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TWO SECURE PDF FILES: CARP and TEXAS DOT

The following two documents were provided by the courtesy of Professor Tim Fowler,
University of Texas. Both documents are working papers at this time and should be treated as “to
be copyrighted” materials. That is, these are not in the public domain. Since the CARP is
dormant at present, the CARP document publication is not imminent, while Texas DOT is
expected to complete its work soon. However, both will be valuable to AE workers and are
included here with security code. If interested, please send request for the security codes to the
Editor at ono@ucla.edu and the best possible accommodation will be attempted.

CARP, RECOMMENDED PRACTICE FOR ACOUSTIC EMISSION EVALUATION OF

FIBER REINFORCED PLASTIC (FRP) TANKS AND PRESSURE VESSELS, Draft I, October
1999.  (CARP.PDF)

TEXAS DEPARTMENT OF TRANSPORTATION, PROCEDURE FOR ACOUSTIC
EMISSION MONITORING OF PRESTRESSED CONCRETE GIRDERS, Draft B, May 2001.
(TEXAS.PDF)

AGU-VALLEN WAVELET

A free software, AGU-Vallen Wavelet  is online and can be downloaded as Zip-file. A password
is required to unpack the file, which can be requested from the same site.

http://www.vallen.de/wavelet

Text file of the site follows:

AGU-Vallen Wavelet

AGU-Vallen Wavelet is a tool which allows to calculate and display the wavelet transform
on individual waveforms. AGU-Vallen wavelet is free!! See below how to request it.

AGU-Vallen Wavelet has been developed in collaboration between Vallen-Systeme GmbH
and Aoyama Gakuin University (AGU), Tokyo, Japan. The AGU group has pioneered in the
research of wavelet analysis in the field of Acoustic Emission and Vallen has actively generated
software tools.
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About Wavelet Transformation
A wavelet transform (WT) of an AE signal provides information which wave modes carry

significant energy and where in a mode the energy as a function of frequency and time is to be
found. Thereby a WT can communicate very useful information. In the following diagram you
see an example for a waveform (top) and the corresponding wavelet transform (below). The
superposed curves show the result of a dispersion curve calculation (by Vallen Dispersion). The
wave modes are identified by arrows. [See figures at Vallen site. Ed.]

Contributors
AGU-Vallen Wavelet has been developed in collaboration between Vallen-Systeme GmbH

and with Aoyama Gakuin University (AGU), Tokyo, Japan. The AGU group has pioneered in
the research of wavelet analysis in the field of Acoustic Emission and Vallen has actively
generated software tools. The following is a list of persons, who have significantly contributed to
the AGU-Vallen Wavelet program:

Prof. Mikio Takemoto, Aoyama Gakuin University (AGU), Tokyo, Japan
Head of Materials Science Laboratory, Aoyama Gakuin University (AGU). Prof. Takemoto
has guided the development of the AGU-wavelet from the first stage. Together with Prof.

Ono (UCLA), Prof. Takemoto ignited the initial spark to start the development of AGU-
Vallen Wavelet project.

Prof. Kanji Ono, University of California (UCLA), Los Angeles, USA
Prof. Ono has participated in wavelet research at AGU and facilitated a contact between
AGU and Vallen. Prof. Ono is author of many AE and wavelet papers published or presented
at international conferences. See also the literature references at the end of this page.

Prof. Yasuhisa Hayashi*, Shizuoka University, Shizuoka, Japan
Dr. Hideo Cho*, Tohoku University, Sendai, Japan
Dr. Hiroaki Suzuki*, Chiyoda Co., Kawasaki, Japan
Tetsuo Kinjo**, Ishikawajima-Harima Heavy Industries Co. Ltd.

* Former assistants of Materials Science Laboratory in AGU.

** Graduate of Graduate School, AGU.
Prof. Hayashi, Dr. Suzuki and Mr. Kinjo created the initial AGU-wavelet software for
Acoustic Emission analysis. Prof. Hayashi and Dr. Cho demonstrated the usage of wavelet
transform for determining the group velocity of elastic waves.
Dr. Yoshihiro Mizutani, Aoyama Gakuin University (AGU), Tokyo, Japan
Assistant, Experimental Solid Mechanics Laboratory, AGU. Graduate of Materials Science
Laboratory in AGU.Dr. Mizutani completely upgraded the original AGU wavelet algorithm
for arbitrary frequency analysis. His algorithm is implemented in the AGU-Vallen Wavelet
program with kind permission of Dr. Mizutani and Prof. Takemoto.



viii

Prof. Marvin A. Hamstad, National Institute of Standards and Technology (NIST), Boulder, Co
USA and University of Denver, Co. USA
Prof. Hamstad is the very first scientific user of AGU-Vallen Wavelet. He accompanied the
development of the program and contributed data samples created by finite element
modelling (FEM) and an overview presentation about the use and value of wavelet

transformation. This presentation together with FEM samples is included in the distribution
of AGU-Vallen Wavelet with the kind permission of Prof. Hamstad and can be downloaded
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ABSTRACT

The interlaminar fracture behavior of unidirectional fiber-reinforced GF/Epoxy and
GF/Polyamide-12 laminates is evaluated by mode I, mode II and mixed-mode I/II fracture
mechanics tests combined with acoustic emission (AE) monitoring. New fracture criteria of the
micro-crack initiation point (INITlocAE) and the start of macroscopic delamination (INI-
PROPlocAE) propagating along the whole crack front are defined by means of time-dependent
linear location of AE sources. Furthermore, by AE examination, the length Dl  of the damage
zone around the delamination tip is determined. From the analysis of the frequency power
spectra of individual AE signals, matrix cracking and fiber/matrix debonding are identified as
micro-failure mechanisms and the energy contribution of these mechanisms in specific fracture
stages is calculated. The damage zone geometry is calculated by finite element (FE) modeling of
the elastic strain-energy distribution around the delamination tip using the critical strain-energy

cW . The critical strain-energy was determined experimentally with three-point bending tests by
means of AE monitoring. Results indicate that the micro-failure mechanisms are induced by the
delamination process itself as well as by compression of the flexure-loaded cantilevers. The
height of the damage zone is approximated by Dr2  ≈ Dl /10.

1. INTRODUCTION

According to the standard procedure [1], crack initiation is characterized by the onset of
visually recognizable delamination growth on the edge of the specimen (VIS-point) or by the
onset of non-linearity on the load-displacement curve (NL-point). However, the visual
determination of the initiation point and the NL-point is operator-dependent. Sometimes it is
difficult to find out the NL-point in the load-displacement curve. Besides, the NL-point is not
well defined from the fracture mechanics point of view. Another problem arises from friction
between the cantilever surfaces under mode II and mixed-mode I/II loading conditions, which
lead to an overestimation of the delamination toughness by use of standard methods. A
theoretical calculation of the fracture toughness on the basis of micro-mechanical dissipation
mechanisms requires information on which failure mechanisms are activated and on the size of
the damage zone [2, 3]. The AE monitoring is a powerful tool for evaluation and interpretation of
fracture stages by characterizing (a) the failure on a microscopic scale, (b) the mechanisms
involved and (c) the size of the damage zone. In this article, AE results from different
interlaminar fracture modes are discussed and a micro-mechanical interpretation of the damage
zone is presented.
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2. EXPERIMENTAL

Specimens and Materials

Double Cantilever Beam (DCB: mode I), End Notched Flexure (ENF: mode II) and Mixed-
Mode Bending (MMB: mixed-mode I/II) fracture mechanics tests on specimens with 120 mm
total length, 20 mm width, about 4 mm total thickness and initial delamination length a0 were
performed to measure the critical energy release rate under mode I, mode II and mixed-mode I/II
crack loading conditions. A load-introduction with a crosshead speed of 2 mm/min (DCB) and
0.5 mm/min (ENF and MMB) was used. Starter cracks were produced by double layers of Al-
foil insert with 20 µm total thickness. The delamination growth was observed visually with an
optical microscope on one edge of the specimen as well as by the located AE sources.

Unidirectional continuous reinforced glass-fiber/epoxy (GF/Epoxy) laminates (42% fiber
volume; 20-µm fiber diameter) were fabricated by using a hot press and wet impregnation
process. Glass-fiber/polyamide-12 (GF/PA-12) laminates (34% fiber volume; 20-µm fiber
diameter) were manufactured by special dry powder impregnation of tapes and following hot
press process [4].

Delamination Modes and AE Sensor Position

Figure 1 characterizes the loading conditions and the positions of the AE sensors at the
examined delamination modes. The vertical arrows show the loading points and directions, a is
the actual delamination length, Y is the thickness direction and X is the length direction of the
specimen, which also indicates the direction of crack growth and the position of located AE
events.

DCB test ENF test
Sensor 1 Sensor 2

    

Sensor 1 Sensor 2

MMB test
Sensor 1 Sensor 2

a x
Y

AE Instrumentation

A two-channel MISTRAS 2001 system (Phys
determination of AE events and AE sources in a line
AE signals were monitored by two wideband transdu
mm, preamplifiers (PAC 1220A) with 40 dB gain a
thresholds of 40 dBAE and a transient waveform recor
Fig. 1 Loading and sensor positions
at different delamination modes.
ical Acoustics Corp.) was used for the
ar-location setup during delamination tests.
cer (PAC WD) with a sensor spacing of 75
nd bandpass filters (20 to 1200kHz), fixed
ding with a sampling frequency of 4 MHz.
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3. RESULTS

Delamination Behavior and AE Characteristics

The AE examination characterizes microscopic and macroscopic aspects of the delamination.
Figure 2a shows the detected AE signals from a DCB fracture test. The characterization of the
damage zone length Dl  is realized by time-dependent linear location of AE sources around the
tip of the delamination (Fig. 2b and Fig. 3). The crack speed has been quantified from the slope.

      
(a)  (b)

DCB test (a0 = 40 mm)

Fig.2 (a) Delamination load (line) and AE signal energy (rel. units, points) and (b) time-
dependent position and size of the damage zone determined by location of AE sources with
amplitudes at the sensor ≥ 60 dBAE under mode I loading of GF/PA-12.

     

  (a) ENF test (a0 = 25 mm)   (b) MMB test (GI/GII = 4/1; a0 = 40 mm)

Fig.3  Time-dependent position and size of the damage zones (AE events with amplitudes at the
sensor ≥ 60 dBAE) under (a) mode II and (b) mixed-mode I/II loading of GF/PA-12.
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The analysis of AE signal parameter combined with a linear location of AE sources gives a
higher reliability that recorded signals are emitted really from the delamination process zone.
First AE events located near the delamination tip (X = a0) characterize the start of micro-crack
initiation (INITlocAE). AE location plots also show the movement of the damage zone. This can
be used for the determination of the initiation of macroscopic delamination (INI-PROPlocAE)
propagating along the whole crack front before the maximum load is reached. Fracture criteria
derived from location of AE sources reflect an improved definition of the stages of delamination
initiation and propagation than the visual criterion and the NL-point.

Calculation of the Interlaminar Fracture Toughness

If criteria derived from the AE event location are applied, the critical energy release rate
values, GIC, GIIC and GI/IIC given in Table 1 are calculated. These results are compared with GC
values from NL-points and stable delamination growth (PROP) according to the standard
methods [1].

Table 1: Interlaminar fracture toughness calculated from different fracture stages at mode I,
mode II and mixed-mode I/II loading conditions.

Composites -

Toughness

a0

mm

B

mm

INITlocAE *

J/m2

NL ***

J/m2

INI-PROPlocAE **

J/m2

PROP ***

J/m2

GF/EP       - GIC 40 20 28±4 195±20 388±70 379±53

GF/PA 12 - GIC

                 - GIIC

            - GI/IIC (4/1)

            - GI/IIC (1/1)

40

25

40

40

20

20

20

20

1028±84

160±36

450±20

510

3454±161

1700

1862

1228

4801±365

1512±62

2031±276

1251

5213±493

-

-

-

* Calculated with the Corrected Beam Theory from load-displacement point where first AE sources with
amplitudes at the sensor ≥ 60 dBAE are located near the delamination tip using a0 as delamination length.

** Calculated with the Corrected Beam Theory from that point where located AE sources (amplitudes at the
sensor ≥ 60 dBAE) indicate a propagation onset of the complete delamination tip using a0 as delamination
length.

*** Average values calculated with the Corrected Beam Theory using a0 as delamination length for NL-point and
actual delamination length for PROP values.

The initiation values GC(INITlocAE) calculated from AE results agree with the theoretically
expected tendency: GIC > GI/IIC > GIIC. In contrast to NL-points or PROP values according to
standard methods, the AE evaluation is based on the delamination initiation on a microscopic
level where the friction between the cantilever surfaces is low and hence, the fracture toughness
results are not falsified by the friction energies. Besides, it is not possible to determine a
GC(PROP) by the standard methods under mode II and mixed-mode I/II in consequence of the
flexure load introduced in front of the delamination tip. However, the GC(INI-PROPlocAE) values
based on the AE analysis is able to characterize the beginning of the macroscopic crack
propagation under these delamination modes. Table 1 shows that the GC(NL) values are lower
than the GC(INI-PROPlocAE) values. A reason for this phenomenon is damages around the
delamination crack surface and in the compression zones of the flexure-loaded cantilevers (X <
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a0 in Fig. 2b and Fig. 3b), which yields a non-linear load-displacement curve without
delamination propagation. Additional damage is detected at the upper load point (X ≈ 62.5 mm)
during ENF tests (Fig. 3a).

