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Quantitative acoustic emission techniques were applied to basic
problems of microfracture in cement based materials. Acoustic emis-
sions in cement based materials result from microcracks and other
dynamic phenomena in the fracture process zone. The goals of this
research program were to characterize microcracking in various ce-
ment based materials, to track the evolution of damage in those
materials, and to examine the relationships to overall mechanical
behavior. Characterizations of the microcracks showed a dependence
on the degree of inhomogeneity in the material. Fine-grained mate-
rials showed different microfracture characteristics than coarse-
grained materials. Microcracks were characterized according to their
fracture mode. The fine-grained materials tested showed primarily
mixed-mode microfracture, whereas the coarse-grained materials
showed primarily mode II (shear) microfracture. It is experimentally
shown that there exists a relationship between the microcrack char-
acteristics established through quantitative acoustic emission anal-
ysis and the overall fracture toughness of the material. ADVANCED
CEMENT BASED MATERIALS 1995, 2, 105-118
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he mechanical behavior of concrete has often

been attributed to a fracture process zone.

This fracture process zone manifests itself in
several ways: the nonlinear stress-strain behavior, the
postpeak strain softening, and the increase in fracture
toughness over purely brittle main (critical) crack, ag-
gregate interlocking, crack bridging, and grain bound-
ary sliding friction. These toughening mechanisms
lead to the type of material behavior commonly asso-
ciated with concrete. From a material modeling stand-
point, properties of the fracture process zone must be
known to accurately predict the response of the mate-
rial to stress. Because the fracture process zone char-
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acteristics are critical to material performance, a better
understanding of those characteristics will lead to a
better understanding of performance.

To investigate some of the microstructural phenom-
ena that make up the fracture process zone, we con-
ducted an experimental program using quantitative
acoustic emission (AE) techniques. The specific goals
of the program were to evaluate microcrack properties
through the deconvolution of recorded AE waveforms
and to examine the relationship between the recovered
microcrack properties and the overall mechanical prop-
erties of the material. To this end, a series of plain
(unreinforced) beam specimens were tested in three-
point bending under closed-loop control. The micro-
cracking was monitored using an array of AE trans-
ducers. The results of these experiments are presented
in this paper.

Background

AE monitoring is a nondestructive test method for
evaluating damage growth in structures. An AE is the
spontaneous release of localized strain energy in a ma-
terial. This energy release causes the propagation of
stress waves that can be detected at the surface of the
material. AEs result from microcracking, dislocation
movement, phase transformations, and other irrevers-
ible changes. Through an analysis of detected AE
waveforms, the nature of damage in the material can
be deduced. AEs are typically monitored using highly
sensitive piezoelectric transducers connected to some
type of data recording device.

Analysis of AE phenomena can range from relatively
simple counting of AE events, energy, or frequency
analysis and locating AE sources [1] to the more so-
phisticated quantitative AE analysis [2]. Details of the
types of analysis performed in this investigation are
described later.

AE techniques have been applied to concrete for a
number of years [3-6]. Diederichs et al. [6] compiled a
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particularly extensive review of conventional AE appli-
cations to concrete. Included in their review are the
effects of loading devices, specimen size, aggregates,
ultimate strength, and temperature on the AE counts
and frequency spectra. More recent work has focused
on relating acoustic emission characteristics to proper-
ties of the fracture process zone [7-10]. AE source lo-
cation analysis has also been applied to damage local-
ization [11] as well as crack-tip measurements [12] in
concrete. Quantitative AE analysis has been used to
evaluate cracking due to anchor bolt pull-out [13]. The
strength of AE measurement techniques is the ability
to monitor microscopic damage occurring inside the
material,

Traditional analysis of AE data involves the record-
ing of event rates, peak amplitudes, frequency spectra,
and source locations. Empirical relationships can be
made with damage growth or other observed phenom-
ena. Although this type of analysis can provide valu-
able insight into fracture behavior, a more sophisti-
cated analysis is necessary for characterization of the
actual microfracture event that caused the AE. Hsu et
al. [2] established a quantitative acoustic emission
model where the AE event is broken down into three
separate processes: (1) the source (microcrack) event,
(2) the resulting stress wave propagation through the
material, and (3) the measurement of the waveform on
the specimen surface. These three processes are as-
sumed to be linear systems so that they may be com-
bined through a series of convolutions as [14]:

V(t) = T(EGErM(D)} 1)

where V(t) is the voltage measured from an AE trans-
ducer, M(t) is a function representing the AE source,
G(t) accounts for the wave propagation through the
material, and T(¢) is the response function of the AE
transducer. A separate response function for the trans-
ducer is necessary because the conversion of mechan-
ical energy to an electrical signal is imperfect and must
be taken into account. The asterisk denotes a convolu-
tion integral. Through an inverse analysis, the charac-
teristics of an AE source can be determined from the
measured voltage transients, if the response of the
transducer and the wave propagation characteristics of
the material are known.

