditions. The maxi-
mum temperature achievable with the apparatus is 1000°C. The single cell was placed between
two concentric Al,Os tubes. The internal diameters of the outer and inner tubes were 12 mm and
8 mm, respectively. H, and O, gases were supplied onto the anode and cathode surfaces of the
cell through the inner tubes at a flow rate of 100 ml/min and were discharged through the annu-
lus between the tubes. The sealing between the outer Al,Os tubes and the cell was achieved by
melting a soda-glass ring. The thickness of the soda-glass ring was 0.5 mm.

Prior to actual tests, the test section was initially heated to 800°C at a heating rate of 100°C/h
and held at this temperature for 1 h in an atmospheric air environment in order to melt the soda-
glass ring and form the glass seal. After melting the soda glass, it was then cooled to 550°C at
100°C/h and held at this temperature for 1 h.

Preliminary tests showed that the glass seal failed when the temperature was decreased below
450°C. Thus, the starting temperature was set as 550°C in this study. The temperature range for
testing can be adjusted by selecting different types of glass. At this stage, H, and O, gases were
introduced to the test section while the temperature was kept at 550°C. The temperature was
then increased monotonically to 800°C and cooled to room temperature at 100°C/h in order to
examine the fracture process under a heating cycle. To examine the effect of holding time, the
temperature was held at 600°C, 700°C, and 800°C for 1 h during heating. Tests with different
specimens were repeated three times to check the reproducibility.

In addition to the simulated operating environment tests, simple uniform heating tests under
oxygen environment alone were conducted to examine the effect of the thermal stress on the
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fracture processes of a single cell. For this purpose, only O, gas was supplied onto both the an-
ode and cathode surfaces of the cell and the same heating experiment was undertaken using the
same apparatus shown in Fig. 2. The temperature was raised up to 1000°C for the simple uni-
form heating tests. Three specimens were used for this series of experiments.

Acoustic emission (AE) signals were detected using a resonant piezoelectric transducer (PAC
R15), concurrently with the simulated environment tests and simple uniform heating tests. The
AE transducer was attached to the outer Al,O; tube at room temperature away from the heated
section. After the electronic signals from the transducer were preamplified (40 dB) and bandpass
filtered between 20 kHz and 2 MHz, they were further amplified with a variable broadband am-
plifier that provided an additional gain of 45 dB. After measurement, in order to observe the
fracture behavior of ceria-based single cells, cross sections were observed by scanning electron
microscopy (SEM).

: Pre amp Mainamp
O-,J S ’ Gain: 40 dB Gain: 45 dB
n nn MmNk >3
i AE transducer Band pass filter PC computer
1 20 k ~2 MHz

Glass seal

™~ Anode

;] Furnace
(~1500°C)
Cathode
%4/ | _—Electrolyte
§ \;;f\)f TX
[ |

[

\; Al,04

Tube

I—> Oxygen sensor

H,(O,) gas

Fig. 2 Schematic layout of the SOFC performance test apparatus and AE monitoring system.
Results and Discussion

In the simple uniform heating tests, where both the cathode and anode were subjected to the
oxygen environment, no AE signal was detected up to 1000°C. Furthermore, no damage was
found by post-test observations using an SEM. The experimental results indicate that the thermal
stresses due to the thermal expansion mismatch were insufficient to cause any damage in the sin-
gle cell.

Next, the results obtained from the simulated environment tests are discussed. Three speci-
mens used in this study produced almost identical results. The energy of the AE signal, Eag, is
plotted with the heating temperature in Fig. 3. This result was obtained from one of the three
tests. The Eag was determined by mean square amplitude of AE signals. The onset of AE activ-
ity occurred when the temperature reached 620°C. The AE activity increased with the increasing
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temperature, and eventually ceased at 760°C with no AE activity in the temperature range be-
tween 760°C and 800°C. This may indicate that a complete fracture of the single cell had al-
ready occurred, approximately at 760°C. It is noticed that no AE activity is observed during the
holding time at 600°C and 700°C, suggesting that the heating rate is sufficiently low with respect
to the reaction rate responsible for this fracture process. Post-test observation showed that exten-
sive through-thickness cracking took place in the specimens heated to 800°C, and the specimens
were completely broken into a number of segmented pieces of several mm. Numerous vertical
cracks were generated in the cathode and the crack spacing was typically in the range of 50 ~
100 pm.
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Fig. 3 Acoustic emission behavior under simulated operating condition.

A typical cross-section SEM image of the cathode/electrolyte interface is shown in Fig. 4.
The SEM observations identified three types of damage: vertical cracking and delamination in
the cathode, and vertical cracking in the electrolyte. Extensive propagation of delaminations was
also observed in the cathode film close to the interface, and a limited portion of the cathode film
was detached from the electrolyte. No such vertical cracking and delamination were observed in
the anode film. The distance between individual vertical cracks was on the order of several mm.

The vertical cracking was observed to initiate from the location of the cathode/electrolyte in-
terface and to frequently terminate inside the electrolyte. As shown in Fig. 4, it was often ob-
served that there was a horizontal gap in the location between vertical cracks in the cathode and
electrolyte. This observation suggests that the vertical cracking in the electrolyte was initiated
only after the occurrence of the delamination in the cathode.

The salient difference in the damage between the simple uniform heating tests and the simu-
lated environment tests suggests that the above-mentioned damages in the single cell may be
primarily due to the chemical expansion in the anode side of the electrolyte and the anode itself.
The chemical expansion in the anode side is expected to induce the tensile stress in the cathode
side, which may cause the three types of damages. Thus, the vertical cracking in the
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Fig. 4 SEM image of a cross section of a single cell after simulated environment test.

cathode and electrolyte is expected to occur in an opening mode, and the delamination growth in
the cathode may be brought about by mixed mode cracking, including a shearing mode. Further
investigation is needed to examine the contribution from the effect of the thermal expansion
mismatch stresses. Figure 5 shows typical waveforms of AE signals. The results showed that AE
signals observed during the tests can be classified into three groups, types A, B, and C. This
classification is made on the basis of the difference in peak amplitude and wave shape of the AE
signal. AE signals of type A have the peak amplitude smaller than 0.1 mV and is burst type. The
peak amplitude of the type B signals was typically in the range of 0.1 ~ 0.2 mV and continuous
type. Type C signals have the peak amplitude greater than 0.2 mV and burst type.