Fig. 4.  Averaged AE power spectra of matrix cracking (top) and fiber breakage (bottom) in
single fiber CF/Epoxy.
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Identification of AE Source Mechanisms

A micro-mechanical fracture model was developed to approximate the contribution of matrix
and interface mechanisms to the interlaminar fracture energy. A correlation of the AE energy
rate with the delamination energy release rate was found [2, 3].

By means of model specimens, we stimulated different AE source mechanisms.
Characteristic relaxation frequencies in the ranges between 100 to 350 kHz (matrix cracking) and
350 to 700 kHz (fiber break) are good candidates for distinguishing the mechanisms by a power
spectrum analysis of the AE waveforms (Fig. 4).

For the assignment of AE waves to single failure mechanisms a 70%-power criterion was
applied. It is assumed that matrix cracks have at least 70% of the signal power in the 100 to 350
kHz and fiber break in the 350 to 700 kHz frequency interval. All signals in-between are
expected to be released from fiber/matrix debonding processes. The procedure of selection and
classification of AE signals is described elsewhere [5]. AE signals from micro-cracks at the
initiation of delamination process belongs to matrix cracking (Fig. 5). Fiber/matrix debonding is
detected if the whole delamination front propagates.
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Fig. 5 Accumulated AE power from specific micro-failure mechanisms in GF/PA-12 under
different delamination modes. (a) DCB; (b) ENF; (c) MMB.

The results in Fig. 5 show that fracture modes with components of shear failure (mode II and
mixed-mode I/II) reduce the AE power absolutely but cause relatively higher interfacial energies.
The power from fiber breakage is negligible in all cases.

Micro-Mechanical Interpretation of the Damage Zone Geometry

From the stress intensity concept of linear-elastic fracture mechanics, equation (1) calculates
the size Dr2  of damage zones as:

2(int)
)(

)(
22

c

cIci
D

EG
r

σ
β= (1)

with mode I delamination energy IcG , Young's modulus cE of the composite and a material

specific factor ß . The critical stress (int)
cσ  for initiation of fiber/matrix debonding depends on

the interface adhesion and has been quantified by AE examination [3].

By FE modeling the elastic strain-energy distribution around the delamination tip was
calculated (Fig. 6).  In Fig. 6 (only one cantilever is shown), two density maxima are observed.
One is near the crack surface around the delamination tip and the other one is in the opposite
compressive zone of the flexure-loaded cantilever.

From three-point bending tests combined with AE measurements (Fig. 7) the critical strain-
energy density cW  for initiation of damages by equation (2) was determined:

f

c
c E

W
2

2σ
= (2)

with flexure modulus fE and critical stress cσ  in the tensile zone of flexure-loaded specimens

where AE signals with defined amplitudes are detected.
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Fig. 6 Results of FE calculation of the elastic strain-energy density distribution for stable mode I
delamination propagation of GF/PA-12.

This bending test simulates the damage behavior resulting from the flexure of cantilever
during the DCB fracture test. The critical strain-energy density for damage initiation results from
the critical stress in the tensile zone of the deflected specimen where AE signals with defined
amplitude threshold are detected. Normally, the damage starts where the load is introduced and
the strain in the tensile zone reaches a maximum. Damages occur within areas where the
calculated strain-energy density is higher than the critical value cW . By this value mode I
fracture damage zones around the delamination tip and in the compression areas of the
cantilevers were estimated (Fig. 8).

The height of the damage zone is approximated by 10/2 DDD lhr ≈=  from the contour of the
delamination tip zone. As above discussed, matrix cracking and fiber/matrix debonding
processes define the geometry of the damage zones.
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Fig. 7 Time-dependent location of AE sources during 3-point bending tests.
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ABSTRACT

We studied the dynamics of unstable fracture and crazing in PMMA plates by using the
source simulation analysis of Lamb wave AE. Speed of unstable crack propagation estimated by
the waveform simulation agreed well with those measured by the surface film method (SFM) for
cracks below 3 mm.  Crack volume and source rise time of an unstable crack jump were 4.3 x
10-10 m3 and 16 µs for 3 mm long crack. For monitoring AE from crazing, other AE systems with
higher amplification were used.  Craze expansion volume of mechanical craze under a constant
extension test is estimated as 1.5 to 4.6 x 10-16 m3, and 1000 times smaller than those of unstable
crack jump. Expansion volume and source rise time of environmental craze by acetone are
estimated as 1.9 to 4.5 x 10-16 m3 and 0.21 to 0.35 µs. Crazes in stressed PMMA plates induced
by 50 vol.% methanol have the expansion volume of 7 x 10-17 to 2.3 x 10-16 m3 and rise time of
0.3 to 0.6 µs. The present results represent the first determination of craze microdynamics.

1. INTRODUCTION

Fracture dynamics of polymethyl-methacrylate (PMMA) have been extensively studied by
using laser holography and shear-wave modulation methods [1]. Crack velocity is reported to be
independent of molecular weight, specimen shape and test temperatures (-50 to 40˚ C) and
loading speed. Takahashi [2] reported that the crack propagation speed abruptly changes from a
few tenths m/s to several hundred m/s. Real time monitoring of crack velocity by AE monitoring
is generally difficult due to fast alternation of small metastable cracking to large-scale unstable
cracking.  The main goal of our research is to quantify the propagation velocity of unstable
cracks by AE. The crack velocity estimated by the waveform simulation of Lamb So-packet was
compared with those measured by the surface-film method (SFM) [3].  For this purpose, we used
a special specimen with a crack-arresting hole in front of single notch. The crack propagation
distance was controlled by the holes.

Amorphous thermoplastics like PMMA tend to suffer crazing prior to unstable cracking. AE
monitoring of craze generation is particularly important for the integrity evaluation of plastic
containers [4-6]. AE has been correlated to cracking and to splitting of spherulites [7,8].
However, no clear evidence of AE from crazing of PMMA has been reported. AE due to crazing
is weak, and could not be monitored simultaneously by an AE system suitable for crack
detection. With higher amplification, we succeeded in monitoring weak AE from crazing and
analyzed it with the source simulation analysis method of detected Lamb waves. We examined
both mechanical and environmental crazing.
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2. EXPERIMETAL METHOD

Figure 1 shows a specimen and AE monitoring method.  A PMMA plate (3 mm thick, 40 mm
wide and 160 mm long) with a single notch and a through-wall hole was loaded in tension.  The
hole was machined at 1, 3 or 8 mm from the notch tip and stops the crack propagation. On the
surface, aluminum film was vapor-deposited over 10-mm width on one side of the specimen as a
crack gage. Resistance change caused by the film fracture indicating crack propagation was
measured by using Wheatstone bridge (WS) circuit. The output of the WS bridge was digitized
by digitizer A.  We used two independent AE monitoring systems. One consists of two resonant-
type AE sensors (channel 1 and 2, PAC Type PICO) and an A/D converter (digitizer B). This
system is called System B and has no preamplifier. It was used to monitor strong AE signals
from unstable cracks.  System C uses two PICO sensors, 40-dB preamplifiers and digitizer C.
System C monitors weak AE signals from crazing. Digitizer A operates at 1-µs sampling interval
with 4096 points at 10-bit resolution. Digitizers B and C work at 50-ns interval with 1024 points
at 10 bit. All AE signals and resistance changes were synchronized by digitizer A and fed to a
work station.

3. RESULTS AND DISCUSSION

Unstable Crack

We first show experimental results of 3-mm long unstable crack. Figure 2(A) shows the load
vs. displacement curve with AE timing. We recorded five weak AE events (event count or EC 1
to 5) by System C prior to a pop-in at 0.4 kN, and a strong AE signal (EC 6) recorded by System
B. A sudden resistance change was also observed upon the pop-in (see (B)). Resistance increased
with a rise time of 77 µs and decreased afterward due to closing of the fractured aluminum film.
Crack propagation velocity is estimated from the resistance change as 125 m/s.  AE waveforms
shown in Fig. 2(C) to (E) represent typical Lamb wave features, with first arrival P-wave and
trailing So- and Ao-mode components. Note that the amplitude of EC 1 - 5 are as low as 5 µV (at
preamplifier input), while that of EC 6 by an unstable crack reaches 1 V without amplification.
The So- and Ao-components of EC 6 are also stretched in time, compared to weak events,
probably due to slow source rise time.

We next estimated the source dynamics of these waves by the waveform simulation analysis
of P- and So-components. As shown in Fig. 3, we used a PZT element to determine the overall
transfer function of the system (Fig. 3(c)). The displacement of the element was directly
measured by a heterodyne laser interferometer. The procedure used the time-domain
deconvolution of the detected wave (a) with the source function (b), which was simplified from
the measured. The crack dynamics (crack opening volume change, approximated by a sine4 step-
wise function with effective rise time ∆Tr*) were estimated by iteration so that the first portion
of computed waveform best matches the detected one. Shown in Fig. 4 are the examples of
waveform simulation for EC 2 and 6. Source parameters for EC 2 were estimated as ∆Tr* = 0.21
µs and ∆V = 4.8 x 10-15 m3, and those for EC 6, 13.3 µs and 4.3 x 10-10 m3. Both the rise time and
crack volume of EC 2 are far smaller than those of EC 6. Other weak AE signals monitored for 1
and 8 mm long crack specimens showed ∆Tr* of 0.2 - 0.35 µs and ∆V of 1.5 - 4.8 x 10-15 m3.
Smaller expansion volume, generally 104-105 times smaller than that of EC 6, suggests that
crazing produced these weak AE events. Small cracks are also possible sources, but these appear
unlikely as will be discussed later.   
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Fig. 1 Experimental setup of tensile testing. WS indicates Wheatstone bridge.
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Fig. 2 (A) Load vs. displacement curve with AE timing indicated by arrowhead. (B) Crack gage
output. (C-E) AE signals for event count (E.C.) 4 to 6. Start of wave components P, So, Ao

shown.

Table 1 Summary of fracture dynamics results.
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Fig. 3 Simulation of Lamb waves from Mode-I fracture using a PZT element and back-up mass.

Table 1 compares ∆Tr* estimated by the waveform simulation method and SFM for large
crack jump from 1 to 8 mm. ∆Tr* (and the propagation velocity of the unstable crack) agreed
fairly well with SFM for shorter cracks below 3 mm, but showed a large difference for 8-mm
crack. This arises from the following: Fractographic observation revealed multiple cracks for 8-
mm crack. As AE system detected only one AE signal during the pop-in while the SFM
measured the resistance change of the entire jump.

AE from Environmental Crazing under Constant Extension Rate Test

In order to identify whether the weak AE monitored before the unstable crack jump are from
crazing or micro-cracks, we recorded AE from environmental crazing by using different AE
systems. Figure 5 shows the setup for craze monitoring. Specimen is the same as that of Fig. 1
without the surface film and crack-arresting hole. We monitored the radiation pattern of So-
amplitudes by using 7 PICO sensors mounted on a semi-circle of 30-mm radius. Outputs of the
sensors were amplified by 40 dB and fed to a digitizer/work station. We also monitored changes
in the transparency of PMMA by using a laser detection system. A He-Ne laser beam passing at
the crack tip was continuously monitored by a photo-diode.   



16

Fig. 4 Comparison of detected AE and simulated waveforms with less oscillations. Left: EC 2;
right: EC 6. Note that initial 6 to 12 µs of the waveforms match well.

Figure 6 shows the load–displacement curve with AE timing.  A small amount of acetone
was injected into the crack tip at load of 0.4, 0.55 and 0.61 kN. At about 1 s after the first acetone
injection at 0.4 kN, the photodiode detected a sudden decrease in the transmitted light intensity
over a period of 4.7 µs. We visually observed radially spreading lines, and color change at the
notch tip. Since no crack was observed until the second acetone injection, AE events monitored
at loads below 0.55 kN are believed to be produced by environmental crazing. Upon the second
acetone injection at 0.55 kN, fine cracks with small opening were also observed as clear white
lines. Figure 7 shows the surface photograph around the notch tip after the test. This damage
pattern is quite different from single unstable crack jump observed during mechanical loading in
air. Twenty-two weak AE events were monitored below 0.7 kN, but no unstable crack was
visible.