Representation of an AE source can be accomplished
through seismological equivalence models for earth-
quake faults. (It should be noted that AEs are often
referred to as microseismic events.) A discontinuity in
an elastic medium can be represented by an equivalent
set of body forces that produce the same far field dis-
placements as would the formation of a microcrack.
This set of body forces is referred to as a seismic mo-
ment tensor and may be written in terms of the dis-
continuity as [15]:
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M CiubenAA )

ij
Here b, AA is discontinuity with area AA and slip di-
rection (Burgers vector) by. The plane of the disconti-
nuity has a normal vector n;. Cyy, is the elastic stiffness
tensor, and M;; is the seismic moment tensor. Since eq
2 represents an equivalence between the moment ten-
sor and a discontinuity, any microcrack can be
uniquely defined by the appropriate moment tensor
components.

The characteristics of the microcrack may be deter-
mined from the moment tensor as follows [16]. For
isotropic materials, eq 2 can be simplified to:

My = [\on®; + (b + bn)]AA ©)

where X and p are the Lamé constants. The principal
values (eigenvalues) of M;; are governed by the equa-
tion:

My — Mdy)x; = 0 4)

where M is a principal value, x; is the corresponding
principal direction (eigenvector), and 3; is the Kro-
necker delta. A nontrivial solution for eq 4 exists only
if the determinant vanishes, or:

Equation 5 leads to a cubic equation that yields three
principal values. These values are:

M® = [(N + wWbay + w(bb)2]AA (6a)
M® = NbnAA (6b)
MO=[(\ + wby, — n(bibyJAA (6¢)

The three corresponding principal directions are:

D = b + nybibi)'2 (7a)
x? = ejbjn (7b)
X = b — nbb) (7¢)

where ¢ is the permutation symbol.

These equations show that the vector, x* is in the
direction normal to the plane §iven by b and n. Equa-
tions 7a and 7c indicate that X is a vector on the plane
defined by b and n in the direction that bisects the
angle between them, and x® is on the plane defined



Advn Cem Bas Mat
1995;2:105-118

by b and n, and is normal to x. These are illustrated
in Figure 1.

Using the principal values and principal directions of
the moment tensor, the microcrack can be character-
ized in terms of its orientation, volume, and slip direc-
tion.

The orientation is described by the direction of the
crack plane normal vector n, which is defined by:

= ——— f) - 2f) ®
2Abib)"

n;
The volume is evaluated in terms of the principal

moment tensor values:

MDY + M@ + MO
3n + 2p ©)

AV = bknkAA =

The direction of microcrack slip may be expressed as
an angle between b and n. If this angle is designated at
o, then:

_ bknk _ 2|.LM(2)
B (bb)2 TAMOD - MO

Cos a (10)

Using this designation, and angle of a close to 0° indi-
cates mode I (tensile) microcracking, whereas an angle
of a close to 90° indicates mode II (shear) microcrack-
ing. It should be noted that the convention used for the
principal values was: MV > M? > M.

Thus, through the use of eq 8-10, a microcrack may
be uniquely characterized in terms of its volume, ori-

x )

FIGURE 1. Orientation of principal axes relative to micro-
crack.
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entation, and slip angle. These parameters are deter-
mined from the principal values and directions of the
moment tensor.

The moment tensor components are determined
through an inversion of eq 1. The theoretical basis for
eq 1 is an integral solution of the differential equation
of motion in an elastic solid. The far field displacement
u;, in an elastic medium at point x, due to a transient
body force f;, acting at point § can be written [14]:

uct) = 7 Giobt = DfEdr 8

where G;; is the elastodynamic Green'’s function for the
medium. Because eq 11 is a convolution integral, Gij
may be thought of as the response of the medium at x,
due to an impulse load (both spatial and temporal)
applied at €. If the point force f;, is replaced in eq 11 by

a moment tensor source, M;;, the equation becomes:

uxt) = [ Giaogt = IMuE s (12

where G;;; = 8G;/0x, is the displacement response to a
dipole source and is often referred to as a Green’s func-
tion of the second kind. If eq 12 is convolved with the
impulse response function for the AE transducer, the
result is eq 1. Thus, if the Green’s function for the
medium and the transducer response function are
known, then moment tensor representing a microcrack
can be determined through an inversion of eq 12. This
inversion can be somewhat difficult. A detailed de-
scription of the inversion procedure used in this study
is presented in ref 17. The procedure may be summa-
rized as follows. For a particular AE event, an array of
transducers measures the resulting stress wave tran-
sients. The voltage transient measured at each trans-
ducer is deconvolved with the impulse response of the
transducer. This deconvolution leads to the surface
displacement transient at the location of the trans-
ducer. These displacements represent the left-hand
side of eq 12. Because the moment tensor has six inde-
pendent components, a minimum of six channels of
data is required. A Green'’s function for an infinite me-
dium was used in eq 12 with a correction for mode
conversion at the specimen boundary [18]. A nonlinear
least-squares approach was developed for the required
multichannel inversion. The multichannel inversion
produces the nine moment tensor components. The
moment tensor is then rotated to its principal axes us-
ing eq 4. Finally, the principal values and directions are
used in eqs 8-10 to evaluate the microcrack parame-
ters of volume, slip, and orientation.

