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ABSTRACT 

For many years acoustic emission (AE) testing has aided in the understanding of fracture 

initiation and propagation in materials ranging from high strength steel to polymers to 

composite and geologic materials. Acoustic emissions are the phenomenon in which a 

material or structure emits elastic waves caused by the sudden occurrence of fractures or 

frictional sliding along discontinuous surfaces and grain boundaries. Throughout this 

project AE monitoring has been employed during laboratory hydraulic fracturing tests for 

the purpose of Enhanced Geothermal Systems (EGS) reservoir creation, as well as 

sample and material characterization. EGS consists of inducing fracture networks in deep 

Earth hot, dry impermeable rock in order to extract heat energy for production. Sample 

material testing and characterization played a major role throughout AE monitoring and 

analysis, which enhanced the capabilities and understanding of fracture growth prior to 

laboratory hydraulic fracturing tests. Multiple large, 30 cm cubical, analog rock and 

granite blocks have been monitored throughout laboratory hydraulic fracturing and 

geothermal reservoir simulation. Unconfined and true-triaxially confined and heated 

boundary conditions have been utilized. AE monitoring of laboratory hydraulic fracturing 

experiments showed multiple phenomena including winged fracture growth from a 

borehole, cross-field well communication, fracture reorientation, borehole casing failure 

and much more. AE data analysis consisted of event source location determination, AE 

fracture surface identification and validation, source mechanism determination, 

geothermal production well location optimization, and determining the overall 

effectiveness of the induced fracture network. Field scale AE data obtained from the 

National Institute of Advanced Industrial Science and Technology, Japan, and Central 

Research Institute of Electric Power Industry, Japan, for two EGS fields have been 

compared to laboratory data in order to determine the applicability of the laboratory 

testing performed.  
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CHAPTER 1 INTRODUCTION 

The Development and Validation of an Advanced Stimulation Prediction Model for 

Enhanced Geothermal Systems is a U.S. Department of Energy funded project under 

grant number DE-PS36-09GO99018.  

1.1 Project Scope 

This project is aimed to support the development of an advanced computer model to be 

used in the planning and design of stimulation techniques to create engineered reservoirs 

for Enhanced Geothermal Systems (Gutierrez and Nakagawa, 2010). Contained in the 

laboratory validation subtask of this broad research objective are tasks associated with 

acoustic emission testing and analysis, as well as field data verification.  

1.2 Enhanced Geothermal Systems (EGS) 

Geothermal energy consists of thermal energy stored in the Earth’s crust (Union of 

Concerned Scientists, 2009). There are two main types of geothermal energy extraction; 

shallow and deep Earth utilization. Shallow geothermal energy extraction usually utilizes 

geothermal heat pumps, which use the constant temperature found at very shallow depths, 

typically less than six meters, for a heat generation tool or heat sink tool. Deep Earth 

thermal energy extraction is performed using the natural heat from radioactive decay of 

Uranium, Thorium and Potassium in several ways (Beardsmore and Cull, 2001). The first 

being the utilization of “hot spots” at the ground surface where crustal heat flow 

anomalies exist, as often indicated by geysers or shallow magma flow chambers. The 

second are deep Earth hot rock reservoirs that contain a host fluid, which is mostly water 

in differing phases. More commonly, deep earth hot rock regions do not contain 

harvestable quantities of host fluid. These regions are more specifically termed Hot Dry 

Rock (HDR). Hot Dry Rock regions can also be harnessed for geothermal energy 

production even without in situ water. Harnessing of these HDR regions for geothermal 

energy production is called Enhanced Geothermal Systems (EGS). EGS reservoirs 

require the HDR to be manually stimulated to induce multiple fractures and possible fluid 

pathways for future water injection and steam production. The preferred process used for 

stimulation of HDR reservoirs is hydraulic fracturing. Hydraulic fracturing has proved to 
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be extremely successful in the oil and gas industry for production of hydrocarbons 

trapped within low permeability host rock.  

The typical procedure of an Enhanced Geothermal System reservoir creation first consists 

of stimulating the HDR deep within the subsurface. Once sufficient stimulation has taken 

place, a production well is drilled to intercept the stimulated fracture zone. If a large 

enough fracture network is created between the initial fracturing well and the production 

well, water is injected at one location. The water then travels down the injection well and 

through the HDR reservoir to the location of the intercept of the fracture network and the 

production well. If the injection water is able to have enough contact time in HDR 

fractures, steam and boiling water will be produced at the site of the production well.  

