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INTRODUCTION AND BACKGROUND

Acoustic emissions (AE) are transient elastic waves generated
by the rapid release of energy within a material which deforms
under stress. Sometimes these sounds are audible (wood cracking,
tin "erying", ice expanding, soil and rock particles abrading
against one another, etc.), but more often they are not, due to
either thelr low amplitude or their high frequency. Normally a
plezoelectric sensor (some form of transducer) i1s used as a "pick-~
up" to detect the emissions. These sensors produce an electrical
signal when mechanically stimulated. The signal 1s then amplified,
filtered, counted, displayed and recorded or otherwise processed.
Some aspect of the signal is then related to the basic material
characteristics of the specimen or material being tested to deter-
mine its relative stability., If no signals are present, the
material is in equilibrium and thus stable. However, if signals
are detected, some instability exists which could ultimately lead
to excessive deformation or failure.

Historically, AE work began in the mining industry to detect
instability in mine roof, face, or pilllar rock, and pr?i}ct when
failure might occur. This work was initilated by Obert , and
Obert and Duvall (2) in the United States, and Hodgson (3,4) 4n
Canada. Although these early workers were hampered by a lack of
sophisticated and reliable equipment, their ideas and goals were
certainly in the right direction and set the tone for many modern
projects. Theilr monitoring of rock emissions, which they called
microseisms, began in the earlg 1930's and is being continued
today by the Bureau of Mines (5) and others s7

Beginning in the 1950's AE research was initiated in the
metals area. Kaiser (8,9) worked with steel, copper, aluminum,
lead and zinc, and discovered many fundamental properties relating
AE activity to the state of stress. Tatro and Liptail 10,11) 4y
the 1960's used the technique to detect yilelding Iin metals, and
also did pioneering work im analyzing the fundamental characteris-
tics of AE in metals. Recently, the most BCC%XS %g work has been
in the area of pressure vessel proof-testing »13) A large
number of transducers are placed on the vessel, which is pressuriz-
ed. Any flaws that may be present are detected and evaluated by
their acoustic emission response. These flaws can be source
located to within inches of their actual locations. Civil Engin-
eering structures should also be capable of being monitored using
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the acoustic emission meEhz? as suggested in the review article
of Galambos and McGogney 14),

While the previously mentioned materials (rock and metals)
have been the major subjects of AE research, other materials have
also been evaluated. These include composites, concrete, ceramics,
ice and wood, and the results have been summarized in a number of
review articles written by Liptai, et al. (15), Dunegan and
Tatro (16), knill, Franklin and Malone (17), Lord (18) and Lord
and Koerner (19), Additionally, a recent bibliography on the
subject has been compiled by Drouillard

Information regarding AE response in solls is noticeably
lacking in the literature. The or%ginal goll reference, stemming
from a rock monitoring program , appears to have been by
Cadman and Goodman (22) who addressed soils per se, in a rela-
tively preliminary manner. Subsequent work has been done at
Drexel University over the past 12 years, and is summarized in
reference 23,

Stemming from this work at Drexel has been the recognition
that AE 1s generated by water flowing through soils as reported
in reference 23 (for fileld work) and reference 24 (for laboratory
work). Related to the evaluation of seepage via AE, is the fact
that low pressure grouting (cement and chemical) and high pres-
sure grouting (hydrofracturing) are also emittive phenomena(25).

These latter studies, which certainly show technical feasi-
bility of the monitoring of subsurface flow phenomena, were
performed in a relatively simplistic manner. AE counts (actually
the cumulative threshold crossing or ringdowns of the signals)
were monitored and related to flow and/or pressure, with little
regard to location. This monitoring was all performed using
single channel AE monitoring systems which necessitate one to
geometrically source locate using various pickups at different
locations and depths. Far better would be a methodology for
source location of AE events using a multi-channel system which
has real time processing capabilities of source location. This
concept Is the focal point of this project. The initial labora-
tory and field trials will be described in this paper.

INSTRUMENTATION DETAILS AND SYSTEM METHODOLOGY

A basic AE system consists of three essential components.
The first, and most important, component 1s the sensor to detect
the AE stress wave. The second component is a preamplifier to
amplify the sensor output for transmission to the processor.
The main function of the third component, the processor, is to
detect and quantify the acoustic emission signal.