Before the test, the location and response functions
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for all transducers must be known. The response func-
tions are determined through calibration against a
known reference signal [19]. Also, the elastic proper-
ties (Lamé constants) of the specimen must be known
for evaluating the Green’s function for the material.
Because the elastic constants govern the wave propa-
gation through the material, dynamic measurements
of these constants are better suited than static mea-
surements. The dynamic elastic moduli for a material
can be evaluated through measurements of the longi-
tudinal (P-wave) and transverse (S-wave) wave veloc-
ities and the mass density of the material [20].

The inversion procedure was found to be fairly ro-
bust and was verified using redundant measurements
[17]. With this measurement and analysis system in
place, the technique could then be applied to basic
problems of fracture in cement based materials.

Experimental Program

An experimental program was carried out to examine
the relationship between the microfracture character-
istics and the overall mechanical response of the ma-
terial. To make this examination, we tested specimens
of different microstructural characteristics. The prop-
erties of the specimens as well as the types of tests
conducted as described below.

Specimen Properties

A series of three-point bend specimens of varying com-
position were cast for this program. The specimens
were designated as follows: coarse mortar, fine mortar,
plain cement paste, and densified using small particles
(DSP) cement paste. The composition of each speci-
men tested is summarized in Table 1. The results of
previous experiments showed that a coarse mortar rep-
resents the practical limit of quantitative AE analysis of
microcracking in cement based materials [21]. The pro-
portion of aggregate in the mortars was 2 parts aggre-
gate to 1 part cement. The mortars and the cement
paste are fairly common materials for laboratory anal-
ysis, and the specimen fabrication was conducted us-
ing the relevant ASTM guidelines (e.g., ASTM C 192-

TABLE 1. Composition of tested specimens

Maximum = Water:

Aggregate Cement Specimen
Material Size Ratio Size
Coarse mortar 5 mm 0.45 large
Fine motar 1 mm 0.45 large
Normal cement paste — 0.45 large and

small

DSP cement paste — 0.20* small

*Water:solid ratio; 18% silica fume added.
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81, Making and Curing Concrete Test Specimens in the Lab-
oratory). DSP cement paste requires additional
description as there is no standard for its fabrication.

DSP cement paste is a portland cement based mate-
rial with a very low water:cement ratio and a relatively
large fraction of added silica fume. Because of the small
amount of water, a superplasticizer is required. After
the constituents are thoroughly mixed, a vacuum is
applied to minimize the amount of air in the pores. The
result is a material with a very dense microstructure (as
compared with conventional cement based materials).
This dense microstructure leads to a large increase in
strength compared with normal cement paste.

All of the specimens were demolded approximately
24 hours after loading and were placed in a water bath
for curing.

Two different sized specimens were tested. The spe-
cific specimen geometries are shown in Figure 2. Three
large specimens were tested: coarse mortar, fine mor-
tar, and normal cement paste. Two small specimens
were tested: DSP paste and normal cement paste. The
smaller size was chosen for the DSP specimen because
of the difficulty in properly casting large DSP speci-
mens. A small normal cement paste specimen was also
tested so that there would be a common reference for
both sizes, eliminating any possible size-related bias in
the measurement system.

Specimen Loading
All specimens were tested in a closed-loop, servo-
hydraulic load frame. The experimental set-up is illus-
trated in Figure 3. The closed-loop feedback parameter
for the large specimens was the tensile strain as mea-
sured by a 4-inch extensometer mounted on the bot-
tom of the beam. For the small specimens, a center
notch was cut in the beams and a gauge was placed
over the notch for crack mouth opening displacement
(CMOD) measurements. The CMOD measurement
was used as the feedback control. The absence of a
notch in the large specimens allowed the localization of
microcracking to be observed. When a notch is added
to the specimen, formation of the critical crack is con-
fined to the area of the notch. Because the location of
the critical crack is known, a much finer gauge can be
used to monitor crack growth, and thus much better
control of the loading in the postpeak region can be
maintained. Because the mechanical properties of DSP
pastes have not been extensively studied, CMOD con-
trol was used in this test to ensure stable crack growth.
It should be noted that differences between these
two control modes occur only in the prepeak loading
stage. Once a critical crack forms, the two modes are
essentially the same. That is, after the formation of a
critical crack, nearly all subsequent opening of the ex-
tensometer is due to crack opening rather than elastic
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FIGURE 2. Geometries of specimens
tested: (a) large unnotched specimen
and (b) small notched specimen.
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deformation. The output of the 4-inch extensometer
thus becomes a measurement of CMOD, and the dif-
ferences between the two gauges is only a function of
their respective gauge lengths.