Both the kinetics and kinematics of craze were analyzed by the waveform simulation and
radiation pattern analysis. Craze normal n and opening vector b were determined by the method
proposed by Sato et al. [9]. Figure 8 show the profile of first peak amplitude of So-mode and two
typical waveforms (EC 1 and 4). Radiation profile of EC 1, observed at 0.3 kN before any
acetone injection, suggests crack-opening (Mode-I) type fracture with n and b in the loading (Y-)
direction. The craze volume is estimated as 4.5 x 10-16 m3 and ∆Tr* is estimated as 0.33 µs. This
opening volume is smaller than any we have observed. ∆V and ∆Tr* of EC 4 are calculated as
1.9 x 10-15 m3 and 0.33 µs, respectively. The EC 4 results, observed upon the first acetone
injection, suggest a slant craze with b in the direction of 40˚ to the loading axis. This kinematics
can explain the crazes spreading in radial directions. Among the first 13 events, 80 percent of the
events showed Mode-I type opening. AE from crazing appears to be produced by the rapid
formation of fibril in the direction of maximum principal stress. Relatively large amplitude of the
So-mode wave in Fig. 8, in spite of extremely small source volume, appears to be due to fast
source rise time.  These craze events are surprisingly fast and their ∆Tr* values are comparable
to carbon- or glass-fiber fracture.
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Fig. 9 Source location of Lamb wave monitored by Type B SCC test.

Fig. 10 Intergranular SCC by Type B (increasing-stress) SCC test with numerous secondary IG-
cracks.  A marker for 10 µm is shown at bottom right.
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Table 1 summarizes the results of selected SCC tests among 28 runs, including those by
Type-A test. No AE was detected for TG-SCC but a large number of AE events for IG-SCC are
evident. Because most chloride-SCC in process plants are associated with IG-cracking, AE can
be a useful monitoring method of SCC. Disputable conclusion on AE by APC-SCC has long
precluded the application of AE to SCC monitoring, but the present work demonstrates beyond
doubt that AE can monitor the IG- SCC.  Next we studied the fracture dynamics of IG-SCC by
the same method used in the previous section. Shown in Fig. 11 are the examples of AE events
monitored. So-waves are generally weak, indicating grain size fracture near the surface. Analysis
was applied to AE signals (11 events) with sufficient amplitude. Typical waveform simulation
results are shown in Fig. 12. Source parameters are shown in Fig. 13. Estimated source rise time
varied widely from 0.17 to 1.0 µs, and the crack volume was estimated in the range from 2x10-16

to 1.4 x10-15 m3.

Source mechanisms of these SCC are not well understood at present. No AE produced from
TG-SCC suggests that SCC silently advances by the anodic dissolution of metal along active
paths in the grain. AEs from IG-SCC may be due to the hydrogen-assisted cracking or proton-
induced grain boundary de-cohesion. The fact that IG-SCC is caused by neutral fluoride ions [7]
suggests the grain boundary de-cohesion by specific anions. More research, using AE system
with fast data acquisition, on SCC under various environmental conditions of sensitized steel is
needed.

4. CONCLUSIONS

We monitored and analyzed Lamb–wave AEs from chloride-SCC of austenitic stainless
steel (AISI 304) by using two SCC test methods. Results are summarized below:
1) SCC of sensitized or non-sensitized AISI304 steels in 35% MgCl2 at 98˚C under decreasing-

stress tests produced transgranular SCC. No AE signal was detected for this TG-SCC.
2) Dead loading (increasing-stress type) SCC test of sensitized steel under heat flux, in 38 mass

% MgCl2 at 95˚C, produced IG-SCC. Many AE signals were monitored during the initiation
and propagation of IG-SCC.

3 )  Source simulation of So-Lamb AE events, monitored during IG-SCC, revealed fast,
discontinuous fracture with rise time of 0.17 to 1.0 µs over an individual grain.

4) AE can be used for the detection of IG-SCC initiation and progression.
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Fig. 11 Lamb wave detected by PICO sensor during Type B (increasing-stress) SCC test.

Fig. 12 Overlapping of simulated S0-packet on the lamb waves detected during Type B SCC test.
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Fig. 13 Source parameters of Mode-I fracture during Type B SCC test.
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ABSTRACT

Based on the quantitative modal analysis of cylinder waves, we developed new source
location and fracture dynamics analysis methods.  Source location along the tube axis was
identified by using the arrival time differences of L- and F-modes at a selected frequency.
Wavelet transform was utilized for effective determination of wave mode and frequency to be
used.  Source locations were identified within maximum error of 6% for propagating distance
from 100 mm to 3000 mm for 5 mm diameter aluminum tube.  Next we analyzed AE signals
from ammonia-SCC of 5-mm brass tube exposed to Mattsson’s solution.  Source locations were
determined, by using L(0,1) and F(2,1) modes, and the results agreed with actual position of
SCC.  Fracture dynamics of SCC, estimated by the L(0,1) mode waveform simulation, indicated
an association of fast grain boundary fracture in ammonia-SCC of brass.

1. INTRODUCTION

Quantitative analysis of cylinder-wave acoustic emission (AE) is important for monitoring
the local damage such as stress corrosion cracking (SCC), fretting, denting and pitting corrosion
in heat exchanger tube and buried pipeline.  AE signals in a hollow cylinder are propagated as
multi-mode cylinder (cylindrical) waves. Quantitative analysis of cylinder wave poses much
difficulty due to complex circumferential modes.  Theoretical background of the cylinder wave
was first provided by Gazis [1], who showed three modes; longitudinal (L-), flexural (F-) and
torsional (T-) modes. Fitch [2] generated L- and F-modes by using annular transducers and
verified the validity of Gazis's theory.  Alleyne and Cawley [3] utilized certain modes of the
cylinder wave in nondestructive testing application for chemical plant piping.  They reported that
the cylinder waves can propagate several tens of meters in a 76 mm steel pipe.  Rose et al [4]
analyzed attenuation of cylinder wave due to energy leakage into liquid.  We recently proposed a
new source location method in small size tube (5 mm diameter and 1 mm thickness aluminum
pipe) by using the group velocity difference between L(0,1) and F(1,1) modes [5].

In this paper, we examined AE signals produced as cylinder waves by ammonia-SCC of
brass tube.  Source location and fracture dynamics were analyzed by using modal analysis and
waveform simulation method, respectively.  First, we briefly introduce quantitative analysis of
the cylinder waves and the source location method of AE signals monitored by a single AE
sensor.  Source location accuracy was studied for laser generated AE signals in 5 mm diameter
aluminum tubes.  Both the location and fracture dynamics were analyzed for SCC-produced AE
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signal.  The source dynamics were estimated by unique waveform simulation of L(0,1) mode
cylinder wave monitored by a single AE sensor.

2. SOURCE LOCATION OF CYLINDER WAVE AE

We computed the group velocity dispersion of cylinder waves based on the characteristic
equation of a 6 x 6 matrix form [1].  Vibration mode of the cylinder wave is classified into three;
L(0,m), F(n,m) and T(n,m) with vibration mode parameters (n,m) in the circumferential direction
n and radial (thickness) direction m.  However, we do not discuss the T-modes in this paper,
because their vibration is limited in-plane and can not be monitored by a conventional AE sensor
or a laser interferometer.  L-mode is axially symmetric mode (n=0) and exists as L(0,m).  Figure
1 shows group velocity dispersions of L- and F-modes for an aluminum pipe of diameter: d = 5
mm and thickness: t = 1 mm or t/d = 1/5.  Velocity dispersions of A0- and S0-mode Lamb waves
for 1 mm thick aluminum plate are also shown.  It is noted that the shape of the dispersion curves
is identical for constant t/d.  Therefore, the horizontal axis is normalized by the product of
frequency (f in kHz) and wall thickness (t in mm).  This behavior is the same as that of Lamb
wave dispersion curve.

Fig. 1 Group velocity dispersion of aluminum tube with diameter 5 mm and thickness 1 mm,
t/d = 1/5.
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We determined the source location of AE signal monitored by a single AE sensor mounted
on tube end, by using the velocity difference of the two wave modes at a selected frequency.
Though different wave modes and frequency can be used depending on both the tube dimension
and acoustic properties, we here show the method with the use of the L(0,1) and F(1,1) modes.
As shown in Fig.1, there exists a large group velocity difference at frequency fm (180 kHz for 5
mm aluminum tube).  Utilizing the group velocities VL(0,1) of L(0,1) mode and VF(1,1) of F(1,1)
mode, the source location along the z axis (z being the axial distance from the end sensor) is
given by equation (1),

z = {(VL(0,1) VF(1,1))/(VL(0,1) – VF(1,1))} ∆t. (1)

∆t designates the arrival time difference between L(0,1) and F(1,1) modes at the frequency fm.
This is obtained from the wavelet contour map of a detected signal.

Fig. 2 Setup for cylinder-wave AE monitoring.

 Experimental group velocity dispersion derived from wavelet contour maps of the detected
signal guide us in selecting the wave mode and frequency. For a larger diameter tube (16 mm),
we used the group velocities of L(0,2) mode and F(1,2), as reported elsewhere [5]. For 5 mm
diameter brass tube, as will be discussed later, we use group velocities of L(0,1) and F(2,1)
modes at fm = 190 kHz. Location accuracy of the proposed method was studied using artificial
sources.  As shown in Fig. 2, we excited cylinder-wave by ablation due to pulse-YAG laser beam
on the distal plane and monitored by a small resonant type AE sensor (PAC, PICO, nominal
center frequency 450 kHz) mounted at 100, 200, 300, 400, 500, 1000, 2000 and 3000 mm from
the tube end.  Figure 3 show the waveform of a cylinder- wave signal (a) for 5 mm tube
(t/d=1/5). The group velocity dispersion curves are given in (b), derived from wavelet contour
map. Group velocity in the vertical axis was calculated from wavelet peak at each frequency by
the time-of-flight method, and shown in logarithmic scale. Theoretical velocity dispersion curves
of L(0,1), L(0,2), F(1,1) and F(1,2) are shown in (b) by solid lines.  For this tube, we used arrival
time difference of L(0,1) and F(1,1) at 180 kHz.  Time transient of wavelet coefficient at 180
kHz is shown in (c) as a function of z. The first wavelet peak corresponds to the L(0,1) mode and
and the second peak the F(1,1).  Using the time difference ∆t between the two peaks and
theoretical group velocities of VL(0,1) (4749m/s) and VF(1,1) (2490m/s) at 180 kHz, location is
determined as shown in Table 1.
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Fig. 3 Waveform (a), group velocity dispersion (b) and time-transient of wavelet coefficient at
180kHz (c).

Table 1 Error of source location.

Large error for z =100 mm is due to the difficulty in separating the L(0,1) and F(1,1) modes.
Source location errors for z =200 to 500 mm were less than 3.4 % and 5.9 % for z=1000 to 3000
mm.  These errors are small enough for the source location of AE signal. Source location is
possible for longer distances as long as the cylinder wave is detected.  
 

3. ANALYSIS OF AE SIGNALS PRODUCED BY STRESS CORROSION CRACKING

Stress corrosion cracking (SCC) of brass by ammonia is an old and still continuing problem
in cartridge cases, heat exchangers, condensers and automobile radiators.  Ammonia is produced
from ammunition (powder smoke) and decomposition of microorganism.  Radiator tubes of
sanitary car suffers ammonia–SCC twice every year when it is not periodically cleaned.
Mattsson’s solution (NH4OH+(NH4)2SO4+ CuSO4, pH = 7.2, specified in NACE G37-73)
stimulates the ammonia-SCC of brass at ambient temperature.  This SCC occurs at extremely
low tensile stresses below 40 MPa, and has been known to be an active path corrosion (APC)
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(APC) type SCC [6 - 8].  It has not been ascertained whether AE is produced by ammonia–SCC,
but we detected numerous AE signals.

Fig. 4  Setup for AE monitoring during ammonia-SCC of brass tube.

Fig. 5  Cumulative AE events detected during ammonia-SCC test..

Figure.4 shows experimental setup for AE detection from ammonia-SCC. Mattsson’s
solution was brought in contact to the outer surface of 5 mm diameter and 1 mm thick brass tube
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using a cotton wick of 20 mm width.  A PICO sensor was mounted on one end at 200 mm from
the center of the wick. Output of the AE sensor was amplified by 40 dB and digitized at 40 ns
sampling interval with 4096 points at 8 bit resolution, and fed to a work station.  Figure 5 shows
cumulative AE counts.  Open cracks and many fine cracks were observed underneath the cotton
wick, at position z = 200-210 mm (Fig. 6).  We detected 113 events during 46-ks (13-hr) test at
90 MPa.  Most of them are weak signals and only 22 events with sufficient L(0,1) amplitude,
monitored at later times, were subjected to the source location analysis.

Fig. 6  IG-SCC of brass exposed to Mattsson’s solution.(a)surface crack by optical and (b) fracture surface
by SEM.

Figure 7 shows two AE signals (Event Count 66 and 70) and their time transient of wavelet
coefficient at 190 kHz.  Waveform shows the characteristic features of cylinder waves, with first
arriving weak L-mode and trailing strong F-modes.  Difficulty in cylinder wave AE monitoring
is a large amplitude difference between L- and F-modes.  We must detect entire waves of L- and
F-modes over longer time period for source location using the slow sampling interval.  This
requirement is, however, as discussed later, contradictory to that for waveform simulation.

Group velocity dispersions of these two waves are shown in Fig. 8 with theoretical dispersion
curves of L(0,1) and F(2,1) modes.  Gray scale is shown in logarithmic scale to cover the entire
intensity range.  L(0,1) mode at low frequency is weak but F(2,1) mode is strong, indicating
weak generation efficiency of F(1,1) mode.  The contour map indicates the usage of L(0,1) and
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Fig. 7  Waveform (the upper) and wavelet coefficient at 190 kHz of AE signals, produced by ammonia-
SCC of brass tube.