Monitoring EGS reservoir generation plays a key importance to the applicability and 

sustainability of geothermal energy production. One of the most important monitoring 

techniques is acoustic emission testing throughout the EGS reservoir life cycle. Field 

scale acoustic emission testing for hydraulic fracturing purposes is typically called 

microseismic monitoring.  

1.3 Acoustic Emission Literature Review 

Acoustic Emission (AE) testing is paramount for characterization of stimulation 

procedures undertaken during EGS reservoir creation. AE monitoring provides a real-

time map of the stimulation process along with many more benefits that will be discussed 

later.  

1.3.1 Acoustic Emission Theory 

Acoustic emissions are the phenomenon in which a material or structure emits elastic 

waves caused by the sudden occurrence of fractures or frictional sliding along 

discontinuous surfaces and grain boundaries. These elastic waves that propagate through 

the given material are more closely caused by a localized, and irreversible release of 

stress energy (Mogi, 2007). Typically these releases of energy are due to permanent 

damage caused within the source material, such as crack growth or bond delamination. 

Acoustic emissions can be of such amplitude that they are audible to the human ear. For 
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instance, when a tree branch is bent to near failure conditions it creeks and the amplitude 

and the frequency of the events can be used to predict full failure as seen in Figure 1.1 

(Shull, 2001). Of all the non-destructive testing techniques, acoustic emission differs in 

that the elastic waves are produced within the source material rather than passing from 

surface to surface. AE waves are produced because of an external stimulus ranging from 

change in pressure or strain to temperature. AE testing is classified as a non-destructive 

testing method, but technically acoustic emissions typically emanate from a material 

failure, which signifies a non-testing induced material destruction. 

 

Figure 1.1. Example of audible AE events (Shull, 2001). 

Kishinouye performed possibly the first laboratory acoustic emission monitoring of solid 

materials fracturing in 1937 (Mogi, 2007). His experiments focused on the temporal 

variation of high frequency elastic waves caused by fractures resulting from the bending 

of a beam-shaped wood specimen in order to simulate the 1930 Ito earthquake swarm in 

Japan. Soon after Kishinouye’s work, Obert and Duvall performed acoustic emission 

testing focusing on mine design and more specifically rock burst prevention in 1945. 

Most early AE testing and analysis only focused on the number of acoustic waves that 

passed a sensor or sensor array. Monitoring the number of AE waves that pass sensors 

and the rate in which they occur is used to determine if macro-scale failures are imminent. 
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Acoustic emission signals have a wide variety of features that can be visibly and 

quantitatively obtained throughout testing. The clearest explanation of each of the signal 

features is shown in Figure 1.2. Shown in this figure is a typical acoustic emission signal 

recorded. The first arrival is shown as the first departure from the noise threshold. The 

noise threshold can be obtained by collecting enough samples prior to an acoustic 

emission signal arrival. The first arrival time and amplitude of the first peak are both 

highly important; the uses of such information will be discussed later regarding event 

source location and source characterization. The first arrival can be positive or negative, 

which indicates the polarity of the signal at the receiver location. The amplitude of the 

signal can be measured at each sampling location, but the overall amplitude of the signal 

is measured at the source, using attenuation relationships to correct with energy loss with 

propagation. The time difference corresponding to when the signal arrives and the highest 

peak of the signal is denoted as the rise time of the signal. Shown as the horizontal line in 

Figure 1.2 is the signal threshold chosen based on the sensitivity of the acoustic emission 

sensors used and the noise level determined from a baseline analysis. All of the distinct 

signal peaks occurring above the upper threshold value, or below the lower threshold 

value, are called counts. An AE signal may contain a varying amount of counts based 

upon the signal structure and the threshold values chosen. The duration of the acoustic 

emission signal is the time from first to last threshold crossing.  

 

Figure 1.2. Acoustic emission signal features (Collaboration for NDT Education, 2011). 
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Each acoustic emission signal that reaches a sensor is classified as a hit. An AE event is 

classified as the actual source occurrence. If enough hits are recorded from a singular 

event at multiple sensing locations, the event source location can be determined. Event 

source locations are calculated using the fundamental time-distance relationship implied 

by the velocity of the sound wave (MISTRAS Group, Inc, 2009), meaning that if the 

source medium velocity structure is known, the differences of the arrival times can be 

used in conjunction with the known sensor locations to produce a distance from each 

sensor.  