The specimen loading rate was programmed such
that the displacement gauges would open at a rate of
5.0 X 107> mm per second for the large specimens and
3.5 x 107° mm per second for the small specimens.

Measurement System

The components of the AE measurement system are
illustrated in Figure 3. A LeCroy modular transient

Piezoelectric
Transducer 1 Trigger LeCroy
(typ.) modular
— transient
fan-out recorder
128 || oystem
digitizers
| TRBEI7F |
interface
8901
MTS Testware SX mﬁf&
closed-loop control/
data acquisition

servo-hydraulic actuator

$.8 8

[IL

0000020000800 O

25 mm
(b)

recorder system was used to acquire the AE wave-
forms. A LabVIEW-based application was developed
to record the signals and to control the LeCroy system.
For all tests, eight channels of AE data were recorded.
The length of the data record for each channel was
1,024 points. The sampling rate of the transient record-
ers was 16 MHz for the large specimens and 32 MHz
for the small specimens.

Two different types of piezoelectric transducers
were used: the model micro80 AE transducer manu-
factured by Physical Acoustics Corp (PAC), and the
model CA-1135 position transducer (PIN) manufac-

....... R

FIGURE 3. Experimental test set-up.
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tured by Dynasen Inc. Each of the transducers was
calibrated against a glass capillary reference signal [19].
The PIN transducers were found to have a more broad-
banded displacement response than the PAC trans-
ducers. However, the PAC transducers were much
more sensitive up to about 250 kHz [21]. The PINs
were initially chosen for use in all experiments, but it
was soon discovered that they were not sensitive
enough to detect many of the AE events in the large
specimens. Therefore, the PAC transducers had to be
used for the large specimens. It was found that PINs
were sensitive enough to detect a large number of AE
events in the small specimens, so they were used for
those tests.

The output of each transducer was amplified by
Physical Acoustics model 1220B preamplifiers. Pretest
calibrations were performed for each channel so that
the measured voltage transients for each AE event
could be converted to a series displacement transients
using a time domain deconvolution procedure [17].

Experimental Results

The results of five different experiments are reported
in this section. The five tests are as follows: large ge-
ometry specimens of normal cement paste, fine mor-
tar, and coarse mortar, and small geometry specimens
of DSP cement paste and normal cement paste. The
compositions and measured elastic properties of these
specimens are shown in Tables 1 and 2, respectively.

Although two different specimen sizes were used
along with two different types of AE transducers, the
results of the analysis should not be affected by either
measurement system or specimen geometry. As an ex-
perimental check, however, a large paste specimen
was tested in order that there be overlap between the
two configurations. Unfortunately, large shrinkage
cracks developed in the large paste specimen such that
the overall behavior was not representative of that ma-
terial. The peak load was a fraction of what it should
have been for that material, and only a limited number
of AE events were recorded. The results that follow
thus focus primarily on the four remaining tests.

TABLE 2. Measured elastic properties of tested specimens

Advn Cem Bas Mat
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Where appropriate, the results from the large paste
specimen are also included.

Load and AF Event Data

The cumulative AE event counts are plotted along with
the loads for four specimens in Figure 4. It should be
noted that the event count shown here is heavily in-
fluenced by the recording rate of the data acquisition
system and the sensitivity of the transducers. Because
whole waveforms were recorded for each event, the
maximum rate that the data acquisition system could
record the AE signals was approximately three events
per second. It is likely that there is more AE activity
that is not recorded during the downtime of the acqui-
sition system. (The acquisition system cannot record
new signals while the previous event is being saved.)
Thus, the event numbers shown here cannot necessar-
ily be compared with the counts typically acquired by
conventional AE monitoring equipment.

The event rates shown in Figure 4b-d illustrate an
interesting characteristic of the AE properties of ce-
ment based materials. This characteristic is that the
rate of AE activity appears to increase just prior to the
ultimate load. In the fine mortar specimen, the in-
crease in event rate occurs at about 75% of the peak
load. The specimen also shows typical nonlinear pre-
peak behavior. In the DSP specimen, the event rate
jump occurs at about 86% of the peak. There is also a
notable nonlinear prepeak region in this specimen.
These can be contrasted with the small paste specimen
where the prepeak portion of the load curve is essen-
tially linear right up to the peak load. The jump in the
AE event rate occurs at the peak load as well.

Li and Shah [11] attributed this jump in the AE event
rate to the localization of microcracking into a single
critical crack. In their specimens of mortar and con-
crete, the jump occurred typically at about 80% of the
peak load. Ohtsu [22] attributed the AE event rate in-
crease to the formation of the fracture process zone. He
also suggested that a linear elastic fracture mechanics
(LEFM) approach could be applied to concrete if the
load for evaluating fracture toughness was taken as the
load where the AE event rate jumps and the fracture
process zone forms.