Fig. 8  Group velocity dispersion of cylinder wave AE produced by ammonia-SCC of brass tube.
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F(2,1) mode velocities at the frequency of 190 kHz for the source location. The group velocity of
L(0,1) and F(2,1) modes were calculated as 3935 m/s and 1320 m/s, respectively.  Estimated
source locations were distributed at 195 ±6 mm from the sensor position and very close to the
actual position of SCC. Ammonia-SCC was intergranular (IG) type per SEM observation (see
Fig. 6(b)). This indicates that the ammonia-SCC, typical APC-IG-SCC, does produce acoustic
emission, as in the case of APC-IG-SCC of austenitic stainless steel by chloride ions [9].

Next we estimated the fracture dynamics of SCC by waveform simulation of first arriving
L(0,1) mode wave.  Here, the waveform simulation must be done to the L(0,1) mode, which
shows uniform out-of-plane displacement (or velocity component of displacement) over the
entire surface of the tube. We determined the overall transfer function for L(0,1) mode
experimentally by using the same method for Lamb wave.  As shown in Fig. 9, we excited L(0,1)
mode wave by an expansion of small compression mode PZT element (1 x 1 x 2 mm).  Out-of-
plane displacement of the element was measured by a laser interferometer and converted to the
volume opening; see Fig. 9(b).  The overall transfer function, Fig. 9(c), was obtained by the
time-domain Gauss-Zeidel deconvolution of the wave (a) with (b).  The source parameters;
effective rise time ∆Tr* and crack volume ∆V, with its time dependence approximated by a 4th

power sine step-wise function, were obtained by waveform matching of the first portion of the
L(0,1) mode. Detected (EC 79) and simulated waveforms are compared in Fig. 10. Here, the
third and fourth peaks are matched.  ∆Tr* and ∆V are estimated as 0.32 µs and 2.7x 10-15 m3,
respectively.

Fig. 9  Experimental setup for monitoring cylinder wave due to Mode-I fracture and procedure for preparing
the over-all transfer function for the cylinder wave.
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Fig. 10  Comparison of waveform detected (A) and simulated (B).

We must detect the first weak waveform of L(0,1) for the source dynamic analysis using
short sampling interval and large amplification.  This requirement is contradictory to those for
source location (long sampling interval and low amplification).  Usage of two AE systems
satisfies these requirements and is needed for further research.

4. CONCLUSION

Based on the quantitative modal analysis of cylinder wave, we proposed a new source
location method of AE signal monitored by a single AE sensor. We analyzed the AE signal
produced by ammonia-SCC of brass tube.  Results are summarized below;
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1)  Source location in the axial direction was obtained by using the arrival time difference
between the L- and F-modes, and the theoretical group velocities at selected frequency. Wave
modes and frequency are chosen using the wavelet transform of AE signal detected.
Location accuracy of artificial sources for 5 mm diameter pipe was less than 5.9 % for 100 to
3000 mm distance.

2) The source location method developed was applied to AE signals produced by ammonia-
SCC of 5 mm diameter brass tube. Estimated AE location agreed well with the location of
SCC.  Source dynamics were estimated by the waveform simulation of the first arriving
L(0,1) mode, and suggested grain boundary fractures with fast source rise time.

3) Due to large amplitude difference of L- and F-mode and different sampling conditions, two
independent AE systems, one with long sampling interval and low amplification and other
with fast sampling interval at large amplification, are needed for both analyses.
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ABSTRACT

Acoustic emission (AE) measurements were performed on a 304 austenitic stainless steel
during cooling to investigate pre-martensitic transformation phenomena of α’-martensitic
transformation.  Low amplitude AE signals were observed sporadically in the temperature range
from 225 to 209 K, above Ms

b (=208 K) (M s
b is the temperature, at which burst-like

transformation starts, in this study).  However, no visible martensites were observed above 212
K in optical microscopy observation.  In contrast, low amplitude AE signals were measured only
in the temperature range from 212 K to Ms

b temperature in the specimen which had been cooled
down to 212 K before the AE measurement.  In this temperature range, the formation of fine α’-
martensite particles was confirmed in our previous study.  Therefore, the source of low
amplitude AE is supposed to be the formation of fine α’-martensites. AE technique is a
promising method to investigate the kinetics of the pre-martensitic transformation phenomenon
in this alloy.

1. INTRODUCTION

Martensitic transformation is a diffusionless transformation, which is achieved by
cooperative and shear-like movements of atoms, and by a nucleation and growth [1]. It has been
well known that burst-like transformation of austenite (f.c.c.) into α’-martensite (b.c.c.) is caused
by simple cooling or plastic deformation in austenitic stainless steels. The formation of α’-
martensite is accompanied by a large volume dilatation due to the Bain distortion. In addition,
the transformation propagates at a speed of shear waves in the material and the formation of a
lath or a plate α’-martensite is completed within about 10-8~10-7 seconds [2]. Therefore, acoustic
emission (AE) waves are generated during the transformation.  AE waves include information of
dynamic properties of martensitic transformation. AE technique is, thus, one of the most
promising methods to examine dynamic properties of such an extremely fast phenomenon, and
has been used to determine Ms

b (Ms
b  is defined as the temperature at which spontaneous burst-

like martensitic transformation occurs, in this study) and to investigate kinetics or dynamics of
the transformation [2-4]. In these previous studies, it has been reported that relatively low
amplitude AE signals were observed sporadically before the burst-like martensitic transformation
during cooling in Fe-Cr-Ni [2], Fe-Pt [3], Ti-Ni-Fe [4] alloys. These low amplitude AE signals
have been considered to be related to the pre-transformation phenomena and/or the nucleation
process of burst-like martensitic transformation [3]. The pre-transformation phenomena are
considered to be essential to understand the nucleation mechanisms of martensitic
transformation, however the nucleation process of α’-martensite has not been investigated
experimentally yet. In our previous study, low amplitude AE signals were also detected
sporadically just above the Ms

b, and are deduced to be related to a pre-martensitic transformation
phenomenon and/or the nucleation of the burst-like α’-martensitic transformation in a 304
austenitic stainless steel [5]. However, the source of the low amplitude AE signals have not yet
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been clarified either in this alloy. The objective of the present study is to investigate the source of
low amplitude AE signals which are observed above Ms

b in a 304 austenitic stainless steel.

2. EXPERIMENTAL PROCEDURE

The material used in this study was a hot-rolled 304-type austenitic stainless steel (Fe-18Cr-
8Ni) rod, which is commercially available. Two pieces of disc-shaped specimens, with
dimensions of 15 mm in diameter and 2 mm in thickness, were cut by a wheel cutter. The
specimens were electropolished to remove the deformed layer which may be introduced during
cutting, and then electro-etched using an oxalic acid solution. Microscopic observation was
performed using a scanning laser microscope with resolution of less than 1 µm. One of the disk-
shaped specimens was used without any pre-cryogenic treatment before the AE measurement. A
pre-cryogenic treatment was performed on the other specimen at 212 K to observe the change in
the frequency of the occurrence of low amplitude AE above this temperature (As mentioned in
below, the temperature of 212 K is above Ms

b of this specimen). Hereafter, these specimens are
termed “non-treated specimen” and “pre-cooled specimen”, respectively.

   AE measurements were carried out during cooling. A disc-shaped specimen was attached to
the bottom of the wave-guide using vacuum grease. The wave-guide, which was made of an
austenitic stainless steel, had been immersed in liquid nitrogen for 6 hours to avoid martensitic
transformation during the measurements. The specimen was then cooled down from room
temperature (~ 298 K) to 200 K with a cooling rate of approximately 1 K/min. The temperature
of the specimen surface was measured using a Cu-Cu constantan thermocouple which was spot-
welded onto the specimen surface.  The AE transducer used was a piezoelectric (PZT) 140 kHz-
resonant type. The detected AE signals were amplified by a pre-amplifier (NF-9917) and a main-
amplifier (NF-AE922) with a total amplification of 80 dB, and analyzed by an AE analyzer (NF-
AE932). The threshold level was set at 100 µV at the output of the transducer. Root mean
squared (RMS) voltage of AE signals and total AE event counts were plotted as a function of
specimen surface temperature.

Fig. 1: Scanning laser microscope image of the specimen before the AE measurement.
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Fig. 2: (a) AE-RMS voltage during cooling of 304-type stainless steel (non-treated); (b) Total
AE event count and event-rate of 2(a) as a function of temperature;

Fig. 2: (c) α-martensite plates observed in the non-treated specimen after the AE measurement
(inside the ellipse, along 2 o’clock direction).

3. RESULTS AND DISCUSSION

Figure 1 shows the initial microstructure of the specimen. The specimen is fully austenite and
no deformation-induced martensites are observed. Figure 2(a) shows AE-RMS voltage of the
non-treated specimen during cooling and Fig. 2(b) shows the AE event rate and the total AE
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event counts as a function of temperature. No AE signals were detected above 226 K during
cooling.  Burst AE-signals were started to be detected at 208 K and some plate-like α’-
martensites were observed on the surface of the specimen after this AE measurement as shown in
Fig. 2(c). According to Takashima et al. [6], the burst-like formation of α’-martensites generates
burst-like AE-signals. Thus, the Ms

b of the non-treated specimen was determined to be 208 K.
Low amplitude AE signals were detected sporadically in the temperature range of 226~209 K.
The total event counts increased suddenly in the temperature range of 220~212 K and the event
rate was extremely increased in this temperature range. Figure 3 shows scanning laser
microscope image of the typical microstructure of the specimen which was cooled down to 212
K (pre-cooled specimen) before the AE measurement. No martensite was observed in this
specimen. Therefore, it is considered that the low amplitude AE signals observed above Ms

b were
not due to the formation of α’- and ε-martensite plates which are visible under the microscope
used. This result corresponds to the results obtained by other researchers that no martensites
were observed above Ms

b despite low amplitude AE signals were sporadically detected above
Ms

b [2-4]. Therefore, a kind of fast phenomena, which generates AE, is deduced to occur in the
temperature range from 226 K to 209 K, especially in the temperature range from 220 to 212 K.

Fig. 3: Microstructure of the specimen after cooled down to 212K (pre-cooled specimen).

Figure 4 shows AE-RMS voltage and event rate and total AE event observed during the AE
measurement of the pre-cooled specimen. Hereafter, the temperature range from 226 to 212 K is
termed “region I” and the temperature range from 212 K to Ms

b is termed “region II” , in both
Figs. 2(b) and 4(b). As mentioned above, “pre-cooled specimen” had been cooled down to 212 K
and then warmed up to room temperature in the laboratory air before the AE measurement. The
Ms

b of the pre-cooled specimen was determined to be 207 K (see Fig. 4(a)). The Ms
b of the pre-

cooled specimen and the non-treated specimen seem to be approximately the same temperature.
Sporadic low-amplitude AE signals were observed below 226 K also in the AE measurement of
the pre-cooled specimen. However, the temperature range in which low amplitude AE was
observed frequently was different from that observed in the non-treated specimen. In non-treated
specimen, an increase in total AE event counts was mainly observed in region I as shown in Fig.
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2(b). In contrast, such an increase in total AE event counts was not observed in region I in the
pre-cooled specimen. In the pre-cooled specimen, total AE event counts started to increase
mainly in region II, i.e., below the pre-cooling temperature. This result indicates that the
generation of low amplitude AE which occurs above 212 K had been completed by the pre-
cooling at 212 K before the AE measurement. The generation of AE is caused by the release of
elastic strain energy in the shorter duration time. In addition, it is considered that α’-martensitic
transformation is the only phenomenon which occurs during simple cooling and generates AE.
Thus, the generation of low amplitude AE is considered to be related to α ’-martensitic
transformation.

Fig. 4: (a) AE-RMS voltage during cooling of the pre-cooled specimen; (b) Total event counts
and event-rate of (a) as a function of temperature in pre-cooled specimen.

In our previous study [5], the formation of fine α’-martensite particles, the diameter of which
was 30~100 nm, were confirmed by transmission electron microscopy (TEM) in the 304-type
stainless steel which had been cooled down to just above Ms

b. In general, the growth of α’-
martensites needs driving force to deform matrix in order to absorb the Bain distortion. This
driving force is provided by the free energy difference between the parent phase (f.c.c.) and
martensite (b.c.c.) phase. It is considered that these micro-sized α’-martensites cannot grow into
“large martensites (as shown in Fig. 2(c))”, which cause plastic deformation of matrix, because
the specimen used in the previous study had not been cooled down below Ms

b  (The driving force
for the growth of “large martensite” had not been provided above Ms

b).  In addition, Bogers and
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Burgers showed that two intersecting {111}<11
-
2> shears transform f.c.c. lattice into b.c.c. lattice

[7]. According to this, it is reasonable to consider that intersections of partial dislocations in
austenite have a b.c.c.-like stacking and to be a preferential nucleation site of α’-martensite. The
atoms in the b.c.c.-like stacking region should move to b.c.c. positions with relatively lower
energy barrier which can be overcome by cooling to a certain temperature above the Ms

b. It is
thus suggested that the generation of low amplitude AE observed above Ms

b in this study is due
to the formation of micro-sized α’-martensite particles at intersections of partial dislocations.
The micro-sized α’-martensitie particles are deduced to be formed in the temperature range from
226 to 209 K, especially in the temperature range of 220 to 212 K, according to the results
obtained in this study.  Some of the b.c.c.-like stacking regions and the atoms around the regions
in the specimens are supposed to complete the transformation into b.c.c.-stacking above 212 K.
This should be the reason for that the number of the observed low amplitude AE above 212 K
was smaller in the pre-cooled specimen than that observed in the non-treated specimen. These
results strongly suggest that AE technique is a useful method to investigate also the pre-
transformation phenomenon, and/or the kinetics of the nucleation of burst-like α’-martensitic
transformation in this alloy system.