1.3.2 Acoustic Emission Dependencies 

Acoustic emissions most notably depend on the heterogeneity of the source material 

tested, as well as the surrounding materials. Typically the more heterogeneous the 

material is, the higher the number of acoustic emission events preceding and following a 

fracture event. This is due to the increased likelihood of bond failures between differing 

materials due to stress concentrations at the material or grain interfaces. A source media 

consisting of one material will likely have far fewer stress concentration zones due to the 

media containing fairly consistent strength. This is evident in the testing performed by 

Mogi, with three types of rock: Granite (heterogeneous silicate rock), Andesite 

(moderately heterogeneous silicate rock), and Mizuho trachyte (nearly homogeneous 

silicate rock) (Mogi, 2007).  

Acoustic emissions also greatly depend on the brittleness of the source material tested. 

This is intuitive because non-brittle materials fail in a more plastic nature, which is fairly 

silent, compared to a brittle material failing in an elastic nature. For instance, a wooden 

beam subjected to bending conditions will emit a far greater number of acoustic 

emissions under a failure load than a rubber beam in failure loading conditions.  

The manner in which a material is loaded also directly affects the rate in which acoustic 

emission events are monitored. For instance, a steady increase in loading throughout 

testing until failure occurs will show different AE rates than a piecewise loading 

relationship where loading is applied instantaneously and held constant after such impact 

loading.  
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1.3.3 Acoustic Emission Phenomena 

Kaiser discovered one of the most notable phenomena in acoustic emission activity in 

1953. He showed that AE activity has a marked stress history effect; meaning that AE 

activity increases with an increasing stress, but when reloading, activity is extremely low 

or non-existent until the previously applied maximum stress level has been reached 

(Mogi, 2007). Due to this effect, the prior maximum loading can be estimated from the 

relationship of AE activity in a monotonically increasing stress. This effect has been 

since termed the Kaiser effect. The Kaiser effect has since been observed in many 

materials including rock (Hellier, 2003). The Kaiser effect also deteriorates as the loading 

increases markedly. If loading is high enough and the loading is removed to test the 

Kaiser effect once again, AE events will typically begin before the prior maximum has 

been reached. This is called the Felicity effect. The Felicity ratio is the ratio of the load 

where AE events begin to occur over the previous maximum load reached before 

unloading. These phenomena are demonstrated in Figure 1.3 showing a cumulative 

acoustic emission plot versus loading. If the Felicity effect is observed in a material 

tested, it is assumed that enough damage has occurred in the material to change its 

structural integrity (Collaboration for NDT Education, 2011).  

 

Figure 1.3. Cumulative AE versus Loading showing the Kaiser (B-C-B) and Felicity (D-
E-F) effect (Collaboration for NDT Education, 2011). 
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1.3.4 Field Scale Examples 

The National Institute of Advanced Industrial Science and Technology (AIST), Japan, 

and Central Research Institute of Electric Power Industry (CRIEPI), Japan, have provided 

two separate field scale examples of AE testing performed throughout EGS reservoir 

stimulation and circulation. The two field scale tests were performed in Hijiori and 

Ogachi, Japan. Multiple reservoirs at both sites were generated and monitored using an 

acoustic emission sensing array, which produced excellent fracture source locations. The 

fracture source locations were used to determine the direction and location of production 

wells. Results from the field scale testing performed in Japan will be discussed further in 

chapter 7 Field Verification. 

1.3.5 Challenges Associated With AE Testing 

Acoustic emission testing, although containing a simplistic concept, contains a 

moderately high level of difficulty to implement. The difficulties stem from many issues 

including, but not limited to, acoustic wave propagation phenomena, observation bias, 

and proper material characterization. Wave propagation phenomena contain all problems 

associated with wave dispersion in homogeneous and heterogeneous media, reflection, 

refraction, and attenuation. Attenuation is one of the main difficulties associated with 

proper event source parameter determination, which will be discussed in Section 4.1.3. 

Observation bias can be associated with improper sensing locations and number of 

sensors used. A sensor array containing a high number of sensors is typically more 

accurate, but in some cases this assumption is incorrect. For instance, a high number of 

sensors in an array contained in a two-dimensional plane will not provide more accurate 

three-dimensional event source location results than an array containing fewer sensors 

that are located in multiple dimensions and encompassing the entire process zone being 

monitored. Observation bias can also come from the sensitivity range of the AE sensors 

used and the algorithm used for determining AE signal features. Proper material 

characterization plays the most important role in acoustic emission testing and analysis. 