Lamé Constants

P-wave S-wave Attenuation
Material Velocity Velocity © A (at 100 kHz)
Coarse mortar 4330 m/s 2540 m/s 14.4 GPa 13.1 GPa —0.20 dB/mm
Fine mortar 3930 m/s 2500 m/s 13.6 GPa 6.39 GPa -0.15 dB/mm
Normal cement paste 3500 m/s 1940 m/s 7.49 GPa 9.40 GPa —0.08 dB/mm
DSP cement paste 4620 m/s 2580 m/s 1.52 GPa 18.4 GPa —0.05 dB/mm
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FIGURE 4. Load and cumulative event counts: (a) coarse
mortar specimen, (b) fine mortar specimen, (c) normal ce-
ment paste specimen, and (d) DSP cement paste specimen.
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The exception to these observations is with the
coarse mortar specimen. For some reason the event
rate does not jump until well into the postpeak region.
The jump in event rate in this specimen does seem to
correspond to some physical phenomenon. Specifi-
cally, the event rate jumps at a point where the load
capacity of the beam drops dramatically. This is con-
sidered further in the Discussion section.

In Figure 4a and b, four loading stages are labeled as
stage A through stage D. The four stages refer respec-
tively to (1) the linear prepeak region; (2) the prepeak
nonlinear region (after localization); (3) the initial post-
peak region; and (4) terminal postpeak region. These
regions are further addressed in the following discus-
sion.

AE Source Locations and Localization

The locations of the AE sources were evaluated accord-
ing to the methods described in ref [23]. Based on the
arrival times of the first P-wave at each transducer and
the respective P-wave velocities in each material, the
source locations for all measurable events were evalu-
ated. The definition of a measurable event was one
that had a minimum of four well-defined arrival times.
In general, if at least four arrival times were fairly well
defined, then the event location was evaluated with a
relatively high degree of certainty.

The accuracy of the source locations was estimated
by applying an artificial source (pencil lead fracture) at
a known location on the specimens. The locations of
the sources were evaluated using the AE source loca-
tion routines and the result was compared with the
actual location. Based on this analysis, the location res-
olution of each specimen was estimated to be the fol-
lowing: coarse mortar, +5 mm; fine mortar, 2 mm;
normal cement paste, £1 mm; and DSP cement paste,
+1 mm.

The likely reason for the poorer resolution of the
coarse mortar is the slight variation of P-wave velocity
in the specimen. Variations in wave propagation ve-
locity may arise based on the number of aggregate
crossings over the path of wave propagation. For this
analysis, the P-wave velocity was assumed to be a con-
stant for the analysis of AE source locations event
though there may be some variability depending on
the wave propagation path.

Some comments on the estimated source locations
follow.

COARSE MORTAR SPECIMEN. The source locations evaluated
in the coarse mortar specimen are shown at four dif-
ferent stages in Figure 5. The first figure shows the AE
events located during the initial stages in the loading
cycle. This corresponds to the essentially linear portion
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FIGURE 5. Acoustic emission source locations in coarse mor-
tar specimen.

of the load-strain curve of Figure 4a. As can be seen in
Figure 5, the AE events were fairly evenly distributed
throughout the zone of maximum tensile stress in the
specimen. The second set of event locations shown
corresponds to the segment of the load-strain curve
where slope changes significantly. The AE events oc-
curring during this time were confined to a narrow
band just to the left of the beam centerline.

The remaining two segments shown in Figure 5 cor-
respond to the initial postpeak region and the region of
steady-state crack growth, respectively. The distin-
guishing characteristic that separates these two seg-
ments is not in the source location plots but rather is in
the cumulative event count plot in Figure 4a. At about
78% of the peak load (postpeak), the event rate jumped
dramatically. There does not seem to be an explanation
for this jump in the location plots; however, additional
information from the quantitative analysis provided
some insight into this behavior. This is described in the
Discussion section.

FINE MORTAR SPECIMEN. The source locations evaluated in
the fine mortar specimen are shown at four different
stages in Figure 6. As with the coarse mortar specimen,
the initial events were somewhat evenly distributed
along the zone of maximum tensile stress. In this spec-
imen, there was a distinct jump in the event rate at

(a) stage A events

i - d
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g J ‘.‘.'-.’,. L
i »
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(d) stage D events
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crack crack

ol C_ -

FIGURE 6. Acoustic emission source locations in fine mortar
specimen.

about 75% of the peak load. The AE events located
after this rate jump are confined to a narrow band that
ultimately corresponded to the location of the main
visible crack. The events located during the postpeak
portion of the load-strain curve are also concentrated
along this narrow band. Again, this localization and
corresponding jump in event rate agrees quite well
with the results of Li and Shah [11].

An examination of the AE event locations viewed in
the beam’s cross section leads to some interesting ob-
servations. The AE events in the initial stage of loading
seem to be confined to the corners of the specimen. It
would seem from this that damage is initiated along
the sides of the specimen. As the loading cycle pro-
gresses and the event locations move up the cross sec-
tion, this trend continues. It is most clearly seen during
the fourth stage. The events are further up the cross
section at the sides than they are in the center. This
phenomenon was also observed by others using a dye
penetration technique [24]. Although the exact cause is
not clearly understood, it is likely that the occurrence
of small shrinkage cracks at the corners cause cracks to
initiate there.