Waveform
I
Type A ‘:h." '
l. L]
burst
0.008 mV/div 2 ms/div
Type B
continuous
0.03 mV/div 2 ms/div
Type C
1
burst -
2 mV/div 2 ms/div

Fig. 5 Waveform patterns of the AE signals.
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Figure 6 shows the fracture model of SDC20-based single cell under simulated operating
conditions. The correspondence is based on the following observations and discussion. Our pre-
liminary measurements showed that the cathode having a porous microstructure exhibited quasi-
brittle fracture behavior with lower fracture energy than the electrolyte. In contrast, the fracture
of the dense electrolyte was shown to take place in a catastrophic and brittle fashion. In view of
its lower fracture energy and non-catastrophic fracture behavior, the cathode cracking is ex-
pected to emit an AE signal of smaller amplitude. In general, inclusion of a mixed mode in the
crack propagation tends to increase the fracture energy compared with the crack-opening mode,
producing a larger AE energy, and showing continuous-type AE. This suggests that type A may
correspond to the vertical cracking and type B to the delamination in the cathode. Type C with
larger amplitude and burst-type AE is expected to correspond to the vertical cracking in the elec-
trolyte.

Type A : Vertical crack (640 °C ~ 760 °C)

Ty pe B : Delamination
(640 °C ~ 700 °C)

|
)
f
)
|
|

———————
—

| |
| |
l

\<—Ty pe C: <
Vertical crack (660 °C ~ 720 °C) <

Fig. 6 Fracture process of SDC20-based single cell under simulated operating condition.

The sequence in occurrence of the three types of AE signals appears to correlate well with
the fracture processes discussed above. Type A signals start to appear at 620°C, followed by the
emission of type B signals. AE signals of types A and B are emitted constantly throughout the
ranges of 620°C ~ 760°C and 640°C ~ 700°C, respectively. The first occurrence of type C sig-
nals takes place at 660°C. The type C activity increases with increasing temperature and eventu-
ally ends at 720°C.

The formation of vertical cracking in the electrolyte must be avoided, since it significantly
degrades the electrical performance of the single cell and provides a direct path between the hy-
drogen and oxygen gases. It seems possible to detect the critical temperature condition of the
SOFC by monitoring the AE activity. The present result shows that AE monitoring in the single
cell experiment may provide useful information to examine the fracture processes and mecha-
nisms under simulated operating conditions. More quantitative investigation of stress analyses is
now underway, and the results will be combined with the present testing method to develop a
design methodology for SOFCs.
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Conclusions
The main results obtained in this study can be summarized as follow:

(1) A simple testing method was developed which enabled us to examine the fracture proc-
esses under the simulated operating environment. Monitoring AE activity was useful to detect
and to identify the fracture processes.

(2) The fracture processes of the SOFC involved vertical cracking and delamination in the
cathode, and vertical cracking in the electrolyte. The damages were attributable most likely to
the stresses induced by chemical expansion.

(3) The AE activities correlated well with the fracture processes observed. The AE results
showed that the cathode damage was initiated at 620°C and the first occurrence of the electrolyte
cracking took place at 660°C.
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Abstract

Glass-fiber reinforced, polymer composites fabricated by pressure injection are characterized
by acoustic emission (AE). Tested materials are composed of three layers with distinctly
different orientation of the reinforcing phase, fabricated from 66 polyamide reinforced with 30%
short fiber. The deformation processes in this type of laminate are difficult to identify because of
the confined fiber orientation. Tests were made on specimens with three orientations relative to
the direction of injection. By pattern recognition analysis of the AE signals recorded in
monotonic tensile loading, five patterns typical of the material were identified. We used Vallen
VisualClass program. The signal classes were considered in terms of various mechanisms of
failure. In the analysis, the results of metallographic examinations of fiber orientation and of the
condition of unloaded structure were used, as well as fracture surface examinations. The output
of the analysis suggests correlations to possible failure mechanisms in the deformation process.

Keywords: Short-fiber composites, pattern recognition analysis, failure mechanisms

Introduction

Polymers reinforced with short fibers are materials often used for stressed components.
These composites have a moderate strength with adequate elongation. The oft-used form of these
materials is fabricated by injection molding. In these materials, layered structures characterized
by different fiber orientation and content develop. In composites of semi-layered materials, the
stress applied to individual layers is analyzed according to the theory of lamination. However,
the results obtained by this method are poor due to the absence of a distinct border separating the
individual layers. Additionally, the degree of homogeneity obtained in the layers or the transition
zone between the layers depend on the parameters of the manufacturing process, on the
properties of matrix, and on the geometry of the reinforcing phase. In evaluating the strength of
such laminates, it is important to understand the phenomena, taking place during the deformation
processes, especially micro-mechanisms of failure.

As in the case of continuous-fiber composites, the strength and fracture of short-fiber
composites are dictated by the fiber fracture, by fiber-matrix interface failure via tension, shear
or friction and by matrix fracture. Acoustic emission (AE) behavior of short-fiber composites has
long been examined [1-3]. Amplitude, frequency, and other characteristics were evaluated in
efforts to understand fracture mechanisms. Pattern recognition analysis was also used in
composite study for some time [4-7].

In order to elucidate the damage evolution in short-fiber reinforced polymer laminates under
the conditions of simple and complex states of loading, we attempted to correlate the failure
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mechanisms to AE signals and to develop an effective method of the evaluation of the loading
limit and of predicting the risk of damage in components made from these composites. The
studies also covered the effect of the reinforcing phase distribution and an analysis of the damage
development process. The studies were in most part financed by the Polish Ministry of Science
and Higher Education.