This becomes more difficult in field scale scenarios when testing in geologic materials. In 

order to have AE results from laboratory scale testing comparable to field scale scenarios, 

the materials tested in the laboratory must be fully characterized in terms of non-
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homogeneities, wave velocity structure, attenuation response, and sample geometry 

compared to observation points and fracture sources. 
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CHAPTER 2 RESEARCH OBJECTIVES 

The main and auxiliary objectives are listed below: 

• Fully characterize materials tested in terms of acoustic response 

• Monitor and characterize fracture propagation throughout Notched Beam Fracture 

Toughness Tests 

• Monitor and analyze laboratory hydraulic fracturing using AE methodologies: 

o Perform AE event source location analysis 

o Obtain source mechanisms of AE events and approximate fracture surface 

geometry 

o Determine optimal production well location using AE data 

o Monitor EGS circulation tests using AE methodologies 

• Compare field scale EGS tests with laboratory scale EGS tests in terms of AE 

monitoring 
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CHAPTER 3 RESERVOIR MATERIALS AND TESTING EQUIPMENT 

Multiple materials were tested throughout this project using a wide variety of testing 

equipment and monitoring systems, including material property testing equipment, 

acoustic emission testing equipment, triaxial testing equipment, and much more. In the 

following pages an in depth description of the reservoir materials and the testing 

equipment is given. 

3.1 Reservoir Materials 

Several materials were selected for testing in order to simulate EGS reservoir conditions, 

including differing analog rock mix designs and granite. Colorado Rose Red Granite was 

selected as the main sample material for EGS reservoir simulation due to the high 

similarities to the basement rock typically found in high temperature geothermal 

locations. 

3.1.1 Colorado Rose Red Granite 

Colorado Rose Red Granite was locally obtained from a quarry site near Estes Park, 

Colorado. Granite rock was chosen as the optimal reservoir material due to the amount of 

granite found in Enhanced Geothermal Systems reservoirs. All granite samples were 

intact rock specimens with no observable macro-cracks or natural faults. Samples were 

extracted using a water-jet cutting technique. The samples did contain differing structure 

with respect to quartzite intrusions, but all were extremely similar with respect to pore 

and grain sizes. In some samples, macro scale bands of differing material were found. 

Figure 3.1 shows a box diagram of one of the large cubical samples used for hydraulic 

fracturing. This sample shows an apparent quartzite band throughout the entire sample. 

Prior to testing, it was undetermined whether these bands were of higher or lower 

strength than the parent material. This intrusion will be shown later to have a major role 

in the hydraulic fracturing process. Typical Unconfined Compressive Strength (UCS) of 

the granite obtained was 173 MPa. Granite samples tested also contained a typical static 

Young’s Modulus of 56.9 GPa and a Poisson’s Ratio of 0.32. The density was measured 

to be 2.65 g/cm3. The Brazilian Tensile Strength (BTS) of the granite tested was 

approximately 6.1 MPa.  
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Figure 3.1. Fold-out diagram of granite sample G01-90. 

3.1.2 Analog Rock 

Multiple types of analog rock were created and tested in order to simulate low 

permeability reservoir materials. Medium strength concrete grout and ultra-high strength 

low permeability concrete were the main focus of the experiments along with granite. 

The medium strength concrete grout had a typical UCS ranging between 50-60 MPa. The 

BTS and Young’s Modulus of the medium strength concrete grout ranged between 2.2-

2.7 MPa and 9.5-10.5 GPa respectively. The ultra-high strength concrete showed UCS, 

BTS, and Young’s Modulus values ranging between 123-154 MPa, 4.0-6.0 MPa, and 20-

30 GPa respectively. The medium strength concrete also had a higher permeability and 

porosity than the ultra-high strength concrete. Table 3.1 shows the material properties for 

the analog rock and granite samples, including density, specific heat capacity, and 

thermal conductivity, along with the other properties listed above (Frash et al, 2012).  
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Table 3.1. Material properties for analog rock and granite. 

 Medium Strength 
Concrete 

Ultra-High Strength 
Concrete 

Colorado Rose Red 
Granite 

UCS (MPa) 50-60 123-154 170 
BTS (MPa) 2.2-2.7 4.0-6.0 6.1 

E (GPa) 9.5-10.5 20-30 57 
ρdry (kg/m3) 1950 1970 2650 
KT (W/m-K) - 2.4 - 

CV 2013 1810 - 
 

3.2 Testing Equipment 

All testing and monitoring equipment used throughout material characterization and EGS 

reservoir simulation are discussed in the following sections, with special emphasis on the 

acoustic emission data monitoring system. 