There are some interesting differences between the
source location results of the fine and coarse mortar
specimens. First, the scatter of AE events in the coarse
mortar is much larger than in the fine mortar. This is
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particularly apparent in the plots of all events. Part of
the extra scatter in the coarse mortar can be directly
attributed to the lower resolution of the source location
routine for that material. However, it is also likely that
the fracture processes in the coarse mortar also con-
tribute to a wider scatter. It can be seen in the crack
patterns shown in Figures 5e and 6e that the critical
crack propagates in a more obtuse angle through the
cross section in the coarse mortar specimen. This ac-
counts for some of the scatter as viewed from the side.
In addition to the path of the critical crack, it is likely
that some of the scatter can be attributed to fracture
processes, such as microcracking, that surround but
are not directly connected to the main crack. It is this
wider distribution of microcracking observed in the
coarse mortar specimen that likely leads to the overall
increase in toughness as discussed later.

AE source locations were also evaluated for the nor-
mal and DSP paste specimens. In both cases, the AE
sources moved up from the precut notch in a narrow
band about 3-mm wide, with relative uniformity
through the thickness of the specimen.

Characterization of Microcracking

The quantitative AE model used in this series of exper-
iments was previously described. A seismic moment
tensor is used to represent the microcrack source, a
Green's function solution for an infinite medium with
a correction for the boundary effects was used to
model the stress wave propagation through the me-
dium, and the impulse response of the transducers
was evaluated by pretest calibration experiments.
These three terms are related by a series of convolu-
tions as shown in eq 1. An iterative approach was pre-
viously developed to evaluate the moment tensor com-
ponents [17]. The moment tensor components are then
used to characterize the microcrack properties.

For the analysis presented here, an additional term
was added to the quantitative AE model. Based on
preliminary studies of ultrasonic attenuation in cement
based materials, we found that materials of different
composition and degree of inhomogeneity showed dif-
ferent attenuation characteristics [25]. In order that
these attenuation effects would not influence the re-
sults of the quantitative AE analysis, an attenuation
term was added to eq 1. The model can then be written
as:

V(t) = TOH[GE)M()]a} (13)

where, as previously mentioned, M(t) is a function rep-
resenting the AE source, G(t) is the appropriate elas-
todynamic Green’s function for the material, T(t) is the
impulse response of the AE transducer, and V(¢) is the
output of that transducer. An asterisk denotes convo-
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lution. « is the total material attenuation that occurs as
the AE wave passes from the source to the receiver. Its
value is a function of the material attenuation coeffi-
cient, o, and the source receiver separation distance, L:

& = 10H29 (14)

It is assumed that attenuation is essentially frequency
independent (constant) over the frequency range of
analysis. The attenuation coefficient, o, for the mate-
rials tested are shown in Table 2. A point source/point
receiver ultrasonic technique was used to measure o
[26].

The steps in the analysis process are briefly summa-
rized here. Details are presented in ref 21. All of the
analysis takes place after the test.

For a particular AE event, waveforms from all eight
channels are examined. The wave arrival times are
evaluated for all signals of sufficient amplitude. If a
minimum of four signals had sufficient amplitude,
then the location of the AE event was calculated. If the
event had a minimum of six signals of sufficient am-
plitude, then the moment tensor was also evaluated.
This calculation first requires that the measured volt-
age transients be converted to a displacement transient
through the deconvolution with the transducers’ im-
pulse response functions. These impulse response
functions were evaluated before the tests using the
calibration methods described in ref 19. The displace-
ment transients are then used to iteratively estimate
the six independent components of the moment ten-
sor. Once the moment tensor was recovered for a par-
ticular event, then the microcrack parameters such as
volume, slip angle, and crack plane orientation were
calculated using the equations presented earlier.

The recovered microcrack volumes were calculated
for each specimen and are plotted in Figure 7. There
does not appear to be any tremendous differences be-
tween the various materials. The microcracks in the
mortars tend to be mostly in the range of 10,000 pum3,
whereas the paste specimens tend to have more cracks
in the range of 20,000 p.m>. The volumes recovered are
a measure of the energy release of the microcrack, be-
cause it is a function of the principal moment tensor
values and the elastic properties. It is not, however,
necessarily a good indication of the area or opening of
a microcrack, because these values are indeterminate.