Experiment and Analysis

The main goal of the studies was to identify the mechanisms responsible for composite
damage under tensile loading. AE tests were performed on specimens made from 66 polyamide
with 30% short-glass fiber (~0.7 mm long). The strength of such composites was examined for
0°, 90° and 45° orientations with respect of the direction of injection. They were cut to 25 mm
width specimens from 120 x 120 x 5 mm test plates. Under uniaxial loading, three basic models
at the fiber-matrix interface were distinguished and related to fiber and stress directions (Fig. 1).
In real structures, the orientation of each fiber varies and the combination of these three cases
needs to be considered. For each of the 0°, 90° and 45° orientations, the fiber distribution was
evaluated by means of microscopic image analysis on specimen cross-sections [8]. Results are
shown in Fig. 2 as LV parameter. This is the average length of fibers per volume obtained with
statistical analysis from the observation of the polished cross-section. LV represents a
characteristic feature of the volume fraction and orientation of the reinforcing phase in each layer
of the composite. The LV values indicate that the alignment is far from complete as the LV
values differ only by a factor of 2.5-3 between 0° and 90° specimens. The results further show
that the near-surface layers and the middle behave in the opposite manner and the over-all
composite behavior is always expected to show mixed characteristics. Unlike the usual
expectation resulting from resin flow, the injection-molded specimens typify three-layer
composites. This examination also revealed in unloaded cross-sections the occurrence of fiber
damages in the form of cracks or fissures running along the fiber length. The damages were
formed during composite fabrication.

Tensile properties of specimens are listed in Table 1. This reflects the microscopic
observations and shows that 0° orientation samples have the lowest strength and 45° the highest.
The knee stresses (from the first load drop or the deviation from linearity) are 50-60% of the
tensile strength and correspond approximately to the beginning of AE detection.

The tensile tests were made on a Zwick 050 machine under the condition of controlled
displacement. During the tests, AE signals were recorded using Dunegan SE25P miniature

Load Load Toad

Parallel Normal Diagonal

Load Load Load
Fig. 1. Model of orientation of fiber according to direction of load.
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sensors and Vallen AMSYS system. Frequency range was 20-600 kHz. Pattern recognition
analysis of the recorded AE signals for each specimen yielded typical patterns and by combining
the results for three orientations a classifier common to all the examined specimens was
designed. Vallen VisualClass program distinguished five classes present. The results of class
distribution in percentages obtained for each of the examined orientations are shown in Fig. 3.
Here, energy, amplitude, duration and other AE parameters were used as features in addition to
frequency-based features.

Table 1 Tensile properties of specimens of three orientation.

Specimen | Knee stress Tensile strength
0° 44.0 MPa 88.0 MPa
90° 61.6 MPa 100 MPa
45° 58.4 MPa 102 MPa
300
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Fig. 2. Parameter LV according to the orientation of specimen.
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Fig. 3. Graphical results of classification, in the percentage of signal of class by color.
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Figure 4 shows an example of the rate of occurrence of each of the classes during
deformation for 0°-orientation specimen. The lower plot shows the hit rates of the signals. At the
first load drop, AE starts and class II shows higher rates just prior to failure, though it is
generally of low activity.
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Fig. 4. Graphical presentation of classification for the AE data of 0° specimen.
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Fig. 5. Classified AE data of 0° specimen in load and amplitude plot. From low dB-levels, class I
(40-47 dB), IV (45-55 dB), V (45-57 dB), III (55-65 dB) and II (59-86 dB), respectively.
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Fig. 6. Classified AE data of 90° specimen in load and duration plot.

In the 0° specimens it appears that the occurrence of classes I, IV and V is correlated, and
these signals have low amplitudes, as seen in Fig. 5. Signals of classes II and III have higher
amplitudes. The underlying causes of classes II and III signals are of higher energy variety.
These trends appear to be common in other orientation samples examined. Figure 6 shows the
load and duration plots for a 90° specimen. Most class II and III signals were in the range of 20-
1000 ps, whereas the signals of the other 3 classes were either low (<30 ps) or high (<100 ps).
The low group is probably from low signal levels relative to the threshold. The high group
occurred later in the test and may arise from stress interaction between layers. This bimodal
distribution could be the reflection of the three-layer microstructures and need further evaluation.
To better characterize the operating failure mechanisms, additional loading tests were made on
samples fabricated from 66 polyamide without the reinforcing fibers. Only class I, IV and V
signals were detected in neat-resin specimens. It is noteworthy that 20-kHz frequency component
was low in matrix-only samples.

Il
Fig. 7. Examples of fracture surfaces: Sub-surface layer (a) and inside layer (b). 0° specimen.
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In order to distinguish the failure modes, extensive metallographic examinations were made.
The studies also revealed three-layer structure of this composite. Figure 7 shows SEM images of
fracture for the near-surface layer and for the center region. It is clear that numerous fibers broke,
that fibers were pulled out of the matrix, that fibers separated from the matrix (some of these
occurred in fabrication) and that the matrix showed many microcracks surrounding a fiber with
clear sign of brittle matrix failure. These matrix cracks are typically in 30-100 um diameter and
all exhibit cleavage-like patterns. This is quite different from the fracture surfaces of neat resin of
66 polyamide that show smooth rounded surfaces [9].

At this stage of the study, we cannot assign the failure modes to individual signal classes.
However, it is clear that classes II and III are associated with tensile and bending fiber fracture
and possibly the separation of the fiber/matrix interface. Because of the highest amplitude and
energy, class II is most likely due to tensile fiber fracture. The remaining classes, I, IV and V, are
related to matrix microcracks at mid-fiber and at fiber ends, fiber disbonding from the matrix,
and frictional fiber pull-out. Since class I has the lowest energy, and shortest duration, we
suggest this is from matrix microcracks as the neat resin has a low strength level.

The present experiment and analysis will be continued to identify the operating failure
mechanisms for each signal class with better characterized starting materials and comparative
microscopic evaluation during deformation. It is our goal to extract the AE parameters that we
can utilize to obtain individual modes of failure in components under complex stress states.

Conclusions

e The microstructures of short-fiber reinforced composites fabricated by injection
molding feature the presence of three layers of different fiber orientation. This led to
complex failure mechanisms, and affected the laminate strength.

e The application of AE technique and of the classification system has revealed five
distinct signal classes arising from various failure mechanisms.

e The use of pattern recognition analysis and average signal parameters of classified
signal groups enabled the discrimination of fiber- and matrix- originated signals.
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OF BIOCERAMICS FOR ARTIFICIAL JOINTS

SHUICHI WAKAYAMA, CHIKAKO IKEDA and JUNJI IKEDA*
Department of Mechanical Engineering, Tokyo Metropolitan University
1-1, Minami-Ohsawa, Hachioji, Tokyo 192-0397, Japan.