As shown schematically in Figure 1, the sensors must detect
the transient stress wave as it 1s generated. Instantaneously,
the sensor transduces the short duration elastic displacement
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into an electric signal. The sensors chosen for this project
were plezoceramic (lead zirconate titanate, PZT-5A) sensors
resonant at 30 kHz (AET Model AC30L). They are calibrated as
having a sensitivity of approximately -70 dB referred to 1 volt
per microbar. The greamplifiers used were AET Model 160B which
provide 60 dB (X 10°) of gain. They also bandpass filter the
signals from the sensors. The bandpass filter used was the Model
FL1-100 with a bandpass of 1 kHz to 100 kHz.

The system used to provide the signal processing was the
multi-channel (up to eight) computer~based AET 5000. This
system quantifies the amplified sensors output. Additional gain
was applied to each signal so there was a total system gain of
90 dB for each sensor. The threshold setting for the system was
0.5V fixed. This threshold and amplification made the system
sensitive to very low (12 dB) amplitude signals. Figure 2 shows
an AE event and defines each of the signal characteristics.

Besides measuring each of the AE signal parameters, the
system also determines the time of signal arrival on each of the
channels. When the first sensor 1s 'hit' (disturbed from a
state of rest with enough energy to generate a signal above
threshold -- see later discussion) all the timing circuits are
activated and the first channel is flagged with a At of 0. With
each succeeding sensor that 1s hit, a At 1s generated (clock
pulses times clock rate) and that sensor is also flagged. With
this At Information, the computer sorts the channels and performs
a source location analysis using a stored program.

SOURCE LOCATION DETATLS

Software currently avallable allows for the determination of
a zone source location. ILssentially, this is an adaptive learn-
ing network that allows the system to generate a look-up table
consisting of sensor order of hit and At data. All that is
necessary 1s to simulate AE sources at known points of interest.
In the case of a mine or tunnel where there is access, this
technique would work fine. 1In most other geologic cases, the
requirement of AE simulation would be difficult to implement.
The software program will allow one to input manually through
the keyboard the look-up table data, but this implies that a
good velocity profile exists. This aspect of the program is in
progress. The program will have four alternate options. The
simplest is a table of typical velocity data for various types
of soils and rocks. More accurate, however, are site specific
and field determined values of velocity. Options here will
include a linear velocity test (thereby assuming isotropy), a
three dimensional test (thereby obtaining velocities in x, vy,
and z directions) and an averaging test done from the ground
surface to a point within the soil or rock mass.

The next step of the program which is also currently under-
way, 1s to install a real-time analytical source location
program. Several investigators, Leighton and Blake 26),
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Leighton and Duvall (27), Beattie(zs), and Hardy, Mowery and
Kimble (29 have programs from which we will draw parts. Briefly
the analytical solution may be written:

_ 2 2 2.1/2
dgy = [Ga))™ + (y-b)" + (z=c )] v
where
a,, b = co-ordinates of ith sensgor
by nate
di = distance from source to ith sensor
X, ¥, 2z = coordinates of source
furthermore di’ the distance the P-wave travels is
dy =V, (e =€) )
where
Vi = velocity of sound In the direction from the source to

the 1t gensor

t, = time at the ith sensor

1
to = time at the source,
therefore
_ _ 82 12 824172 3)
V(e - ) = [Gmap” + 5-b)" + (zmey)”]

Equation 3, when reduced to a series of at least four equations
and approprlate measured times and known a, b, ¢ values at four
sensors, can be solved simultaneously for the location of the
AE source.

A final consideration as to the characteristics of an event
that will trigger the location system is in order. Figure 2
shows the various AE signal characteristics. Note that these
are characteristics of the signal out of the transducer and not
of the transient elastic stress wave. The primary requisites
to trigger the system are signal amplitude and system threshold.
Signal amplitude is a combination of the energy in the stress
wave and the system gain (or amplification). Assume, the system
amplification is known (e.g., 60 dB preamplification + 19 dB
post amplification) as 1s the reference voltage (e.g., 1.00
volts fixed); therefore with the equation:

gain = 20 log VQEE “4)
in
79 dB = 20 log l—vﬂ’ﬁ (5)
in
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1 Volt
in 1079/20

Thus, & transducer output of 112 microvolts will trigger the system.
Now equation (4) must be again considered to determine the pressure
that 18 exerted on the transducer to generate this output.