4. CONCLUSIONS

The Ms
b of the material used was determined to be 208 K and low amplitude AE signals were

detected frequently in the temperature range of from 226 K to 212 K. No visible martensites
were formed above 208K using a scanning laser microscope. While the generation of low
amplitude AE was observed in the temperature range from 212 K to Ms

b in the specimen which
had been cooled down to 212 K before the AE measurement.  Then, the generation of low
amplitude AE which occurs above 212 K had been completed by the pre-cooling at 212 K before
the AE measurement.  The formation of fine α’-martensite particles was confirmed in the
specimen which had been cooled down to just above Ms

b using TEM in our previous study.
Thus, the source of the low amplitude AE is deduced to be due to the formation of micro-sized
α’-martensite particles at intersections of partial dislocations in this alloy system. AE technique
is found to be a promising method to clarify the kinetics of the pre-martensitic transformation
phenomenon of burst-like α’-martensitic transformation.
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ABSTRACT

Fracture of hardened tool steels is expected from large carbides, although the initial state of
fracture has been difficult to evaluate. We employed acoustic emission analysis during the tensile
testing of two tool steels in order to determine the progression of internal damage. Steels used are
1.4C-11Cr-0.8Mo-0.23V (JIS SKD11) and 0.8C-8.1Cr-1.9Mo-0.52V (modified SKD11). Both
were quenched and tempered to obtain the maximum secondary hardening. For the modified steel,
a lower hardness temper was also used. In SKD11 steel, AE signals from carbide cracking started

at about half the fracture stress and AE-event counts reached ~10,000 at the fracture stress. In
modified-SKD11 steel, AE signals from carbide cracking started at 70-90% of the fracture stress
(20% higher than that of SKD11 for similar tempering) and AE-event counts were only several
hundreds near the fracture stress. (These were less than 50 at stress corresponding to the fracture
stress of SKD11.) The average amplitude of pre-fracture AE signals was also reduced by 6 dB in
the modified steel. These changes reflect the reduction in the amount and size of primary carbide
particles. When the carbide size becomes twice larger, the stress for carbide cracking is reduced to
one-half. It is thus critical to refine the primary carbide in alloy design.

1. INTRODUCTION

Hardened tool steels are an important class of steels and are used as cold-forming dies,
punches, etc. under increasingly severe conditions [1,2]. For such applications, improvements of
their low-cycle fatigue strength are the critical task for ferrous metallurgists [3-6]. In hardened tool
steels, both primary and secondary carbides contribute to their high hardness and superior wear
resistance [7]. The carbide fracture and decohesion of carbide/matrix interface have significant
effects on the deformation and fracture behavior of these steels, as suggested by fractographic
evidence. One of the authors has investigated a series of tool steels and identified the primary
carbide fracture as the likely cause of their brittle fracture by careful analysis of fractured carbides
and by the use of Stroh theory of fracture initiation [8]. However, the fracture initiation stage is
difficult to examine using conventional metallurgical characterization techniques. Thus, acoustic
emission (AE) is used in this work to determine the condition of fracture initiation and subsequent

progression in standard and modified tool steels. Carbide cracking can be identified
unambiguously with AE and crack-induced waveforms correlated to the AE source function via
experimentally determined Green’s function.

J. Acoustic Emission, 19 (2001) 91 © 2001 Acoustic Emission Group



2. MATERIALS AND EXPERIMENTAL PROCEDURES

A conventional tool steel (1.4C-11Cr-0.8Mo-0.23V, JIS SKD11) and its modification are used
in this study. The modification reduced Cr and C content and increased Mo and V, resulting in the

optimized composition of 0.8C-8.1Cr-1.9Mo-0.52V (modified SKD11). The chemical
composition of the steels used is given in Table 1. After hot rolling, both steels were homogenize-
annealed and air-quenched from 1303 K following a carbide-spheroidizing treatment. Tempering
was between 473 and 833 K. Vickers hardness after tempering is given in Fig. 1. In the as-
quenched state, SKD11 has a higher hardness, but the modified steel has a slightly higher peak
hardness after secondary hardening at higher tempering temperatures. Test specimens were
tempered to achieve the peak hardness (tempering at 773 K for SKD11 and 793 K for modified
SKD11). For the modified steel, tempering at 473 K was also used. In order to stabilize the
microstructures, double tempering was used in all the specimens.

Table 1. The chemical composition of the steels used.

JIS SKD11 1.41C; 11.10Cr; 0.80Mo; 0.23V; 0.24Si; 0.41Mn; 0.023P; 0.001S
modified SKD11 0.80C;  8.10Cr;  1.90Mo; 0.52V; 0.88Si; 0.39Mn; 0.022P; 0.001S

The shape of specimens is hour-glass type. The specimen has the reduced section of 5 mm
minimum diameter with the radius of 30 mm. This geometry was selected so that it can be also
used for fatigue testing. The stress concentration factor is 1.406. The grip parts are threaded
(M18). It has shoulder flat on both side of the reduced section. Tensile tests utilized a floor-model
Instron and the cross-head speed was 0.254 mm/min. Fracture surface observation utilized a
scanning electron microscope (JEOL 5200).

Two small AE sensors were coupled to machined shoulders on both sides of the reduced
section. The sensors are resonant type with the center frequency of 375 kHz (AET MAC-375).
The distance between the sensors was 45 mm. Two 40-dB pre-amplifiers (PAC 1220A) and two 2-
channel MISTRAS systems (on 2 separate PCs) were used. One system used MI-LOC and the
other MI-TRA software. Most of AE data to be presented here is from the MI-TRA system, as
synchronized triggering did not function properly in MI-LOC system. The threshold level was 40
dB in reference to 1 µV as the pre-amplifier input as 0 dB. Only those AE signals from the
reduced section were analyzed by limiting the arrival-time difference to 10 µs via the use of
group-replay function in MI-TRA. The rms voltages from one of the channels were recorded with
load on the parametric channels and by using an HP-3400A and a two-pen recorder.

92
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Fig. 1  Changes in Vickers hardness as a function of tempering temperature.

Fig. 2 Tensile and AE test results for SKD11 steel, quenched and tempered at 773 K.
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Fig. 3 Tensile and AE test results for modified SKD11 steel, quenched and tempered at 473 K.

Fig. 4  Fracture surfaces of quenched and tempered steel. Left: SKD11; Right: Modified SKD11.

White marker indicates 10 µm.

3. RESULTS AND DISCUSSION

     Tensile and AE test results for SKD11 steel are shown in Fig. 2. Both rms voltage plot and
cumulative AE event counts are given. (Note that the event count data includes only those from
the reduced gage section, whereas the rms voltage plot shows large spikes that come from the grip
sections. These spikes should be ignored.) The load-displacement curve is essentially linear and no
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plastic yielding was recognized. AE events started at 1.01 GPa and the event rates continually
increased until reaching the fracture stress of 2.41 GPa. The total AE events at fracture was
~10000. The rms voltage plot showed a slight increase from the background level starting as the

AE event count curve began to rise. However, the increase was small (<0.7 mV). The waveform
examination indicates that no continuous AE signals existed and the increase in the rms voltage
was due to numerous burst emissions at close intervals. Typical AE signals observed from the
gage section have a sharp initial rise with relatively short decay. The waveform was essentially
unchanged throughout the test. Its frequency spectrum closely corresponds to that of the AE
sensor used.

For the modified steel tempered at 473 K, tensile and AE test results are given in Fig. 3. The
load-displacement curve is again linear and no plastic yielding was observed. AE events started at
1.84 GPa and the event rates continually increased until reaching the maximum stress of 2.74 GPa,
where the test was stopped. The total AE events decreased substantially to 250. The rms voltage

plot showed a slight increase from the background level near the end of the test, but waveforms
showed no indication of continuous emission. Again, spikes are spurious noise and should be
ignored. AE signal waveforms were similar to those in SKD11. For the modified steel tempered at
793 K, AE events started at 2.06 GPa. Similar AE behavior was observed otherwise.

When conventional tensile test specimens with uniform gage section are used, the yield
strength can be determined and the values are listed in Table 2. These values are slightly different
from the present experiment due to different test geometry. However, the AE start stress increases
significantly by the alloy modification. In SKD11, AE start stress was 60 % of the yield strength,
while that for the modified steel was comparable to or higher than the yield strength.

Microstructural test result is given in Table 3. In the modified steel, the mean diameter of the
primary carbide (M7C3) was reduced by a factor of two and the maximum size was also reduced to
2/3. The volume percentage decreased from 7.5% to 2.2%. Effects of the modification were minor
in prior austenite grain size and retained austenite content.  Thus, the change in the AE start stress
is believed to be a consequence of the size and volume reduction of the primary carbide. In
particular, it appears that large carbides are responsible for the AE signals observed. Even though
the maximum size was decreased by only a third, the reduction in overall volume and the shift to
smaller average size contribute to a large drop in carbides that generate AE signals.

In Fig. 4, two fractographs are shown, indicating cracked carbides of 10+µm size. Naturally,
SKD11 has more of larger carbides. Since the minimum cross sectional area is ~20 mm2, the

viewed area is approximately 1/10,000. Since either side of the final fracture surface is expected to
be also the sites of carbide cracking, only a fraction of the cracked carbides are detected as AE.
Thus, it is estimated that an AE signal is due to those carbides greater than 10 µm in diameter.
Note that carbides that contribute to AE are those fracturing parallel to the fracture surface. The
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fracture also produces secondary cracks normal to the main crack plane, but the displacement
due to such secondary cracks is less effective in exciting the AE sensor.

The amplitude of AE signals was examined and the trend is shown in Fig. 5 against the load.
Generally, the amplitude is low at less than 55 dB. Further, the amplitude decreased slightly as

the load level increased and that the average decreased from SKD11 steel to modified steel at
473 K temper (by ~2 dB) to modified steel at 793 K temper (by ~6 dB). The lower amplitude in
the modified steel is consistent with the reduced carbide size, but the effect of tempering in the
modified steels is not clear at present.

Table 2. Mechanical properties and AE start stress.
______________________________________________________________________________

     Yield strength    Tensile strength    AE start stress
SKD11 (773K temper) 1.66 2.19 1.01    GPa
Modified SKD (473K) 1.58 2.04 1.84    GPa

Modified SKD (793K) 2.04 2.62 2.06    GPa

Table 3. Primary carbide size of the steels.
______________________________________________________________________________

       Mean dia. Max. dia. Volume   Austenite GS    Retained austenite
(µm)    (µm)           (µm)

SKD11 5.3    21.5  7.5% 5.3 7% at 773K
Modified SKD 2.5    14.4  2.2% 6.9 4% at 793K______________________________________________________________________________

Fig. 5  AE event amplitude vs. load for the three different steels.
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Fig. 6 (a) Experimental transfer function for a crack in tensile specimen with a resonant sensor
(AET MAC375) mounted on a shoulder flat. (b) Bell-shaped source function. (c) Measured AE
signal during a tensile test. (d) Simulated signal. (e) Comparison of measured and simulated

signals.

Experimental determination of Green’s function is possible when a force impulse can be
applied and the resultant displacement can be measured with a wide-band sensor of known
response. Usual impulse sources use the fracture of glass capillary or pencil lead, but these are
mono-pole sources. A new laser source was recently devised. Masaki et al. [8] demonstrated the
validity of using the break-down of silicone oil in a confined space by a laser beam as the source
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of impulse. This source has a short rise time of 0.07 µs and is a dipole source. This method has
opened a path for getting an experimental transfer function for geometry that is impossible to
calculate a theoretical Green’s function. We used this approach for a tensile specimen with hour-
glass-shape reduced section. Here, a shallow notch was made at the smallest diameter and a laser
source is excited inside the notch. A resonant sensor (AET MAC375) was mounted on a shoulder

flat. The waveform obtained contains the transfer functions of the specimen and the sensor and
can be compared to AE waveforms recorded from specimens of the same geometry (albeit with
grip arrangement less notch).