* Japan Medical Materials Corp., Miyahara, Yodogawa, Osaka 532-0003, Japan

Abstract

AE monitoring was conducted during proof tests of high-purity alumina ceramics in order to
detect microdamages, which might decrease the strength of surviving components. The ceram-
ics tested is the bioceramics used in artificial joints for total hip replacement. Surviving speci-
mens showed two types of AE behavior, with or without increasing point of AE energy.
Specimens without increasing point of AE energy showed higher residual strength than speci-
mens with the AE increasing point. In addition, the average strength of specimens without in-
creasing point of AE energy was higher than specimens, which survived the conventional proof
test. The AE source location during residual strength measurement demonstrated that the
maincrack formed during proof tests were propagated to final unstable fracture during residual
strength tests. Consequently, it was concluded that the proof test with AE monitoring of mi-
crodamage significantly enhances the reliability of bioceramics.

Keywords: Bioceramics, alumina, proof test, microfracture process, maincrack formation, re-
sidual strength

Introduction

Ceramics have been used for artificial joints because of the excellent biocompatibility [1-3].
The lifetime of artificial joints was often designed as 10 to 15 years. However, it was reported
that a significant number of ceramic femoral heads have been broken in vivo within several years
after operations [4]. Therefore, a technique for long-term reliability assessment is urgently
needed. The proof testing has been used as one of such techniques. Loading the component
before service, the reliability is ensured by removing the broken component. A maximum ini-
tial crack size in survivals can be estimated by fracture mechanical analysis, from which the
minimum time-to-failure can be calculated [5, 6]. However, there may be still weak compo-
nents in survivals, which had sustained damages during the proof test.

We have investigated the microfracture process during bending tests of ceramics using AE
technique [7]. It was found that rapid increases in AE energy and events were observed before
the final fracture. From the results of AE source locations and the observation of fracture proc-
ess using fluorescent dye penetrant technique, it was demonstrated that these AE behaviors cor-
responded to the maincrack formation. It was shown that the microfracture process during
bending test consists of the microdamage accumulation, the maincrack formation and its growth
to the final fracture [8, 9]. The critical stress for maincrack formation, 6., was determined as
the stress when the AE energy increased rapidly.
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The objective of the present study is to develop the technique, which enables us to remove
damaged specimens during the proof test. It is necessary to understand the microfracture proc-
ess of the specimen during the proof test. In this study, AE monitoring during proof tests was
carried out to detect the maincrack formation. After the proof testing, the residual strength was
measured by four-point bending tests. The AE behavior and the residual strength were com-
pared to investigate the effect of AE monitoring on the residual strength.

Experimental Procedures
Specimens

High purity alumina ceramics (Japan Medical Materials Co.) was used. Mechanical proper-
ties at room temperature are shown in Table 1. To eliminate surface defects, tensile surfaces
and chamfered edges of specimens were polished using 3 and 1 um diamond slurry. In order to
minimize the effect of water content on the fracture strength, specimens were dried in a vacuum
drying oven at 150 °C for 2h. The size of specimen was 3 mm (height) X4 mm (width) X40
mm (length).

Table 1 Mechanical Properties of Alumina Ceramics (Manufacture’s Data).

Density Pulity Average Grain Size | Young's Modulus Poisson's Ratio
[g/em’] [70] [um] [GPa] [-]
3.97 >99.9 1.4 400 0.24

Four-point Bending Tests and AE Measurements

AE behaviors during the four-point bending test were measured in air and physiological sa-
line (PS). Figure 1 shows the testing apparatus for PS condition schematically. The tempera-
ture of PS was kept at 36 + 1°C. Four-point bending tests were carried out according to JIS R
1601, with an inner span of 10 mm and an outer span of 30 mm. The crosshead speed was 0.1
mm/min. Two AE sensors were attached on both edges of the specimen and amplified by
pre-amplifiers, then sent to an AE analyzer. Total gain was 80 dB, threshold level was 18 uV at
the input terminal of pre-amplifiers, and the bandpass filter was used with a range of 100 to 500
kHz. Tests in air were performed at room temperature using a similar system without a liquid
bath.

Four-point Bending Proof Tests

Four-point bending proof tests were conducted in a similar manner to four-point bending
tests except for the loading history; the specimens were loaded to the proof stress with a
crosshead speed of 0.2 mm/min, held for 10 minutes and unloaded with a crosshead speed of 0.1
mm/min.
Residual Strength Measurements

All samples which survived proof tests were classified into two groups; i.e. samples with or

without the rapid increasing point of AE energy. The residual bending strengths in air and PS
were measured for each group.
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Fig. 1 Schematic diagram of the four-point bending test in PS.
Results and Discussion
AE Behaviors during Four-point Bending Tests

A typical result of the four-point bending test in air is shown in Fig. 2. The applied bending
stress, AE cumulative energy, cumulative event and AE source location are plotted as a function
of time. The size of the solid circles in the figure represents the amplitude of each AE signal.
AE behavior indicated that the rapid increasing point of AE energy exists before the final frac-
ture. As shown in the AE source location, before the rapid increasing point, small amplitude
AE signals were detected over the whole range of the specimen. When the AE energy in-
creased rapidly, the large amplitude AE signal was detected at -2 mm in the specimen. After
that, large AE signals concentrated near the fracture point of the specimen. Similar to the pre-
vious study [7-9], it was concluded that the microfracture process during the bending test con-
sists of the microcrack accumulation, the maincrack formation and its growth to the final fracture.
Mean values of the fracture strength G, and the critical stress for maincrack formation o, are

shown in Table 2. It was recognized that 6, and G, in PS were lower than those in air.

Table 2 Average Values of g3 and o¢ in each Test Environment.

Test Environment Air PS
Bending Strength g3 [MPa] 501 (m=5.9) 371 (n¥4.2)
Critical Stress for Maincrack Formation o [MPa] 238 (m=2.8) 129 (n¥=1.5)

AE Behaviors during Proof Tests

Proof tests were conducted in air and PS, and microfracture processes during the test were
monitored by AE technique. From the results of four-point bending tests, the proof stress, Gp,
in air and PS were determined as 200 and 100 MPa, respectively. These proof stresses are low
enough to prevent fracture but high enough to induce the maincrack formation for approximately
50 % of specimens in each environment. Two types of AE behavior and AE source location
during the proof test in air are shown in Fig. 3. In Fig. 3(a), the specimen had the rapid in-
creasing point of AE energy. As mentioned in the previous section, the increasing point of AE
energy corresponds to maincrack formation. On the other hand, in Fig. 3(b), there was no sig-
nificant behavior in AE energy and events. It is considered that specimens with such behavior
have little damage without the maincrack.
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In this paper, it was found that the maincrack formation takes place only after AE signals
with amplitude larger than 1 V were detected. Then, all specimen which survived at the proof
test could be categorized into two groups: with increasing point of AE energy (Type A) and
without increasing point of AE energy (Type B). From the results of the proof test, all speci-
mens survived. There were 31 and 21 specimens with the increasing point in air and PS, re-
spectively. On the other hand, 31 specimens were without the increasing point in air and 22
specimens in PS were without, respectively.