Consider the case of a transducer that is calibrated at -65 dB
referenced to 1 volt/microbar (assume excited and measured at
resonance frequency):

v = 112 microvolts (6)

Vout
65 dB = 20 log v (7
in
Vout 65/20
v, = 10 = 1778 (8)
in

then referred to 1 V/microbar

i%;B = 562 microvolts )
therefore

112 microvolts
562 microvolts ~ 0+2 microbars (10)

since 1 microbar = 1.45 x 10'-5 psi

1

-6
Ticrobar 2.9 x 10 “psi (11)

(0.2 microbars) (1.45 x lO_Spsi)

With a 30 kHz transducer of surface area 1.56 x 10"1 sq. in, the
pressure on the crystal would be:

1 1n2) = 5 x 10—7 pounds

(2.9 x 10® pe1)(1.56 x 10
This 1is, of course, an oversimplification of the determination of
the actual pressure necessary to generate a signal at a 1 volt
threshold but i1llustrates some of the concepts involved. Items
such as coupling efficiency of the transducer have been ignored
as well as assuming that the pressure front acts simultaneously
(and in a normal orientation) over the whole surface of the
transducer and that all of the energy goes into generating a
voltage (ignoring heating for instance). Be that as it may, the
value 5 x 1077 pounds appears to be a reasonable order of
magnitude estimate of the minimum stress wave pressure necessary
to generate & signal at the transducer with the amplification,
threshold, and transducer sensitivity as stated.
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RESULTS OF INVESTIGATIONS TO DATE

Both laboratory and field investigations have been performed
to date on this project aimed at source location of seepage,
grouting or hydrofracturing using the AE method just described.

Laboratory investigations consisting of pumping water and
chemical grout into a sand filled box 4' wide by 4' high by 6'
long. This box was filled with a well graded sand placed in
a uniformly compacted manner, The sensors were attached to
0.5" diameter steel rod metal wave guides measuring 3' long. The
exposed ends of the rods were drilled and tapped to receive a
threaded shoe with a 1.0" diameter plate for holding the sensor.

These wave guides were driven into the sand in two arrange-
ments. One had the wave guides in line to measure attenuation
effects. The second arragement of wave guldes was a rectangular
array for performing source location studies.

Figures 3(a) to (d) are plots of total events versus time
for the first attenuation study. Figure 3(a) for sensor 1, shows
a steady increase of events with time. This 18 attributable to
several modes of AE generation, the most significant of which are
probably compaction, flow, and fracture. Figure 3(b), for sensor
2, shows discontinuous events that start late in the test and
a very low event rate. This is probably due to isolation of the
wave gulde (1t was very loose when the test was dismantled) from
the compaction and fracture events. Eventually events are
received when the sand is saturated with water. Figure 3(c), for
sensor 3, indicates the second highest data total and a curve
that matches sensor 1. This wave guide was tight (good contact
with sand) and was receiving most of the high energy events
sensor 1 received. TFigure 3(d), for sensor 4, is similar to
sensor 3 except it is further from the source.

Figures 4(a) through 4(d) are a second linear study. The
major difference in this case from the previous one is that the
sand was essentially saturated to begin with. TFigure 4(a) and
4(b), for sensors 1 and 2, indicate a discontinuous event rate
with slightly more events on sensor 2. Sensor 1 recorded high
event rates at the end of the test when the injection rod
suddenly decended into the so0il due to the instability created
by the moving water. Figure 4(b) shows lesser activity but
at the same time. Figures 4(c) and 4(d), for sensors 3 and 4,
indicate a steady event rate. It is probable that a tunnel
developed at the bottom of the sand. The water flowed through
this tunnel and generated moving sand grain events (piping
effects) at both sensors 3 and 4. Note that neither of these
sensors recorded the falling injection rod activity shown in
Figures 4(a) and 4(b). This means that event amplitudes
generated by the falling rod were attenuated below threshold
level hetween rods holding sensors 2 and 3.
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The third test iIn this series used a rectangular array of
transducers and was conducted in the nearly saturated sand
previously described. Injection of a sodium silicate based
chemical grout was in the approximate center of the array.
Figures 5(a) through 5(d) indicate various events on the individ-
ual channels. Although sensors 3 and 4 had the first hits, the
inflection parts of all four sensors are seen to be nearly the
same and AE events are active throughout the test.