3.2.1 Material Characterization Testing Equipment 

An ELE International ACCU-TEK 250 Range Digital Series compression tester with a 

loading capacity of 250,000 lb. (1112 kN) was used throughout all Notched Beam 

Fracture Toughness Testing. The ELE frame’s digital readout system was used and 

compared with calculated LabVIEW readouts. Loading was applied using an in-house 

designed and fabricated beam holder using rod steel as line loading sources. Figure 3.2 

shows the beam holder outside of the load frame containing an unbroken granite sample. 

Figure 3.3. ELE load frame and portable data acquisition system.  

 

Figure 3.2. NBFT Test beam holder containing granite sample G01-01. 
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Figure 3.3. ELE load frame and portable data acquisition system. 

3.2.2 EGS Testing Equipment 

In order to simulate EGS reservoir conditions in the laboratory a heated true-triaxial load 

cell with a high-pressure fluid injection system was developed (Frash and Gutierrez, 

2012). 

3.2.2.1 True-Triaxial Load Cell 

The true-triaxial apparatus is capable of loading a 30x30x30 cm rock sample with 

independently controlled principle stresses up to 13 MPa. The load cell also has an 

approximate maximum temperature of 180 degrees Celsius due to the flexible silicone 

rubber heaters with PID control. These conditions can simulate an EGS reservoir at an 

approximate depth of 460 meters. Figure 3.4 shows the true-triaxial apparatus and 

silicone rubber heaters attached to the sides of the cell (Frash et al, 2012).  

Contained inside of the load cell are the sample, six steel platens, and three circular flat 

jacks to provide triaxial stresses. The sizes of each of the six steel platens are 30x30x2.54 

cm. Each of these platens is positioned on the faces of the cubical rock sample in order to 
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apply a uniform stress distribution across all faces of the sample. Figure 3.5 shows the 

inside of the load cell with clear visibility of flat jacks, steel spacers and platens.  

 

Figure 3.4. True-triaxial apparatus with silicone rubber heaters attached to the sides of the 
cell (Frash et al, 2012). 

 

Figure 3.5. Open load cell showing flat jacks, steel spacers, and steel platens. 
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Boreholes can be drilled into the sample using a rotary-hammer drill press at multiple 

angles of orientation to ease in injection and production well placement. The injection 

and production wells can be drilled while the cell is pressurized and heated in order to 

properly simulate the damage created throughout the drilling and casing process. The 

injection and production wells all have a maximum diameter of 10 mm and a typical 

fracturing interval diameter of less than 6 mm. Open hole fracturing intervals were 

primarily used instead of fracturing through perforations due to ease of installation and a 

more controlled and predictable fracturing direction than would be obtained through 

perforations.  

3.2.2.2 Hydraulic Injection System 

The hydraulic injection system consists of dual 65DM Teledyne Isco syringe pumps and 

numerous pneumatic-hydraulic automated valves. The injection system is capable of 

pressurizing the fracturing interval up to 70 MPa and controlled flow rates between 10 

nL/min and 60 mL/min. 

3.2.2.3 Data Acquisition Systems 

In order to monitor both the Notched Beam Fracture Toughness Testing and EGS 

reservoir stimulation, a National Instruments CompactDAQ was used. The monitoring 

system is capable of containing 16 strain gages, 16 thermocouple channels, and numerous 

other current and multifunction channels. This data acquisition system is paired with the 

acoustic emission testing equipment in order to monitor fracturing processes and provide 

an extensive understanding of fracture related phenomena.  

3.2.3 Acoustic Emission Testing Equipment 

MISTRAS Group, Inc. acoustic emission data collection hardware and software 

manufactured by Physical Acoustics Corporation (PAC) were used throughout all 

acoustic material characterization and fracture testing. PAC’s Micro-II PCI-2-8 Digital 

AE System chassis was used to run AEwin data collection and post-test data analysis 

software. The Micro-II chassis performs at a 40 MHz acquisition with sample averaging 
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and automatic offset control. Waveform streaming enables data acquisition to hard disk 

continuously with up to 10 MHz.  

PAC’s 2/4/6 (20/40/60 dB gain) single-ended AST preamplifiers were used on each 

channel throughout all testing. A 60 dB gain setting was preferred in order to amplify 

micro-fracture signals and increase signal-to-noise ratios.  