Residual Strength Measurements

Following proof tests, fracture processes during the residual strength measurement in air and
PS were investigated. Figure 4 shows AE behaviors and AE source locations during the proof
test (a) and the residual strength measurement after the proof test (b). In Fig. 4(a), the high AE
energy event was observed at -2 mm in the specimen at about 180s. It was found that the
maincrack was formed at this point. In Fig. 4(b), high AE energy events were observed, and
source locations concentrated at near -2 mm in the same specimen. It appears that the main-
crack, which initiated during the proof test started to propagate at this point.

Table 3 shows residual strengths in air and PS obtained by samples of Type A and Type B.
This table shows the results of conventional proof tests, obtained from all the surviving speci-
mens, in air and in PS. Residual strengths of Type B both in air and in PS were higher than
Type A. This clearly demonstrates that that AE monitoring enables the removal of specimens
damaged during the proof test. This was not possible for the conventional proof test.
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Fig. 4 Typical AE behaviors during proof test and residual strength measurement.
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Table 3 Comparison of the Residual Strength.

Residual Strength in Air [MPa] in PS [MPa]

Proof Test Environment Air PS Air PS

With Increasing Point of AE Energy (Type A) 489 (n=22) | 486 (n=11) | 426 (n=9) [ 359 (n=10)

Without Increasing Point of AE Energy (Type B) 542 (n=13) | 504 (n=13) | 438 (n=18) | 418 (n=9)

Conventional Proof Test (Type A + Type B) 532 (n=25) | 496 (n=24) | 433 (n=27) | 390 (n=19)

Conclusion

In this study, the AE monitoring of microdamage during the four-point bending proof test

was conducted for alumina bioceramics in air and in PS, and following conclusions can be
drawn.

(1) AE behaviors during the proof test showed surviving samples could be classified as Type
A and Type B. The increasing point of AE energy indicates the maincrack formation that
degrades the strength of the specimen.

(2) The average strength of survivals showing no increasing point of the AE energy during
the proof test was higher than that of specimens through the conventional proof test.
Therefore, effectiveness of the proof test assisted with AE method was confirmed.
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Abstract

The signals obtained from two wideband conical sensors were compared in the time, fre-
quency and time/frequency domains. The signals were generated by pencil-lead breaks on the
surface (out-of-plane) or close to the midplane of the edge (in-plane) of a large (1220 mm by
1525 mm) aluminum alloy plate (thickness of 3.1 mm). One sensor was coupled to the plate sur-
face by vacuum grease at a propagation distance of 254 mm, and the other sensor was coupled
with vacuum grease to the end of a nominal 300 mm or 400 mm long small-diameter waveguide.
The other end of the waveguide was coupled to the plate surface by vacuum grease at a 254-mm
propagation distance. The waveguides were either aluminum alloy (1.59-mm or 3.18-mm diame-
ter) or brass (1.59-mm diameter). The goal was to determine how closely the waveguide sensor
signal duplicated the signal obtained from the plate-mounted sensor. Results were considered in
the light of group velocity diagrams for the aluminum plate and the aluminum rods. The sensor
mounted on the 1.59-mm diameter aluminum waveguide provided a signal that closely dupli-
cated the signal from the plate-mounted sensor.

Keywords: Acoustic emission, waveguides, wideband sensors
Introduction

Waveguides are used in acoustic emission (AE) technology in several situations. Some of
these are (i) a test sample at an elevated temperature above the maximum operating temperature
of the AE sensor; (ii) a test item covered with insulation such that typical sensor mounting is in-
convenient or precluded; and (iii) a test specimen that is either very small or sufficiently irregular
that it does not allow mounting a sensor directly on the specimen. A recent publication [1] refer-
enced several waveguide studies, and it studied waveguides for AE applications. This study did
not include wideband small-aperture sensors nearly flat with frequency.

The purpose of the research reported here was to examine whether the combination of a
wideband conical-type AE sensor with a waveguide of small diameter would result in the
waveguide-mounted sensor signal closely duplicating the signal from a specimen-mounted sen-
sor of the same design.

This paper is a contribution of the U.S. National Institute of Standards and Technology and not
subject to copyright in the United States. Trade and company names are included only for com-
plete scientific/technical description; endorsement is neither intended nor implied.
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Fig. 1 NIST-based calibration of conical sensor at the preamplifier calibration gain (about 10
dB); out-of-plane displacement response.

Experiment

The conical sensors used in the research were manufactured at the National Institute of Stan-
dards and Technology (NIST) in Boulder, Colorado. This sensor design was fully described in
two previous publications [2, 3]. Figure 1 shows the out-of-plane displacement-based frequency
response of a sensor with this design when it was calibrated with its associated preamplifier at its
“calibration” gain of about 10 dB (according to the manufacturer [4]). The results in this figure
were generated at NIST in Gaithersburg, Maryland.

Fig. 2 Photograph of test setup for out-of-plane pencil-lead-break source with an insert of spring
loading.
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The sensor, which features a conical piezoelectric element with a 1.5-mm aperture, has inter-
nal electronics that are compatible with the preamplifier manufactured in Japan [4]. The internal
electronics increase the sensitivity beyond that typical of a wideband sensor. In the experiments
reported here, two such sensors were used. Each sensor was connected to a preamplifier using
the “calibration” gain. Beyond the preamplifier, the signal was filtered by a high-pass, 50 kHz,
four-pole Butterworth passive filter. The signal from the filter was recorded by a 12-bit digital
recorder at a sample rate of 0.1 pus per point.
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Fig. 3 Photograph of test setup for edge in-plane pencil-lead-break source.