The recovered slip angles for each specimen are
shown in Figure 8. The slip angle, a, was defined as
the angle between a vector normal to the microcrack
plane and a vector representing the direction of crack
motion of one face relative to the other. Using this
definition, a slip angle close to 0° indicates mode I
(tensile) microfracture, whereas a slip angle close to 90°
indicates mode II (shear) microfracture. Angles in be-
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tween are mixed mode. The majority of the microcrack
slip angles recovered for the two mortar specimens
tend to be relatively close to 90°, indicating a domi-
nance of shear fracture modes. There is a significant
difference in the slip angles of the paste specimens.
Both show much larger crack opening components
(smaller slip angles). Although the shear component in
both of these is still fairly high (a majority of normal
paste events had slip angles in the 70° to 75° range
whereas the DSP had the most events in the 65° to 70°
range), it seems clear that the nature of the microcrack-
ing is different in the fine-grained versus the coarse-
grained materials.

Discussion

A goal of this research program was to examine the
relationship of the AE analysis results with overall me-
chanical properties of the different materials. The par-
ticular properties discussed here are the localization of
microcracking, the variations in microcrack character-
istics during the loading cycle, and fracture toughness
and fracture surface roughness.

Localization

Figures 5 and 6 illustrate the notion of damage local-
ization in the materials. Initially, microcracks formin a
somewhat random pattern in the zone of maximum
tensile stress. Then at some point, the microcracks co-
alesce into an area around the location of the critical
(continuous) macrocrack. The progression of micro-
cracking into the narrow band explains the increas-
ingly nonlinear (decreasing stiffness) prepeak stress-
strain behavior. This progression can also be observed
using laser interferometry techniques [27].

Although the AE source locations in the notched
specimens were confined to a narrow band extending
from the notch tip (no visible localization), it would
seem from the analysis of the AE data that the concept
of localization is not confined to unnotched specimens.
Localization appears to occur in the notched specimens
as well.The difference between the two types of spec-
imens is that the location of the critical macrocrack is
unknown in the unnotched specimens whereas the ad-
dition of the notch forces the critical crack to extend
from the notch tip. It is apparent from the data here
that if localization is defined as the coalescence of mi-
crocracks into a macrocrack, then localization also
takes place in the notched specimens. Evidence of this
is mainly in the jump in event rate that tends to ac-
company localization. Both of the notched specimens
tested here showed a jump in the event rate before the
peak load. In each case, this jump in AE event rate
accompanies nonlinearities in the ascending portion of
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the load-CMOD curves. It may be concluded that lo-
calization has less to do with where a macrocrack
forms than in how it forms.

Progression of Microcracking

It was previously pointed out that the there was not a
jump in the AE event rate corresponding to localiza-
tion in the coarse mortar specimen. There was a jump
in the event rate later in the test, but it could not have
anything to do with localization because it occurred
well into the postpeak region of the load-strain curve
as shown in Figure 4a. A quantitative AE analysis of
microcracking in the specimen showed that the jump
in AE event rate may have corresponded to a shift in
the characteristics of the microfracture.

A plot of the recovered microcrack volumes and the
corresponding load are shown in Figure 9. It can be
seen in the figure that at the point where the AE event
rate jumped (at the same time as a sudden drop in the
load), the volumes tend to be smaller. That is, at the
point where microcracks start occurring at a higher
rate, they also become smaller. This could indicate a
shift in the dominant mechanism of microfracture.
This shift can also be seen in a similar plot that shows
load and microcrack slip angle (Figure 10). At roughly
the same time as the drop in microcrack volume, there
is also a jump in slip angle. This indicates a move
towards a shear dominated microfracture mode.

The characteristics shown in Figures 9 and 10 could
represent microcracking in different material phases.
Microcracks occurring early in the loading cycle have
been attributed to primarily matrix-aggregate interface
cracks. As load approaches the peak, the microcrack-
ing also includes the matrix phase [28]. If it is assumed
that matrix cracking consists of a higher energy release
than interface cracking, then Figure 9 shows that there
is primarily matrix cracking around the peak load,
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whereas the strain softening region could primarily be
interface cracking. If this is the case, then from Figure
10 it could be concluded that the matrix cracking is
predominantly mixed mode, whereas the interface
cracking is primarily shear. This idea could be con-
firmed by the dominant mode of microcracking (mixed
mode) observed in both of the paste specimens.

Fracture Toughness

A property examined for correlation with the recov-
ered microcrack properties was overall fracture tough-
ness of the materials tested. Traditional fracture tough-
ness, K, computed using linear elastic fracture me-
chanics techniques is not applicable to cement based
materials because of the various fracture process zone
effects [29]. Therefore, a second parameter is added to
fracture toughness to account for these toughening
mechanisms. The second parameter is a critical crack-
tip opening displacement (CTOD) calculated at the
tip of an effective elastic crack. These parameters can
be calculated from load-CMOD curves that include a
loading and unloading cycle. An effective critical crack
length is estimated from the differences in initial load-
ing compliance and unloading compliance.

The RILEM standard [30] was used to evaluate frac-

TABLE 3. Values of fracture parameters of tested specimens
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ture toughness. Tests on the DSP and cement paste
specimens were conducted as a part of this experimen-
tal program. Fracture toughness values for the fine and
coarse mortar specimens were taken from published
tests of comparable materials [29]. The values of frac-
ture parameters used in this analysis are shown in Ta-
ble 3.