Wideband Wsa AE piezoelectric transducers manufactured by Physical Acoustics 

Corporation were used in conjunction with PAC’s AEwin source location software and 

data collection system. The sensor specifications are shown in  

Table 3.2. All six sensors had an operational frequency of 100-900 kHz and a resonant 

frequency of 125 kHz.  

Table 3.2. Wsa sensor specifications. 

Operational Frequency (kHz) 100-900 
Resonant Frequency (kHz) 125 

Temperature Range (Celsius) -65-175 
Shock Limit (g) 500 

Height (mm) 21.4 
Diameter (mm) 19 

 

3.2.4 Acoustic Emission Sensor Positioning and EGS Platen Design 

Differing sensor orientations and locations were tested for the highest resolution and 

lowest error associated with acoustic emission event source locations for both Notched 

Beam Fracture Toughness tests and EGS reservoir stimulation tests.  

3.2.4.1 Notched Beam Fracture Toughness Testing Acoustic Sensor 

Locations 

Both four and six sensor arrays were used on all beam fracture testing. Emphasis was 

given to six sensor arrays in order to perform more accurate event source location and 

characterization. All sensors were attached near the bottom face of the sample in order to 

be closest to the fracture initiation notch, which is also shown in the Figures below. 

Sensor positioning was chosen in such a manner as to increase the amount of observation 
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points on each beam sample without endangering the sensors functionality due to the 

room restrictions above and below the sample. Figure 3.6 shows a beam sample inside of 

the load frame with sensors and cables attached.  

 

Figure 3.6. AE sensor positioning for small concrete beam sample E01-02. 

3.2.4.2 EGS Testing Acoustic Sensor Locations and Platen Design 

Six AE piezoelectric transducers were used throughout all hydraulic fracturing and 

circulation tests in order to provide enough information for event source location and 

source characterization. Acoustic sensor placement for hydraulic fracturing experiments 

must serve to encompass the entire process zone geometry in order to provide accurate 

and reliable event source locations. Various options for sensor placement were 

investigated. It was determined that the AE sensors must be attached to the sample faces, 

rather than imbedded into the sample itself. This serves to expand the area of reliability 

during acoustic testing due to possible fracturing reaching the edges of the sample. 

Shown in Figure 3.7 are the orientations of each sensor on the sample faces. In order to 

place sensors on the sample faces and inside of the high pressure and temperature load 

cell without damage occurring, the steel platens used between the sample and the 

hydraulic flat jacks had to be designed and machined. There were two main issues with 

placing sensors inside of the steel platens. First, the purpose of the steel platens, as stated 

earlier, are to transmit the stress from the flat jacks evenly across each sample face; and 

altering the geometry of such platens alters the stress distribution at the sample face. This 

issue was minimized as much as possible by removing only the amount of steel necessary 

to house the sensors and extract the cables. Second, the design must serve to house 
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sensors and sensor cables safely along with provide enough support for each sensor to be 

in contact with sample faces at all times. A foam housing and foam spring system was 

designed and used throughout all testing. Appendix A contains schematics of the 

machined steel platens where foam and AE sensors were to be inserted. The foam was 

used around the sidewalls of the sensors in order to dampen any noise transmission from 

the steel platens. Foam plugs were used behind the sensors with a screw attached ribbon 

steel backing in order to apply a large enough force on the sensor back to keep them in 

contact with the sample faces at all times, while still keeping the sensors shielded from 

the possible 13 MPa pressure from the flat jacks. Figure 3.8 shows two of the machined 

steel platens with a sensor inside of the steel platen.  

 

Figure 3.7. EGS AE sensor locations. 

 

Figure 3.8. Machined steel platen with sensor and preamplifier (left) and top platen 
containing positions for three sensors (right). 
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3.2.5 Acoustic Emission Software Capabilities 

MISTRAS Group, Inc. software, AEwin, was used for all data collection and real-time 

analysis of acoustic testing. AEwin features real-time AE feature and waveform 

processing, display and replay features. Replay in AEwin allows the user to alter system 

parameters, such as sensor locations and timing parameters, and view old tests producing 

new results. This is highly important for accurate source location analysis if sensor 

positions have changed prior to, or during a test.  