The test setup is shown by photographs in Figs. 2 and 3. Pencil-lead breaks (0.3-mm diame-
ter, 2H hardness and a length of about 2 mm) provided the source to generate the simulated AE
signals. Both plate-top-surface out-of-plane (setup in Fig. 2) and plate-edge in-plane (setup in
Fig. 3) pencil-lead breaks were applied on an aluminum alloy plate with a thickness of 3.1 mm.
The transverse dimensions of the plate (1220 mm by 1525 mm) were large enough to preclude
reflections from the plate edges arriving during the duration of the signals propagating directly
from the pencil-lead break position to the plate-mounted sensor and the waveguide contact area.
The waveguide (WG) as shown (see Figs. 2 and 3) was mounted perpendicular to the plate sur-
face. The philosophy of the experimental approach was to have both the plate-mounted sensor
and the WG contact area (with the plate) at 254 mm from the pencil-lead break point. Thus the
differences in the signals from the two sensors can be attributed to the waveguide. This distance
was sufficient to allow full development of Lamb waves.

Two WG materials were used: aluminum alloy rods with a diameter of either 1.59 mm or
3.18 mm, and brass rods with a diameter of 1.59 mm. No details on the exact alloys and their his-
tory were available. Prior to their use in the experiment, the ends of the rods were milled to pro-
vide a relatively smooth surface that was perpendicular to the axial direction of the rods. The
nominal length of the WGs was 305 mm. Vacuum grease was used as a couplant for the two sen-
sors and the WG-to-plate interface. In this initial study with wideband sensors and small diame-
ter waveguides, no attempt was made to deal with the issues of coupling at other than room tem-
perature. The two sensors and the WG were spring loaded (see the insert in Fig. 2) against their
contact surfaces with a force of about 5 N.
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Fig. 5 Group velocity versus frequencyeradius for aluminum rod showing Sy and S, longitudinal
modes (Adapted from Ono and Cho [1]).

Discussion of Expected Waves in the Plate and Waveguides

Due to the relatively small thickness of the plate, only lower Lamb modes were expected to
be generated in the plate over the frequency range of interest. Figure 4 shows a plot of group
velocity versus frequency of the lowest symmetric mode (Sy) and the two lowest anti-symmetric
modes (A and A,) for the 3.1-mm thick plate. These curves were calculated (software reference

237



[5]) using Kolsky’s [6] bulk velocities for aluminum. The frequency range in Fig. 4 was termi-
nated at 1 MHz to correspond to the frequency range in Fig. 1.

Based upon the regions of the curves that are nearly stationary, as pointed out by Weaver and
Pao [7], and the author’s experience, the potential distinguishable sequence of arrivals in the
pencil-lead-break-generated waves is pointed out in Fig. 4. Since the WG was oriented perpen-
dicular to the plate surface and coupled by a viscous couplant, it was expected that the plate-end
of the WG is significantly excited only by the out-of-plane displacement of the plate surface.
Thus, only longitudinal waves were expected to be generated in the WGs. Figure 5 shows the
group velocity versus frequency-radius of the two lowest longitudinal modes for the aluminum
WGs. This figure was obtained by modifying a figure published by Ono and Cho [1].

For the signal from the WG-mounted sensor to closely duplicate the signal from the plate-
mounted sensor, we assume that the input displacements from the plate to the end of the WG
must be transmitted at the rod velocity (i.e., the velocity of the rod Sy mode at near zero fre-
quency). Such a transmission would mean the out-of-plane displacements from the sensor end of
the rod into the WG-mounted sensor would be the same as if that sensor were mounted directly
on the plate. Based on the Sy group velocity curve shown in Fig. 5, this ideal situation would
occur only for relatively low frequencies. But since the initial portion of the Sy curve is rela-
tively flat as the frequency e radius increases from zero for this range of frequencies in a small
diameter WG, all these frequencies would be transmitted at about the same velocity. Thus, po-
tentially the out-of-plane plate surface displacement might be preserved in the WG-mounted sen-
sor signal.

To provide some perspective of how much the longitudinal-mode velocity might vary, the
points that show the velocity at certain frequencies are shown in Fig. 5 for a 1.59-mm aluminum
rod. Clearly up to about 630 kHz, the velocity is relatively constant, and the displacement as a
function of frequency might be nearly preserved. Further, from examining Fig. 4 (plate group-
velocity curves), we might expect that the first and third arrival regions would potentially be pre-
served. Contributing to this “preservation” would be the use of WGs that are not too long, since
a very long WG would cause small velocity differences (for different frequencies) in the rod to
produce significant propagation time differences. With WGs of larger diameter, the highest fre-
quency that could be expected to travel at a velocity that would mostly preserve the signal would
be lower.

Experimental Results and Discussion

An example of a typical set of experimental waveforms is shown in Fig. 6. In this case, the
source was an out-of-plane pencil-lead break. A pre-trigger (based on the signal from the conical
sensor mounted on the plate) was used to simultaneously trigger both recorder channels. The
delay shown in the arrival of the signal from the 1.59-mm diameter aluminum WG sensor (Fig.
6(b)) was due to the propagation time along the length of the WG. In Fig. 6(b), the arrivals of
the initial portion of the plate S, and A, modes are indicated for the WG-mounted sensor signal.
These two arrivals are also obvious (see Fig. 6(a)) in the signal from the conical sensor coupled
to the plate. In addition, based on the exact WG length (306.4 mm) and the aluminum rod veloc-
ity (5.09 mm/us, [6]), an initial reflection in the WG of the plate Ay mode was identified. This
reflection is also indicated in Fig. 6(b). This reflection occurs after the signal in the WG has
traversed its length three times after initially entering it. Due to its small amplitude, the plate S
mode reflection is not readily identified in this case.
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Fig. 7 Parts (a) and (b) are the same as those in Fig. 6, except that the offset in the waveguide
sensor signal has been removed using the rod velocity and rod length. Also, the signals have
been terminated at a zero prior to the reflection in the rod of the plate Sy mode. Part (c) provides
the FFT spectra of the two signals shown in parts (a) and (b).

Based upon the rod velocity and the WG length, the WG signal was offset forward by 60.2
us to allow easier comparison of the signals from the two sensors. Figure 7 shows these signals
from the plate and WG conical sensors terminated at a convenient zero prior to the expected re-
flection of the plate Sy mode in the WG. The signals were terminated at zeros in preparation for
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Fig. 8 WTs of the signals shown in Figs. 7(a) and (b) with the superimposed frequency versus
propagation time (for 254-mm propagation distance) curves (based on group velocity curves) for
the two lowest plate modes.

the calculation of the fast Fourier transform (FFT). The FFTs are shown in Fig. 7(c) over a fre-
quency range from 0 to 1 MHz. The FFTs were calculated with a square window with the sig-
nals extended by zeros to a total length of 2048 points. For clarity, the resulting FFTs were
smoothed over 30 points.