Fleld investigations were performed at a chemical grouting
site in Pittsburgh, Pennsylvania during an early stage of con-
struction on an underground transit system and at a cement grout-
ing site in Ridgeway, Colorado for blanket grouting of a rock
foundation for an earth dam.

For the Pittsburg chemical grouting test site, Table 1
presents the calculated difference in distance between the first
sensor hit and succeeding sensor data. This data is calculated
from the following equation.

At x Clock Rate x Velocity AE wave = Distance (12)
vhere
‘At = average At value
Clock rate = 4000 nanoseconds
Veloeity = 2000 feet/second
therefore:
A€ x 4 x 107® (seconds) x 2000 (feet/second) = 0.008 At (feet) (13)

The above relationship, i.e. 0.008 At gives the distance
difference between the first sensor hit and the second, third, or
fourth sensor hits in feet. Tor example, if At, was zero then
the source would be on a plane equidistance between the first
sensor and second sensor responding, 1f the medium is 1sotropic.
Figure 6 shows an attempt to locate the first source (listed)
graphically. The results seem reasonable in light of the field
situation. The continuation of such calculations would show the
propagation of the AE sources with time as grouting continues,
This type of graphical portrayal is the ultimate goal of the
project.

For the Ridgeway cement grouting test site, fleld monitoring
has just been completed as of this writing. AE's were monitored
at distances of up to 50' from the location of grout injection.
This is reasonable since the cement grout being injected was
an 8:1 mix (water to cement ratio) and thus very fluid in its
consistency. Multiple sensor hits on up to five channels were
recorded at various times during the Injection process. All data
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was recorded on floppy discs for subsequent data processing on
the computer program described previously.

SUMMARY AND CONCLUSIONS

The detection and monitoring of seepage, grouting and
hydrofracturing using a nondestructive testing method promises to
give great insight into the actual behavior of these subsurface
phenomena. Indeed, if the activity can be located in three
dimensional space, and in real time, the entire grouting industry
could utilize the technology, turning what is often called an art
into a sclence. A candidate technique for this accomplishment
is acoustic emission (AE) monitoring. This paper represents the
initial tests in evaluating equipment hardware and software and
in determining technical feasibility,

Using a multi-channel (up to five channels were used) AE
system (AET Pioneer 5000) and 30 kHz resonant sensors (AET AC30L)
with bandpass filters of 1 kHz to 100 kHz and a total system
gain of 90 dB, a set of laboratory and fileld tests were conducted.

In the laboratory, a large sand filled box was used where
both water and chemical grouts were injected. Two tests on
attenuation evaluation, with a linear array of wave guildes, were
performed, see Figures 3 and 4. Both showed that events were
recorded on each wave guide with some physical phenomenon being
simultaneously recorded, see Figures 4(a) and 4(b) for movement
of the wave guide at sensors 1 and 2. A rectangular zone array
was also evaluated where multiple event hits were recorded
(compare Figures 5(a) through (d)) indicating proper equipment
selection, system tuning and system functioning. Zone locations
studies were then conducted using a computer program for cal-
culating time difference values (At's) between sensor hits.
Numerous multi-channel hits were recorded during these tests.

The system was then used iIn two field projects. During
chemical pressure grouting, activity was seen on all four channels
and in several cases actual pressure pulses were observed. The
field data from the system was summarized (At values), distance
differences were manually calculated and a source location was
estimated, see Figure 6. Although not 'ground truth" verified,
it 1s reasonable in its location and represents the first
known attempt at performing this type of prediction. Cement
grouting tests were also conducted, which produced numerous
multiple channel hits, but data reduction is not yet complete.

Obviously, more remains to be done. Future work will be
entirely field oriented using system computer subroutines to
calculate distances from the At values, then calculate the AR
sources in x~y-z coordinates, and eventually displaying these
AE source locations on a CRT screen. This should enable the
owner or engineer to trace the subsurface seepage, and the
grouting contractor to knowledgeably locate where the injected
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grout 1s flowing. Additionally, the injection pressure should
be capable of being controlled so as to know if, when and how
severe is high pressure (hydrofracture) grouting.
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