AEwin event source location analysis contains multiple location modes for numerous 

testing scenarios. The location modes range from Zonal to Linear, to Three-dimensional 

location. Table 3.3 shows the types of source location algorithms used throughout testing 

and short descriptions of each. Main focus was given to three-dimensional source 

location, with emphasis on six-sensor three-dimensional source location. Two- and three-

dimensional source location is performed by a multiple regression analysis since each 

individual event can be comprised of more than the minimum number of equations 

needed to solve the characteristic time-distance equations.  

Table 3.3. Event source location algorithms used in AEwin throughout testing 
(MISTRAS Group, Inc., 2009). 

Location 
Mode 

Hits 
Used 

Description Analysis 
Type 

Linear 1 Designed for one-dimensional location on a line. 
Performs linear interpolation between 2 sensors’ 
coordinates based on differences in the arrival 

times of the first two hits in the event. 

Single 

2D Planar 3-8 Designed for an arbitrary array of sensors on a two-
dimensional plane. 

Regression 

2D Planar 
(xy/yz/xz) 

3-8 2D Planar designed to complement 3D Location. 
Locates using just 2 of the three-dimensional 

coordinates and ignores the third. Useful for some 
events that fail normal 3D Location 

Regression 

3D Location 4-8 2D Planar extended to 3D coordinates assuming 
sound travel directly through space rather than via 

an external shell. 

Regression 
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CHAPTER 4 SAMPLE AND FRACTURE CHARACTERIZATION 

Sample and fracture characterization methods are highly important in order to draw 

conclusions from acoustic emission monitoring techniques. In the following sections, 

sample and fracture acoustic characterization methods are described in depth. 

4.1 Sample Characterization 

Material characterization is paramount for proper acoustic emission testing techniques, 

especially when testing non-homogeneous geologic or simulated geologic materials. 

4.1.1 Characterization Methods 

The heterogeneous nature of geologic or simulated geologic materials is visually evident 

in the grain and pore structure of different granite blocks tested from the same quarry site 

and in different concrete samples tested from a single concrete batch. Shown in Figure 

3.1 is an example of the heterogeneous nature of a Colorado Rose Red Granite sample 

tested.  

In order to characterize wave travel in the materials tested, two techniques were used; 

pencil lead break tests (PLBs) and Auto – Sensor Tests (ASTs). Pencil lead break tests 

have been widely used in acoustic emission testing for wave velocity determination and 

event source location validation. Once sensors have been placed on a material and their 

geometries have been recorded, pencil lead is broken in known locations on sample 

surfaces, which creates acoustic emissions. The acoustic emissions associated with pencil 

lead breaks are typically high signal to noise ratio, which makes them ideal for signal and 

noise environment characterization. Acoustic emissions are recorded at sensor locations 

and time differences between sensors are recorded. These time differences are known as 

delta time values. Using the delta time values and the geometry of sensor locations, a 

material wave velocity can be calculated.  

The PLB method for wave velocity determination is a well-accepted method, but 

inadequacies do exist. Repeatability is a major issue in this type of characterization due to 

the inability to break pencil lead in the exact same manner for numerous tests. Also, more 

than one receiving sensor must be used in order to determine delta time values, and the 
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geometry of the sensor locations can possibly play a major role in delta time calculation 

due to a probable heterogeneous wave velocity structure found in geologic materials. 

Another issue in PLB testing is the creation of multiple events from a single break. This 

is possible and has been observed, as shown in Figure 4.1, due to two reasons. First, once 

pencil lead has been broken, the broken piece can impact the sample very shortly after the 

break occurs which would induce an additional acoustic emission event. Second, keeping 

the intact lead from impacting the sample after the break occurs is a very serious problem 

due to the high magnitude of such an impact related event (this type of problem has been 

termed a false impact by the author). Methods have been developed (Vrije Universiteit 

Brussel, 2007) to mitigate this problem, but have not completely solved the issues. The 

most notable method to solve false impacts are to use a malleable housing surrounding 

the pencil lead while still exposing a small amount to be broken. This solution requires 

the malleable housing to rest on the sample, which induces frictional acoustic emissions 

as well as the pencil lead break itself. An example image of such a malleable housing is 

shown in Figure 4.2. 

 

Figure 4.1. False impact waveforms associated with pencil lead break test. 
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Figure 4.2. Teflon shoed pencil lead break apparatus (Vrije Universiteit Brussel, 2007). 