Examination of Fig. 7 shows that the signals from the plate and WG conical sensor are quali-
tatively very similar in both the time and frequency domains. In Fig. 7(c), the amplitude scales
of the FFT results were adjusted to superimpose the results from zero to about 100 kHz (this pro-
cedure was used for all such FFT comparisons in this paper). As expected, the WG signal was
reduced in amplitude. The reduction is about 13 dB, based on the offset of the magnitude scales
to superimpose the FFT results.

At frequencies above about 700 kHz, the WG signal experienced a further reduction in the
response level compared to the plate sensor response. The wavelet transforms (WTs) [8] of the
two signals in Figs. 7(a) and (b) were calculated, and they are shown in Fig. 8 with superimposed
Sp and Ay plate modes. These modes were superimposed by visually adjusting their time offset
after the 254-mm propagation distance had been accounted for in the calculation of the propaga-
tion time. The key parameters chosen for the WT calculation were a frequency resolution of 3
kHz and a wavelet size of 600 samples. Clearly, the WT results also demonstrate the strong simi-
larity of the signal from the WG sensor to that from the plate sensor.

In order to compare the WG sensor signal with the plate sensor signal when the signal in the
plate was not as strongly dominated by the flexural, Ay mode, an edge pencil-lead break was
used. For this case, the configuration already shown in Fig. 3 was used with the contact point of
the pencil lead being near the mid-plane of the edge of the plate. Figure 9 shows the two simul-
taneously recorded signals when the 1.59-mm diameter aluminum WG was used. As before, the
initial regions of the Sy and Ay modes are indicated in Fig. 9. In addition, the plate So-mode re-
flection in the WG signal is pointed out in Fig. 9(b). As before, this reflection arrival was identi-
fied based on the calculated propagation time at the aluminum rod velocity for two additional
WG lengths after its original arrival at the WG sensor.
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Fig. 9 Waveforms of signals from an edge, near-midplane pencil-lead break source with a 1.59
mm diameter by 306.4 mm long aluminum waveguide. Part (a) from the plate conical sensor and
part (b) from the conical sensor coupled to the end of the waveguide.
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Fig. 10 Parts (a) and (b) are the same as those in Fig. 9, except for the conditions described in the
caption of Fig. 7. Part (c) shows the FFT spectra of the two signals shown in parts (a) and (b).

To continue the comparison, the WG signal was offset as before by the rod-length transit
time at the rod velocity. Figures 10(a) and (b) show both signals with a termination at a conven-
ient zero before the plate Sp-mode reflection in the rod. In the same way as described earlier, the
FFTs and the WTs were calculated, and the results are displayed in Figs. 10(c) and 11, respec-
tively. In this case the amplitude of the WG sensor signal is down about 17 dB from the plate
sensor signal as can be seen from the offset used in the FFT results. It should be noted that these
comparisons should be viewed as a general trend since the “convenient” zero does not lead to the
same signal length for the various cases in this paper and the variations in signal length occur in
the region of the signal dominated by lower frequencies. Again the out-of-plane displacement
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Fig. 11 WTs of the two signals shown in Figs. 10(a) and (b) with superimposed results from the
Ay and Sy plate modes for a 254-mm propagation distance in the plate.

signals, FFTs and WTs are qualitatively quite similar. There is again a further reduction in the
WG sensor signal at higher frequencies when compared to the plate sensor. This reduction is
somewhat more than that seen with the out-of-plane pencil-lead break case (compare Figs. 7(c)
and 10(c)). There is also some deviation between 400 kHz to 600 kHz in these FFT results.

It is possible that a part of the deviation of the WG sensor signal compared to the plate sensor
signal is due to the fact that the edge of the aluminum plate had been sheared rather than ma-
chined. This may have resulted in a slightly different signal arriving at the plate sensor compared
to that arriving at the point where the WG was coupled to the plate. It should also be noted that
the WTs of both signals clearly show that both the Ay and Sy modes are present in both the plate
and WG sensor signals. As described before, the plate group velocity curves for the Ay and Sy
modes were superimposed on the WT results visually.

Larger Diameter Aluminum WG

Based on Fig. 5 and the accompanying discussion, a larger diameter WG was expected to re-
sult in a poorer duplication by the WG sensor signal of the signal from a plate-mounted sensor.
Nevertheless a 3.18-mm diameter aluminum WG was tested with an out-of-plane pencil-lead
break source on the plate. The results are shown in Figs. 12 and 13. Figures 12(a) and (b) dem-
onstrate that the displacement signals from both sensors (after the WG sensor signal had been
shifted forward by 80.5 us, based on its exact rod length of 409.6 mm and the rod velocity) ter-
minated at a zero before the plate Ay mode reflection. The overall view seems to lead to the con-
clusion that the WG sensor signal is quite similar to the plate sensor signal, but a later closer ex-
amination will show some distinct differences.

The FFT and WT results in Figs. 12(c) and 13 respectively show fairly similar results be-
tween the signals from the two sensors. Based on the FFTs for this larger diameter case, the ad-
ditional reduction of the WG sensor signal compared to the plate sensor signal begins at a lower
frequency of about 300 kHz compared to that seen in the case of the 1.59 mm WG. In contrast to
the smaller diameter WG, the signal amplitude decrease of about 5 dB with the 3.18 mm WG
(based on the FFT offset used) was considerably less than the decrease of about 13 dB with the
1.59 mm diameter WG. For the same reasons noted before, these amplitude differences should
be viewed as a trend indicator.
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Fig. 12 Waveforms of signals from an out-of-plane pencil-lead break source with a 3.18-mm di-
ameter aluminum waveguide of 409.6 mm length. Results are shown after the process described
in the caption of Fig. 7. Part (c) provides the FFT spectra of the two signals shown in parts (a)
and (b).
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Fig. 13 WTs of the two signals shown in parts (a) and (b) of Fig. 12 with superimposed result
from the two lowest plate group-velocity modes.