An AE signal from a carbide crack is shown in Fig. 6c. This is a time-expanded initial
portion of a typical signal. The transfer function for this geometry and sensor combination is
given as Fig. 6a, which resulted from laser excitation and has the main peak at ~400 kHz,
extending to 1.5 MHz.  The convolution of a bell-shaped source function with 1 µs rise time
(Fig. 6b) with the transfer function produces a simulated waveform (Fig. 6d). For the first two
oscillations, the waveforms (c and d) match closely as shown in Fig. 6e. (The overall frequency
range appears to peak at 200 kHz in the AE signal, especially when the entire signal of ~0.5 ms

is used. This is probably due to the presence of grips.) Thus, the crack opening mode of brittle
fracture generated the AE, and cracking process is fast (~1 µs). This result is consistent with
many other studies of brittle fracture. The use of relatively low-frequency sensors, however, may
be limiting the detection of faster events and future experiment using higher speed
instrumentation is desirable to verify this aspect.

4. CONCLUSION

(1) This study demonstrates the utility of AE method for detecting the initiation of carbide
cracking, which is critical in alloy development work for improved fracture resistance.  The
minimum size of the carbide is approximately 10 µm.

(2) Laser-induced impulse method simulating the crack-opening mode of fracture in hour-glass
tensile sample has verified the nature of AE sources in high-strength steels to be a high-speed
(~1 µs) phenomenon. An experimental system transfer function is also determined.
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ABSTRACT

Long term acoustic emission (AE) measurements have been carried out in a salt mine in
northwestern Germany with the aim to investigate the micro- and macro-fracturing processes in a
region of a high degree of excavation. The AE events were detected by a network of 24 borehole
sensors. In order to get information about the source mechanisms, the moment tensor method has
been applied to strong events, which were localized with good accuracy using more than 29
compressional and shear wave onsets. The selected events originated from a pillar in the vicinity
of large rooms. The mechanism of each acoustic emission event has been calculated considering
the first motion of at least eight clearly discernible P-wave onsets. In order to get a better fit of
calculated and measured amplitudes, specific correction factors for the sensors have been
applied. The moment tensor analysis indicates that a mixed mode of shear and tensile cracking
occurs. For most investigated events, the P and T axes show similar orientations. Additional
geomechanical data such as deformation measurements and crack opening measurements
confirm the obtained results of the moment tensor analysis.

1. INTRODUCTION

Since 1995, a segment of a salt mine in northwestern Germany has been monitored by a
network of 24 acoustic emission (AE) sensors [1]. The network covers a rock volume of about
150 m x 150 m x 100 m in an underground repository for low-level nuclear waste. The aim of the
AE measurements is to investigate the micro- and macrofracturing processes, which are
important for the evaluation of the stability of cavities and the hydraulic integrity of the rock,
especially in the case of the underground disposal of hazardous waste in salt rock. The AE events
are automatically located using the compressional (P) and shear (S) wave onsets. The maximum
amplitudes of the signals and the location of the events are used to calculate a measure of
strength of the source analogue to the magnitude in seismology.

In this paper, the measured radiation pattern of AE sources has been used to determine the
fracture type and the orientation of the fracture planes utilizing the moment tensor method. This
method requires a good sensor coverage of the focal sphere in all directions. In the present case,
the spatial distribution of the AE sensor network was designed for source location in a large
region and not for determination of source parameters. Therefore, in most areas of the monitored
region the coverage of the focal sphere by the sensor network was only poor. We therefore
selected AE events from a region in the center of the network where the best coverage was
supposed.
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2. EXPERIMENTAL SETUP

24 borehole sensors equipped with piezoelectric transducers are installed in 3 to 20 m deep
boreholes. Figure 1 shows the configuration of the network in a plan view on three levels. The
central unit of the measuring system consists of a transient recorder monitoring the data stream
of the sensors (frequency range of 1 to 100 kHz), a personal computer controlling all actions of
data acquisition and in-situ evaluation, and a modem for telecommunications. Two types of
borehole sensors with different coupling have been used. Five sensors (Type W) were pressed
pneumatically against the wall of boreholes of diameter 100 mm and further 19 sensors (Type S)
were pressed by means of springs against the smooth face of boreholes with smaller

Fig. 1 Configuration of the network of sensors at three levels of a salt mine in horizontal
projection one upon another. The distance between the crosses is 20 m. The upper level, the
intermediate level, and the lower level are indicated by continuous lines, by dotted, and by
dashed lines, respectively. Rectangular frame indicates the locations of the investigated events.
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diameter 46 mm. Both types of borehole sensors were characterized in situ with respect to P-
wave sensitivity as a function of incidence angle. Fig. 2 shows that the radiation patterns of both
sensor types are similar at small angles up to 50°. The half width (-6 dB) is in the range of 80° to
100°. At greater angles of incidence the sensitivity shows more variations and decreases by 20
dB and 30 dB, respectively. Note that there is a polarity change for incidence angles greater than
90° (i.e. wave passes the sensor from behind). Type S is approximately 20 dB more sensitive for
these angles compared to Type W.

Fig. 2 P-wave sensitivity of the borehole sensors Type W (left) and Type S (right) as a function
of the incidence angle.

3. APPLICATION OF THE MOMENT TENSOR METHOD

The moment tensor method has been applied to 68 events with strong signal amplitude,
which were recorded in a period of 19 months. The events occurred in a pillar at the upper level
(continuous lines in Fig. 1) in the vicinity of Sensors No. 9 and 10 (marked by a rectangular
frame in Fig. 1). The dimension of this area is 22 m x 13 m. In vertical direction the sources lie
in a small area of 5 m width, 7 m above a large room at the intermediate level. The signals of the
selected events were band-pass filtered in a frequency range from 2 to 25 kHz. These frequencies
correspond to wave lengths of the P wave between 2.25 m and 0.18 m. In Fig. 3, aligned P-wave
onsets of an AE event are plotted. To the right hand side of the signal traces, the peak-to-peak
amplitude in volt and its polarity, the distance between sensor and source in meter, and the angle
of incidence to the sensor normal vector are denoted. The data were treated in the following
steps:

•  Calculation of the theoretical P-wave onsets utilizing the source location and P-wave
velocity.

• Plotting of the signals in a small time window of 400 µs around the theoretical onsets.
• Manual picking of the exact signal onsets.
• Multiplication of the data in the time window by a Hanning window function.
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• Storing of the most important event parameters like event number, peak-to-peak amplitude,
polarity, onsets, and the unfiltered signal in the small time window of the P-wave onset.

Figure 3 shows that the polarities of the P waves detected at Sensors No. 1, 5, 8 and 11 are
reversed in comparison to the others. In these cases the sensors were behind the source
(incidence angle greater than 90°). In the case of not clearly discernible P-wave onsets, the
signals have been dropped. This happened in the shown example at Sensors No. 7, 12, 13 to 16,
18, 19, 22, and 23, where the travel paths were very long or the wave radiation was disturbed
(''shaded'') by galleries. Note that the polarities of all P-wave onsets are positive after changing
the polarities for incidence angles greater than 90°. Maybe, this fact indicates a tensile source
component. The radiation pattern of a pure tensile source shows the same polarity in all
directions (as for an explosion source type as well).

Fig. 3 Aligned P-wave onsets of an AE event located in the middle of the salt rock pillar close to
a large room at the upper level.

The measured signal amplitudes are influenced by spherical divergence which is proportional
to r-1 (r is the source-receiver distance) in the far field radiation pattern, by the radiation pattern
of the borehole sensor (compare Fig. 2), by wave attenuation, and by coupling effects of the
borehole sensors. The wave attenuation and the coupling effects of the sensor were investigated
experimentally. The maximum amplitudes A and the distances r are used to determine the wave
attenuation according to the relation

A ∝ [exp (–α r)]/ r ,
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where α is the attenuation coefficient. In a semi-logarithmic plot of A⋅r versus r for all sensors a
linear relationship is obtained as expected and a straight line is fitted to the data. The slope of the
line corresponds to the attenuation coefficient, systematic deviations from the fit at specific
sensor positions correspond to coupling or site effects which can occur in the vicinity of the
sensor location. By averaging over many events located in the whole monitored area a very low
attenuation coefficient at the test site of 1.7 dB/10 m is obtained. The coupling coefficient varied
in the range between -10.5 dB (Channel No. 6) and 9 dB (Channel No. 7).

Under consideration of the above-mentioned amplitude effects the results of the inversion
calculation for one AE event is displayed in the upper part of Fig. 4. This figure shows the
calculated radiation pattern (left hand side) in a projection to the lower hemisphere. The
locations of the calculated P and T axes are indicated by black and white triangles, respectively.
Projected rays are plotted as circles. Black circles indicate compressional first motion. The
channel numbers are also shown. It can be seen that the polarity of the P-wave first motion is
always positive.

Fig. 4: P-wave radiation patterns and projected rays of an AE event projected on the lower
hemisphere (equal area projection, north is on top). Black/dotted area (white) indicates
compressional (dilatational) first motion. The upper and lower parts show the results of the
inversion calculations without and with specific sensor correction factors, respectively.
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We decomposed the momentum tensor into isotropic and deviatoric source components. The
isotropic part is described by the trace of the moment tensor. It is quantifying a volume change in
the source. The percentage of the isotropic part is defined by the ratio of the squared trace and
the sum of squared eigenvalues ei  of the moment tensor multiplied by 100 after reference [2].
The purely deviatoric part, which is calculated by subtracting a third of the trace from each
eigenvalue of the moment tensor, is further decomposed into a double couple (DC) and a
compensated linear vector dipole (CLVD) with the same principal axis orientation. Here,

DC% = [1 − 2(|e3  − tr|/|e1  − tr|)]⋅100%,

|e1  − tr| ≥ |e2  − tr| ≥ |e3  − tr| is assumed, and tr = (e1  + e2  + e3 )/3 [3].

In the present case, the decomposition leads to a mixed mode mechanism with 59% DC
component (corresponding to 41% CLVD component) and 9% isotropic component. The nodal
lines indicate the two possible orientations of the crack plane. Note, that a double couple has two
possible fault planes which are perpendicular to each other, the so called normal fault and
auxiliary fault plane which cannot be distinguished from the focal mechanism. Additional
information is necessary to find the actual fault plane, as e.g. knowledge about the stress
situation in the region near the source location. In our example one possible crack plane is
vertical and has a strike of 37°, measured clockwise from north.

4. RESULTS

In order to investigate the influence of single sensors on the inversion result, a jackknife test
has been applied. In this test, one sensor after the other is systematically excluded from the input
data. Every possible permutation was tested. The right hand side of Fig. 4 shows the resulting
radiation patterns. These do not strongly vary apart from the case in which sensor No. 20 has
been excluded. In this case, the locations of the P and T axes indicated by crosses and circles,
respectively, differ from all other inversion runs. This indicates that the solutions are not well
constrained and strongly influenced by amplitude at a single sensor (like No. 20 in the above
example). Therefore, additional specific corrections for the sensors were introduced to constrain
the solution and to obtain a better fit between calculated and measured data. The additional
correction factors were determined by averaging the ratio of measured and calculated amplitudes
of each sensor for all 68 events. This leads to relative high values of correction factors up to 4.5
for shaded sensors (No. 4 and No. 5) and to very low correction factors down to 0.15 for sensors,
which are in a favourable position for most source locations. The lower part of Fig. 4 shows the
result of the inversion calculation after application of the correction factors to the input data. In
comparison to the results of the previous calculations, the P-wave radiation patterns and the
locations of the P and T axes do not strongly vary. The DC component increases up to 71%. The
jackknife test indicates that the solution is well constrained now and not influenced by the
measured amplitudes at single sensors any more. Now, sensor No. 20 makes no exception.

Figure 5 displays the results of the moment tensor calculations of all 68 selected events. The
left-hand side gives the spatial distribution of the estimated P-wave radiation patterns projected
on the lower hemisphere (equal area projection) in a plan view (north on top). On the right-hand
side of Fig. 5, the contours of the P and T axes distributions are plotted. In spite of the fact that
the sources are distributed in an extended area of about 22 m in Y-direction and 13 m in X-
direction, it can be seen that all events have similar radiation patterns as well as orientations of
the crack planes. The distributions of T and P axes show peaks in the middle and in north or
south directions, respectively. This means, the T axis is vertical and the P axis horizontal in north



106

direction. Figure 6 shows the probability density of the DC and isotropic components. The
distributions are normalized, so that the integral over full range of possible source components is
unity. Most of events show a mixed mode of shear and tensile cracking. The majority of the DC
components range between 20 % and 80% with a maximum at 60%. The isotropic components
show a maximum below 5%. Nevertheless, most of the events have a significant isotropic

Fig. 5 Radiation pattern for all evaluated events in an equal area projection on the lower
hemisphere (left). Distribution of the P and T axes (right).

Fig. 6: Probability density of the double-couple component (DC) and the isotropic component
(ISO).
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component. Nine events were identified as ''pure'' shear cracks (DC component greater than 90%
and isotropic component less then 5%). Pure tensile sources were not obtained. A pure tensile
crack has 100% CLVD component and approximately 75% isotropic component.