The microcrack parameter used for correlation with
fracture properties was the slip angle, a. It was felt that
this was the single parameter that distinguished the
materials. In Figure 11, the critical effective crack
length, a, is plotted against the average slip angle, a.
The critical effective crack length is a function of both
Kic and CTODg, so it is probably the best single pa-
rameter for describing the fracture behavior of the ma-
terial. (It should be noted that K;c and CTOD,. are
defined as material properties that are independent of
geometry. a., however, is geometry dependent, so it is
only appropriate to compare these values for speci-
mens of the same size and loading configuration.) As
can be seen in the figure, there is clearly a relationship
between a and a... Of course, there are not enough data
points for any statistically significant relationship, but
the trend is apparent.

Fracture Surface Roughness

Lange et al. [31] evaluated the fracture properties of a
variety of cement based materials through a micro-
scopic examination of fracture surfaces. Because the
tortuosity and roughness of fracture surfaces in cement
based materials are related to increases in fracture
toughness, Lange et al. performed quantitative analy-
ses of the crack faces so that comparisons could be
made with mechanical properties. The parameter that
was used to characterize the fracture surfaces was the
roughness number, RN. RN is the ratio of the surface
area of a particular segment of a crack face with the
projection of that area on a plane. The larger the
roughness number, the greater the degree of irregular-
ity and tortuosity. Values of RN corresponding to the
materials tested in this investigation are shown in Ta-
ble 3. Figure 12 shows a plot of roughness number

K¢ CTOD, Average slip angle, o
Material (KPa Vm) (mm) a_ (mm) RN* (degrees)
Coarse mortar 703 .0046 21.6 2.78 83.3
Fine mortar 727 .0053 21.6 2.53 83.7
Normal cement paste 380 .0041 17.36 1.83 64.8, 66.11
DSP cement paste 717 .0033 17.09 1.85% 68.6

Kic = fracture toughness; CTOD, = critical crack-tip opening displacement; a_ = critical effective crack length; RN = roughness number.

*From Lange et al. [29].
tThis value is actually for a 10% silica fume cement paste.

{The first value was calculated from the large paste specimen and the second from the small paste specimen.
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versus slip angle for the specimens tested. Again, de-
spite the limited number of data points, there does
seem to be a correlation between the roughness num-
ber and the microcrack slip angle.

A more recent analysis of fracture surface roughness
[32] showed that the presence of the aggregate signif-
icantly affects the roughness of the cement matrix. The
addition aggregate to otherwise similar matrix phases
caused an increase in the fracture surface roughness
near the aggregate. It was previously suggested [17]
that microstructural features such as crack tortuosity,
grain boundary sliding, and crack bridging could be
responsible for the large number of shear-mode micro-
cracking. The observation that the fracture surface
roughness increases close to an aggregate relates well
to the presumption made earlier that the matrix crack-
ing tended to be mixed mode whereas interface crack-
ing tends towards shear. The observed increase in
crack tortuosity could clearly lend itself to a higher
shear component in microfracture mode.

Conclusions

It is apparent from the results of this investigation that
quantitative AE analysis yields a wealth of information
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FIGURE 12. Roughness number versus slip angle.
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about microcracking and fracture processes. The AE
event rate, the source locations, and the microcrack
parameters all can be synthesized to aid in the under-
standing of microcracking and its role in mechanical
behavior. Increases in AE event rate were shown to
correspond to localization of randomly distributed mi-
crocracks into a single damage zone. The AE source
locations in the coarse mortar specimen showed sig-
nificantly more scatter than the fine mortar, indicating
a larger damage zone. The coarse mortar had a higher
overall toughness, attesting to the fact that diffuse
damage leads to greater energy absorption capacity.
The microcracks were characterized according to their
volume and slip angle using a seismic moment tensor
model. Microcracks in the paste specimens were found
to be primarily mixed-mode microfracture. Micro-
cracks in the mortar specimens were found to have a
large proportion of shear-mode microcracks. It was
suggested that the shear microcracks in the mortars
were primarily matrix-aggregate interface cracks,
whereas the mixed-mode microcracks were in the ce-
ment matrix.

The relationship between microcrack slip angle and
fracture toughness presented here illustrates how the
properties of individual microcracks can affect the
overall response of the material. Specifically, the addi-
tion of aggregate to the cement matrix causes a diffu-
sion of damage (as shown in the location data) and a
change in the microfracture mode in the vicinity of the
aggregate. The shear microfracture mode could be the
result of grain boundary sliding and other frictional
mechanisms that absorb energy and increase tough-
ness.

In summary, the results of the tests conducted as a
part of this research program can be used to infer prop-
erties of the fracture process zone as well as the specific
characteristics of individual microcracks. The proper-
ties of the microcracks can ultimately be linked to the
mechanical behavior of the materials.
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