To examine more closely differences between the two diameters of the aluminum WGs, the
signals were compared more directly in Figs. 14(a) and (b). In these figures, the time scale was
changed so that the initial portion of the Sp mode and the first few cycles of the plate flexural Ay
mode are shown, and the amplitude scales for the two curves were adjusted to enhance the com-
parisons. These results show (comparing Figs. 14(a) and (b)) for the larger diameter WG that
there is a loss of duplication in the WG sensor signal of the Sy mode just a few cycles after it ar-
rives, and there is a more serious loss of duplication in the first two cycles of the arrival of the Ay
mode.
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Fig. 14 Initial portions of the two sensor signals (after removal of the off-set due to the propaga-
tion time at the rod velocity) for the two aluminum waveguide cases with an out-of-plane pencil-
lead break. Part (a) for the 1.59-mm diameter waveguide and part (b) for the 3.18-mm diameter
waveguide.

It is relevant to point out that this latter deviation is in the high frequency region of that plate
mode. It is not surprising that the duplication results are better for the smaller diameter WG (see
Fig. 14(a)), where a larger portion of the frequencies of interest travel at or near the rod velocity.
In the case of the larger diameter WG, the higher frequencies of the plate Sy and Ay modes that
are transferred to the WG travel over a wider range of velocities in the rod Sy mode, and thus
those parts of the plate signal are dispersed and have less amplitude in the WG sensor signal. It is
also relevant to point out that the larger diameter WG is longer, so small variations in the veloci-
ties in the rod would have a larger effect.

As a final observation from Fig. 14, the arrival of the beginning of the plate A; mode is indi-
cated in the plate sensor signal. Since the plate group velocity diagram (shown in Fig. 4) indi-
cates that the A; mode arrives with frequencies from about 800 kHz to 1000 kHz, it is not sur-
prising that it is difficult to detect this arrival in the WG sensor signal in either diameter case.

Small Diameter Brass WG

To examine a case where the acoustic impedance of the WG does not match that of the plate,
a small diameter (1.59 mm) brass rod was used with an out-of-plane pencil-lead break. As be-
fore, the simultaneously gathered signals were offset in time due to the added propagation time
along the WG length of 300.4 mm. Since the exact rod velocity was unknown, the value (3.67
mm/ps) given by Kolsky [6] for copper was used with the rod length to correct for the offset in
time between the two signals. Figures 15(a) and (b) show the resulting signals. In this figure
both sensor signals were terminated at a zero prior to the plate A, mode reflection in the brass
WG. Figure 15(c) shows the FFT of the two time-domain signals. As before, the FFTs were
calculated with a square window after they were extended to 2048 points from their zero-
terminated length.

Qualitatively, in Figs. 15(a) and (b), the time domain signals are quite similar. The FFT re-
sult (after again changing the vertical scale to superimpose the results in the low frequency
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Fig. 15 Waveforms of signals from an out-of-plane pencil-lead break source with a 1.59 mm di-
ameter by 300.4 mm long brass waveguide. Part (a) from the plate conical sensor signal and part
(b) from the sensor coupled to the end of the brass waveguide. Signals are shown after the re-
moval of the time offset as described in the caption of Fig. 7. Part (c) shows the FFT spectra of
the signals shown in parts (a) and (b).
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Fig. 16 WTs of the two signals shown in parts (a) and (b) of Fig. 15 with superimposed results
from the two lowest plate modes group-velocity curves.

region) shows that the WG sensor signal starts to fall off at about 300 kHz relative to the plate
sensor signal. As before, to help clarify the FFT results, the curves were smoothed over 30
points. With the limitations already pointed out, the FFT results indicate an amplitude decrease
of about 11 dB of the WG sensor signal as compared to the plate sensor signal. This result com-
pares with the approximately 13-dB loss for the same source with the aluminum rod WG (see
Fig. 7(c)). As shown in Fig. 16, the WT results (calculated as described earlier) are very similar
for the plate and WG sensors, and this figure shows the dominance of the low-frequency portion
of the Ay mode.

To show more closely the differences between the WGs of the two different materials of the
same diameter (1.59 mm), the initial arrivals of the signals through the first few cycles of the Ay
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mode are compared in parts (a) and (b) of Fig. 17. For the aluminum and brass WGs, each part
of the figure shows the WG sensor signal stacked (by adjusting the vertical scales) with the plate
sensor signal. The arrows in part (b) show the regions of poor duplication of the brass WG sensor
signal compared to the plate sensor signal. Part (a) clearly shows that in these regions the dupli-
cation of the aluminum WG signal is much closer to that of the plate sensor signal.
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Fig. 17 Initial portions of the plate and waveguide sensor signals after the offset in time has been
removed for the out-of-plane pencil-lead-break source and a waveguide diameter of 1.59 mm.
Part (a) is for the aluminum waveguide and part (b) is for the brass waveguide.

Conclusions

The experiments presented here demonstrated that when a small 1.59-mm diameter
waveguide was used with a wideband conical, nearly-flat-with-frequency sensor, the waveguide
sensor can provide a wideband high-fidelity signal over the range of frequencies and Lamb
modes generated by pencil-lead breaks in a thin aluminum plate. Specifically, one can conclude:

e A 1.59-mm diameter aluminum WG transmits a reasonable copy of the out-of-plane dis-
placement that passes under the end of the waveguide coupled to the plate.

e The 1.59-mm diameter aluminum waveguide provides a better duplicate of the plate sen-
sor signal than a 3.18-mm diameter rod of the same material.

e The superiority of the 1.59-mm diameter aluminum rod waveguide is particularly appar-
ent at the beginning of the signal from the plate Ao mode and part way through the initial
portion of the signal from the plate Sy mode.

e The signal regions where the larger diameter aluminum rod waveguide sensor does the
poorest job of duplicating the plate sensor signal are those where higher frequencies are
present. These frequency regions of the rod Sy mode are those where the displacement
waves are traveling at slower velocities than the rod velocity.

e The experimental results with the 1.59-mm brass rod mirror those of the 3.18-mm alumi-
num rod in the degradation of certain frequency regions in the waveguide sensor signal.

e In all cases, the signal level out of the waveguide end-mounted sensor is reduced in com-
parison to that for the plate-mounted sensor.

246



e The WG signal reduction trends in signal level for the out-of-plane pencil-lead break
source are about 13 dB for the 1.59-mm aluminum waveguide, 5 dB for the 3.18-mm
aluminum waveguide, and 11 dB for the 1.59-mm brass waveguide.
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