5. DISCUSSION OF RESULTS AND CONCLUSIONS

All investigated events originated from a small region at the contour of a large room. In this
region, deviatoric stresses occur, which lead to creep of salt and in longer-time consequence to
microcracking and permeability increase. In the present case, the stresses were further enhanced
by the fact that the stopes of two large rooms at the intermediate and lower level are situated
below the area under investigation (cf. Fig. 1, location of Sensor No. 10).

The moment tensor analysis pointed out that mixed mode of shear and tensile cracking
occurs. Under the consideration that the motion of both modes happened on the same
microfracture plane, Fig. 7 displays the model of the source mechanism schematically. It shows a
hatched area where the events originated and the location of the large rooms in a vertical cross
section together with the directions of the P and T axes. The arrows parallel to the crack plane
represent the shear motion and those perpendicular to the crack plane represent the tensile
motion. The vertical T axis could be explained as a consequence of tensile stress release in the
area of the large room at the intermediate level (Room 2 North at Level 2a in Fig. 7). In the wall
of the north drift at the upper level, a large horizontal crack has been observed. The opening of
this crack is monitored by displacement measurements, which show opening rates of 0.15
mm/annum (or mm/year) in vertical direction. The above-mentioned source model is in
accordance with these in-situ displacement measurements.

We cannot fully explain the influence of the sensor arrangement and the coupling of the
sensors. The fact that the data fit becomes better after applying specific correction factors raises
some questions and needs to be further discussed. This uncertainty may be explained by the pure
sensor coverage in vertical direction. In order to raise more confidence in these results, a check
with an alternative method like the relative moment tensor method [4] would be helpful, where
the sensor coupling effects play no role.
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Fig. 7 Location of the crack planes where shear and tensile motion take place together with the
area of AE events (hatched) and the location of the rooms.
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ABSTRACT

Underground rock mass and rock slopes consist of various types of rocks with different
physical properties and geometry.  In such a rock-engineering site, unexpected failure tends to
occur when rocks containing inclusions are affected by stress change.  Depending on the
geometry and the physical properties of the inclusion in matrix rock, stress concentration induces
local fractures with acoustic emission (AE), and catastrophic failure can occur.  To monitor an
unstable rock area using AE techniques, therefore, it is important to know the relationship
between the features of the inclusion rock and AE activity.

In this study, using cylindrical rock specimens consisting of andesite and tuff, Brazilian and
uniaxial compression tests were carried out to determine the relationship between AE source
locations and the complexity of inclusion geometry appearing on the surfaces of sliced sections
of the specimens.  It was found that more AE sources were present in sliced sections with a
higher complexity index value of inclusion.  It was thought that local stress concentration
occurred in a section with a complex structure and that more micro-fracturing was therefore
generated with AE.

1. INTRODUCTION

Underground rock mass and rock slopes consist of various types of rocks with different
physical properties and geometry.  In such a site, the volume encompassing with a discontinuity
plane, such as a pore, a crack, or a lump of rock within the matrix, can be regarded as an
inclusion.  If stress change is exerted on rock mass with inclusions, complex and unexpected
fractures might occur due to the influence of the difference in physical properties and the
geometry of the inclusion.  Such rock fractures can cause a disaster in a mining area or civil
engineering field.

Figure 1 shows differences in AE activities of rock specimens subjected to uniaxial
compression stress.  The specimen shown in Fig. 1(a) includes andesite particles in a tuff matrix,
and the specimen shown in Fig. 1(b) consists mainly of andesite with a tuff layer in the bottom
area.  In the case of the latter specimen, high AE activity is maintained for a long period from a
low stress stage despite the fact that the experimental conditions were almost the same as those
for the specimen shown in Fig. 1(a).  Generally, in a specimen consisting of only andesite, it is
known that AE activity becomes higher just before the maximum stress, though Fig. 1(b) shows
a different AE activity pattern.  This AE activity pattern is thought to be caused by crushing of
the tuff layer at a low stress stage, which induces unstable failure of the andesite.  In other
words, it seems that the physical properties and the geometry of the inclusion affect the micro-
fracturing activity and main failure of the specimen.
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Fig. 1 Differences in rock structure and AE activities during uniaxial compression tests.
(a) Specimen consisting of andesite inclusions within a tuff matrix.  (b) Specimen consisting of a
tuff layer within an andesite matrix.

In this study, laboratory experiments using specimens consisted of two different kinds of
rock were conducted to determine the relationship between complexity of the boundary plane of
a rock and AE activity around the plane.  In the experiments, Brazilian tests and uniaxial
compression tests were carried out on specimens that had been collected at the rock slope at
Toyohama, Hokkaido.  The activity of this rock slope has been monitored to try to predict large-
scale rock falls.  It is expected that the results of laboratory experiments, i.e., the determination
of the relationship of the complexity of inclusion geometry and AE (or micro-fracturing)
activity, can be applied to field monitoring techniques to determine the optimal allocation of AE
sensors for effective monitoring.  This paper describes the results of Brazilian tests and the
relationship of the complexity of a boundary plane of rocks and AE source locations.

2. ROCK SPECIMEN AND EXPERIMENTAL PROCEDURE

Rock specimen and its inside structure
Specimens of tuff breccia rock consisting of tuff and andesite were prepared from drill cores

sampled at the rock slope of Toyohama, Hokkaido.  The size of the specimen used for the
Brazilian test was 49.3 mm in diameter and 51.2 mm in height.  Figure 2(a) shows the
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Fig. 2 Rock specimen used for the Brazilian test.  (a) Photo image. (b) 3-D image reconstructed
from X-ray CT data.

Fig. 3 Tuff region extracted from a 3-D image.

appearance of the specimen.  The dark parts of the specimen shown in Fig. 2(a) are andesite,
which has micro pores, and the other parts are tuff.

Before loading, sectional images of the specimens were obtained by X-ray computerized
tomography (CT).  Twenty-two images were taken parallel to the bottom base of the cylindrical
specimen for the Brazilian test.  Figure 2(b) shows a 3-D image that was reconstructed by using
22 CT data of the specimen.  The whitish area shows a low-density region, i.e., a tuff region and

Andesite

Tuff

X

Y

(a) (b)
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Fig. 4  Arrangement of AE sensors for a specimen.

pores in the andesite.  The densities of andesite and tuff are ~2.48 g/cm3 and 1.56-1.78 g/cm3,
respectively.  Figure 3 shows the tuff region extracted from the 3-D image of Fig. 2(b).
Complex changes in the boundary plane of tuff and andesite parts along the z-axis can be seen.

Experimental procedure
To detect the AE waveforms, six small-sized PZT elements were affixed on the surface of

the specimen, as shown in Fig. 4.  The shape of the PZT was a frustum of circular cone with an
upper base of 1 mm in diameter, lower base of 4 mm in diameter, and height of 5 mm.  The
resonant frequency of this PZT was 320 kHz.  The apparatuses used in the experiments were the
same as those used previously [1, 2].  The AE waveform detected by PZT sensors is amplified
up to 85 dB using a preamplifier and signal conditioner, and recorded on the hard disk of a PC
with a sampling time of 100 ns.  AE source locations were determined by the conventional least-
squares method, and a P-wave velocity structure was assumed by an ellipsoid model with three
velocity axes of 1289.7, 700.3 and 1084.2 m/s [3, 4].  In the Brazilian test, strain rate was
controlled in the range of 10-5/s using an MTS servo controlled testing machine.  The loading
direction is along the y-axis of Figs. 2 and 3.

3. EXPERIMENTAL RESULTS AND DISCUSSION

AE source location
AE source locations were determined for 8.4% (334 events) of the total number of recorded

AE events.  The magnitude of these AE events is relatively high, and the location error by the
least-squares method is less than 5 mm.  Figure 5 shows the location distribution projected onto
three-axes directions of the specimen.  Solid dots show the coordinates of the AE source.  It can
be seen that almost all of the AE sources are distributed along the loading plane (y-axis
direction), which is the eventual fracture plane.  However, there are a few AE sources around the
area of loading points.  This is thought to be because the waveforms generated around the areas
of loading points attenuated on their way to more distantly located sensors, so that the source
location is not determined by the lack of waveforms.
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Fig. 5  AE source distribution projected into three-axes directions.

Fig. 6 Typical AE source locations and stress concentration in sections of a specimen.
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Figure 6 shows typical X-ray CT sections at z=3 mm, 26 mm and 47 mm, and the results of
FEM analysis of the corresponding sections.  In the X-ray CT images (upper three circles), solid
dots show the AE source locations determined within ±5 mm from the CT image sections, and
the area with white spots of high contrast is andesite.  In the lower three circles, the boundary
between tuff and andesite regions is indicated by a line.  Considering the differences in the
physical properties of tuff and andesite regions, Young’s moduli of tuff and andesite were
estimated to be 3.2 GPa and 37 GPa, respectively, for elastic 2-D FEM analysis under the plane-
strain conditions.  The dark area in this figure shows a higher shear stress region at a load of 102
N.  To emphasize the contrast and stress concentration, the gray scale levels have been changed
for each section.  Figure 6 shows that the stress concentration occurred in the area near the
loading axis and where the geometry of the boundary was complex.  The AE source is located
not only along the loading axis but also in the area of stress concentration.  That is, the results of
FEM analysis and AE source location suggest that microfracturing and AE generation are active
in the area of stress concentration, where the boundary of rocks is complex.

Geometry of inclusion and its complexity
To explain the complexity of a boundary line of rocks in a certain section, fractal dimension

and some indices used in texture analysis were introduced.  The fractal dimension of a boundary
line was calculated by the box counting method [5].  A typical index used for representing the
complexity of a binary image is Cl based on the length of the boundary line [6]:

Cl = L/(2R+1(2R – 1)),
where L is the total boundary length along the white or black binary pixels, and 2R shows the
number of columns or rows for the square binary image of 2R x 2R.

Table 1 shows the values of the complexity index Cl and fractal dimension of the boundary
curves of three typical sections.  These results show that Cl and fractal dimension accurately
reflect the complexity of the boundary curve of each section.

Table 1 Complexity index for representing boundary lines of rocks.

AE and complexity index of inclusion
The number of AE events was compared to the complexity index for the boundary of rocks

in an X-ray CT image of each section. The thin cylinder of 11.3 mm in height was assumed to
contain the number of AE events in the region at each sections of the CT images, as shown in
Fig. 7.  Figure 8 shows the variations in the complexity index Cl and total number of AE events
inside each disk region along the z-axis.  This figure shows that the region with a higher value of

Location of Section(mm) z=3 z=26 z=47

Fractal Dimension 1.15 1.18 1.13

Complexity Index Cl 0.008977 0.012745 0.007475

y

x
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Fig. 7  Thin cylinder to count the number of AE events in the vicinity of a section of CT image.

Fig. 8   Variation in the complexity index value Cl and number of AE events along the z-axis of
a specimen.

complexity index almost corresponds to the region, in which more AE events were generated.
Furthermore, the variation patterns of the two parameters along the z-axis were shown to be
similar.  Figure 9 shows the correlation between the number of AE events and complexity index
Cl.  Similar correlation was found for the fractal dimension and for other indices representing the
complexity of an image.  Also, the total relative AE energy inside the perimeter cylinder shows a
similar correlation to the complexity indices.

Consequently, it was found that the more complex the boundary geometry of rocks was, the
more AE events were generated in that area.  These micro-fracturing activities with AE were
thought to be caused by the stress concentration.

4. CONCLUDING REMARKS

Rock specimens of tuff breccia used in this study consisted of tuff and andesite with a
complex geometrical structure.  To examine the region of AE generation, Brazilian tests were
conducted on the specimens.  X-ray CT images were also taken before the loading tests to
understand the complexity of the boundary geometry of rocks, and FEM analysis was carried out
to confirm the region of concentrated stress inside each specimen.  The experimental and
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Fig. 9   Relationship between number of AE events and complexity index value Cl.

analytical results are as follows.
1) From X-ray CT images representing density distribution, the geometry of the boundary
between tuff and andesite was determined.  The boundary lines changed according to the section
of the specimen.
2) Fractal dimension and indices used in texture analysis were found to be useful for evaluating
the complexity of the boundary geometry.
3) Although most of the AE sources were located along the eventual fracture plane, some of
them were located along the boundary of rocks near the loading axis.  These AE sources were
affected by the complexity of the boundary curve.
4) The results of 2-D FEM analysis considering the physical properties of rocks showed that
stress concentration occurred in the region where the boundary geometry of rocks was complex.
5) It was found that the variation in the number of AE sources located in the vicinity of a section
along the z-axis was correlated with the variation in the complexity index for boundary
geometry.  That is, stress concentration occurred at the region of complex boundary geometry,
and then microfracturing activities were generated in the same region with AE activity.
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ABSTRACT

In the present study, fracture processes are investigated quantitatively in four different kinds
of concrete specimens by applying improved b-value (Ib-value) analysis. It is observed that the
variation of the Ib-value corresponds well to the fracture process of specimens during each
loading stage, independent of dimension, shape and reinforcement of the specimen. The results
of the Ib-value analysis were in good agreement with those obtained from the moment tensor
analysis. Even when the moment tensor analysis may be inapplicable, the fracture process of the
specimen can be evaluated by applying the Ib-value analysis. It is concluded that the Ib-value is
a very useful parameter for quantitative evaluation of the fracture process in concrete materials.

1. INTRODUCTION

In recent years, it has been recognized that concrete structures deteriorate under various
service environments. Especially, during the 1995 Great Hanshin Earthquake, many reinforced
concrete (RC) structures were severely damaged due to strong ground motions. It is strongly
desirable to establish non-destructive inspection methods, which can evaluate the deterioration of
concrete structures quantitatively from the early stage of fracture. Since acoustic emission (AE)
is effective in monitoring the initiation of cracks in concrete materials and structures, its
applicability has been extensively studied in both materials (Yuyama et al., 1995a) and structures
(Yuyama et al., 1994; Yuyama et al., 1995b; Murakami et al., 1993; Minemura et al., 1998).

To analyze AE data acquired, parameter analysis is widely and frequently employed. Among
AE parameters, in particular, the AE peak-amplitude is considered a closely related parameter to
the magnitude of fracture. Many researchers have studied b-value and m-value determined from
a negative gradient of the peak-amplitude distribution. Recently, in order to apply the b-value
analysis for fracture evaluation in slope failure, the method of calculating the b-value has been
modified by incorporating statistical values of amplitude distribution (Shiotani et al., 1994;
Shiotani and Ohtsu, 1999). This is now referred to as improved b-value (Ib-value) analysis. In
this paper, fracture processes in four different kinds of concrete specimens are evaluated by
applying the new analysis. Comparison is made for the results obtained from both the Ib-value
analysis and the moment tensor analysis (Ohtsu et al., 1998).

2. ANALYSIS

2.1 Improved b-value

Because AE peak amplitude is associated with the magnitude of fracture, the b-value that is
defined as a slope of the amplitude distribution is known as an effective index related to the
states of the fracture (Mogi 1962; Sholz 1968). The b-value was originally defined in
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seismology. In AE applications of b-value, however, there were some problems to be resolved.
First, even though both earthquake and AE magnitudes are defined in logarithm, seismic
activities are distributed from 5 to 8 in earthquake-magnitude, and AE activities in peak
amplitude range from 30 dB to 100 dB. Second, seismic b-value is obtained by using seismic
data in a limited period and in confined range. However, the b-value in AE applications is
conventionally obtained by using accumulated number of AE amplitude and from whole of the
specimen. Third, a maximum likelihood method, provided that M - Mz has an exponential
distribution, is applied in obtaining seismic b-value, where M is a seismic magnitude and Mz is a
minimum magnitude. In the maximum likelihood method, the b-value is given by,

zMM
eb

−
=

log
. (1)

It is noted in equation (1) that, when calculating the b-value with the maximum likelihood
method, minimum magnitude should be previously determined. Figure 1 shows AE amplitude
distributions resulting from a trap door test in a sand mass. The trap door test can provide several
numbers of fractures by dropping the bottom of experimental box in the sand mass.  In the trap
door test, the condition of passive earth pressure in the geotechnical materials can be
successively reproduced. In Fig. 1, the accumulated number of AE events integrated from
infinity to zero (see a blue colored line) and frequency of AE events (see a red colored line) are
drawn. The blue colored line shows that a linear approximation can be applied only in a narrow
range from 43 to 50 dB, although AE events distributed from 30 to 59 dB. Moreover, it is
possibly expected that the amplitude distributions can be shifted horizontally due to the
conditions of AE sensor response, types of couplant and so forth. Hence, the maximum
likelihood method using the minimum amplitude would be inapplicable for the AE applications.

Fig. 1 AE amplitude distribution resulted from a trap door test.
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Fig. 2 3D amplitude distributions from a trap door test.

The value of AE peak amplitude is thus varied with each monitoring. In AE applications, a
method for determining the amplitude range independent of the range of amplitude is necessary
in order to obtain the b-value quantitatively. In an improved b-value (Ib-value) analysis being
proposed, the range of AE amplitude is determined based on such statistical values as the mean µ
and standard deviation σ.  Figure 2 shows three-dimensional amplitude distributions with
elapsed time resulting from the trap door test. Each distribution is drawn by 100 data points of
AE events, with green colored arrows showing the mean in each distribution and yellow colored
arrows showing the standard deviation. It is found that the distributions between the two arrows
can be approximately represented by a single straight line. When the amplitude range is thus
obtained, the upper amplitude w2 and lower w1 are formulated as µ  + α1σ and µ  – α2σ,
respectively. Setting the accumulated amplitude over w1 and w2, as N(w1) and N(w2), Ib-value
(improved b-value) is given by,

σαα )(
)(log)(log

21

210110

+
−

=
wNwNIb

, (2)

where α1 and α2 are constants.
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Fig. 3 The b-value resulted from a trap door test by means of accumulating AE data.

The other modification in the Ib-value analysis over the conventional b-value is the number
of AE event analyzed. In determining a b-value, the number of the peak amplitudes as denoted β
in equation (3) should be set for the calculation. Figure 3 shows b-value that resulted from the
trap door test by means of accumulating AE data. In this accumulation, for example, the b-value
at t is calculated by using derived AE data from time zero to t. In Fig. 3, the b-value up to the
final failure is intentionally repeated three times. It resulted from Fig. 3, and three different
variations are observed, and b-value approaches 0.12 with elapsed time. This suggests that the b-
value is highly dependent on a population parameter. This non-quantitative behavior would be
also obtained for the b-value analysis of AE data within a fixed test period. For instance, AE
activities would become higher with approaching the final failure. The population parameters
would also become larger with elapsed time. Thus, b-value with the fixed time is also difficult to
apply in AE applications. Figure 4 shows the b-value by means of constant number of 50 data
points from the same data set as given in Fig. 3. One characteristic variation is similarly observed
through the repetition. This implies that the constant number of population is so effective for
performing the b-value analysis. To further improve the calculation of the b-value, the number of
AE data points is formulated by,

∫
∞

=
0

)( βdaan
 , (3)

where n(a) is the number of AE hits (or events) at da and β is the total number of AE hits (or
events) data subjected to the Ib-value analysis.

Figure 5 shows the correlation coefficients r with respect to the population (a sample number
of AE amplitude data) where the data are approximated by the Gutenberg-Richter formula as
given in equation (4), and the same data set as used in Fig. 2. Any number over 50 is considered
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Fig. 4 The b-value by means of constant number of 50 data from the same data as Fig. 3.

Fig. 5 Correlation coefficients approximated by Gutenberg-Richter’s formula in a trap door test.

appropriate as β. In consideration of the problem in population parameters mentioned earlier, β
from 50 to 100 would be an appropriate range to calculate the Ib-value. (Shiotani et al., 1994).
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Fig. 6 Correlation coefficients approximated by Gutenberg-Richter’s formula in various concrete
specimens.

These results were obtained in geotechnical materials. Appropriate numbers of β in concrete
materials are discussed in the following section.

2.2 Sampling number of amplitude in concrete materials for Ib-value analysis

In concrete materials, correlation coefficients with increasing the population is examined to
determine the proper number of sampling data necessary for calculating µ and σ. Figure 6 shows
the correlation coefficients in different specimens as noted, approximated by the Gutenberg-
Richter formula of equation 4. These correlation coefficients are obtained when an
approximation by the Gutenberg-Richter formula is performed.

bMAMN −=)(log , (4)

Here, N is the total number of earthquake-frequency at over M and A is an empirical constant. In
the AE applications, peak amplitude (dB) is substituted for M and b is the b-value. The peak
amplitude is defined in dB, multiplying the log-amplitude by 20. When a comparison between
the seismic b-value and Ib-value is made, the Ib-value should be multiplied by 20.

It is shown from Fig. 6 that, in all the different specimens, the relations between the
logarithmic total number of AE events and the AE amplitude give a reasonable straight line
when the number of sampling data becomes larger than 50. Hence, in this study for concrete
materials, AE amplitude data of 50 samples (β = 50) are used to obtain the Ib-value.
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2.3 Moment tensor analysis

Moment tensor analysis is a method developed for quantitative AE waveform analysis based
on the measurement of very first P-wave arrivals. The procedure can give quantitative
information on three-dimensional location of cracks, crack types, crack orientation and direction
of crack motion. A computer code for simplified moment tensor analysis is named SiGMA
(Ohtsu et al., 1991). In the SiGMA procedure, digital records of AE waveforms are analyzed, and
more than six waveforms for each AE source are necessary. After experiment, each AE
waveforms corresponding to one AE event are displayed on the CRT screen. Two parameters, the
arrival time (P1) and the amplitude of the first motion (P2), are read on the screen. Three-
dimensional AE sources are located from the arrival time differences (P1). Then, moment tensor
components are determined based on the amplitudes of the first motions (P2). Finally, eigenvalue
analysis is performed, and the classification of crack types and the determination of crack
orientation are made. In this study, results of the moment tensor analysis are compared with
those obtained from the Ib-value analysis.

3. SPECIMENS AND TEST PROCEDURES

A four-point flexure test of reinforced concrete beams was conducted as shown in Fig. 7.
Cyclic loading was applied. Locations of six AE sensors (S1-S6) are also given in the figure. A
sketch of an L-shaped RC rigid frame and arrangement of six AE sensors are illustrated in Fig. 8.
Tensile force was applied (see the two arrows) to expand the corner of the L-shape model.
Center-notched concrete beams with and without FRP sheet reinforcement were subjected to
three-point flexure load. Figure 9 gives a sketch of the specimen. The coordinate system and
sensor locations are also shown in the figure. In the FRP reinforced specimen, one ply of CFRP
sheet was bonded on the bottom corresponding to the tensile zone.

Fig. 7 Reinforced concrete specimen in flexural test and AE sensor locations.

4. RESULTS AND DISCUSSION

4.1 Cyclic flexure test of reinforced concrete beams

The loading history for the cyclic flexure test of a reinforced concrete beam specimen is
shown in the top of Fig. 10. Results of the Ib-value analysis for the Ch-5 sensor data are also
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Fig. 8 Cyclic loading test of “L” shaped rigid frame.

Fig. 9 Details of three-point flexure tests for concrete specimen with a center notch.

given in Fig. 9. This sensor was placed below the center of the specimen in the tensile zone. The
dotted vertical lines represent the time of the maximum load of each stage. The maximum load
was 49 kN in both stage I and stage II. Subsequently, it was increased in steps to the final load of
120 kN.
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Fig. 10 Results of cyclic flexure test in reinforced concrete beam.
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Fig. 11 Results of cyclic flexure test in reinforced concrete beam.

In stage I, the Ib-value started at ~0.14 and varied to 0.06 to 0.19 as the load approached the
maximum. This sudden variation of drop and rise in the Ib-value appears to coincide the
initiation of microscopic fracture; i.e., the generation of mortar cracks. The decrease in the Ib-
value represents the addition of high amplitude events due to cracking, while the subsequent
drop implies the frictional AE of numerous high amplitude signals. In stage II, the Ib-value was
stable; it remained at 0.085-0.09 and decreased suddenly at the maximum load to 0.076. (This
implies that cracks opened at the nominally the same load; presumably, the load slightly
exceeded the previous maximum.) Thus, the Ib-value exhibits the same characteristic as that of
Kaiser effect. In stage III, the Ib-value starts to increase at the previous maximum load of stage II
(due to opening of crack face), and then reaches below 0.05. The Ib-value smaller than 0.05
implies the onset of macroscopic fractures, because the specimen has experienced functional
yield stress, indicated by the reduced slope of the load-time curve. In stage IV, the Ib-value starts
to decrease at the load much lower than the previous maximum load of stage III. Considering the
characteristic of the Kaiser effect, this represents the severely damaged state in the specimen, in
which shear type of cracks predominantly occurred within the specimen. In stage V, the Ib-value
begins to increase from the load 50% of the previous maximum load. The Ib-value subsequently
increases to over 0.15 when cracks between mortar and reinforcement were possibly grown, and
abruptly decreases near the peak load. While the load was kept close to the maximum, the Ib-
value decreases gradually, representing continual crack development. Final unloading increases
the Ib-value close to 0.3 reflective of closure of crack face from unloading. Figure 11 shows an
enlarged view of the Ib-value in stage III. Every AE event is plotted with its event duration in the
figure. The process of increase in Ib-value corresponds to the prevailing generation of AE events
with short event duration (see the cluster of 0 - 25 µs), while in the process of decrease it reaches
the bottom of 0.04, and AE events with long event duration are predominantly observed (see the
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Fig. 12 Results of cyclic loading test in L-shape rigid frame.

cluster around 200 µs). Fracture phenomenon with short event duration means the microscopic
fracture of the tensile type, and that with long duration implies the generation of shear type of
fracture or frictional slip along the crack interface. Interpretation of the Ib-value behavior is thus
feasible.

In the moment tensor analysis, AE events obtained are 8 (I), 2 (II), 32 (III), 25(IV) and 9 (V)
through the test. The parentheses denote the stages. AE events become the largest at stage III,
which conforms the consideration of the Ib-value. In stage V, only 9 events are obtained from the
moment tensor analysis, although the Ib-value changed between 0.09 and 0.16. In order to
perform the moment tensor analysis, sets of waveforms consisting of at least six readable
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