Pencil lead break tests also contain one problem associated with both wave velocity 

structure determination and event source location validation, which is usually overlooked 

due to the lack of solutions. Pencil lead breaks are sample surface tests meaning that the 

wave initiation begins at the sample surface, which is a minor problem when using single 

axis sensors. Surface waves travel at different velocities and contain different radiation 

patterns than P-wave travel from a source inside of a sample. The directional sensitivity 

of single axis sensors can possibly create problems when the pencil lead break occurs on 

the same surface that the acoustic sensors reside.  

Due to these problems with PLB testing, Auto – Sensor Tests were used for wave 

velocity structure determination. ASTs are a function found in AEwin that runs a short 

acquisition test. The main purpose of an Auto – Sensor Test is to evaluate the health and 

sensitivity of each sensor prior to, and after each test. ASTs sequentially create pulses 

emanating from each sensor on the structure. The pulsing sensor and the remaining 

sensors all act as receivers, and with a perfect event initiation reference time t0 for each 

signal, highly accurate directional wave velocities can be determined. Receiver sensor 

location specific information is recorded during each AST including actual delta time 

values, amplitude, energy, duration, counts and waveforms for each individual signal. 

These values are recorded for all sensors including the pulsing sensor, which is highly 
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important for characterizing the change in response from the source to the receivers. 

Figure 4.3 is an AST output showing all parameters discussed. For all materials, each 

individual sensor was programmed to pulse ten times, had a pulse width of five 

microseconds, and had a 100-millisecond time span between pulses for every AST. This 

combination of number of pulses, pulse width, and time between pulses showed 

frequency of 66 kHz for all Auto – Sensor Tests. Other AST parameters were 

investigated in order to ensure no major changes between velocity structures or 

attenuation characterization took place due to different frequency of ASTs. Changing 

frequency of each Auto – Sensor Test showed no measurable difference and the original 

66 kHz parameters were kept constant.  

 

Figure 4.3. Partial results of Auto-Sensor Test. 

4.1.2 Wave Velocity Structure Characterization 

As stated earlier, wave velocity structure was characterized with Auto – Sensor Tests 

prior to each sample being fractured. Multiple ASTs were run on each sample prior to, 

                      ************************************
                      ****      Auto-Sensor Test      ****
                      ****  Wed Jan 25 16:03:21 2012  ****
                      ************************************
 
 
 
PROGRAM           AEwin for PCI2
THIS FILE         C:\MistrasGroup\AEwin for PCI2 Version E4.50\Beam Fracture Toughness\G01-01\AST
\AST_1.AST
 
 
PULSES OUTPUT     10
PULSE WIDTH       5 usec
PULSE INTERVAL    100 msec
 
PULSER
  1
REC  #REC   DeltaT  AMP ENERGY  DURATION  COUNTS
  1    10        0   79    356      2284     242
  2    10       57   79    200      2217     179
  3    10        8   79    201      2197     210
  4    10       53   79    174      2268     201
  5    10        5   79    222      2307     183
  6    10       52   77    179      2234     204
 
PULSER
  2
REC  #REC   DeltaT  AMP ENERGY  DURATION  COUNTS
  1    10       57   79    212      2217     182
  2    10        0   79    435      2831     215
  3    10       51   77    204      2261     207
  4    10        8   79    238      2160     194
  5    10       52   75    158      2101     204
  6    10        5   79    312      2328     204
 
PULSER
  3
REC  #REC   DeltaT  AMP ENERGY  DURATION  COUNTS
  1    10        8   79    212      2244     206
  2    10       52   77    207      2262     203
  3    10        0   79    415      2333     245
  4    10       53   78    233      2256     167
  5    10        9   79    271      2258     196
  6    10       52   79    219      2200     173
 
PULSER
  4
REC  #REC   DeltaT  AMP ENERGY  DURATION  COUNTS
  1    10       54   79    193      2338     206
  2    10        8   79    245      2277     194
  3    10       53   79    241      2324     168
  4    10        0   79    452      2463     231
  5    10       57   77    172      2053     193
  6    10        9   79    301      2288     186
 
PULSER
  5
REC  #REC   DeltaT  AMP ENERGY  DURATION  COUNTS
  1    10        6   79    240      2372     188
  2    10       52   75    159      2106     201
  3    10        9   79    272      2262     195
  4    10       56   76    166      2058     194
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during, and after each experiment (with the obvious exception of beam fracture testing 

due to the sample being in two separate pieces post-test) for two main reasons. First, in 

order to determine if there were any wave velocity differences observed throughout the 

testing life of the samples. Second, they were performed to check if there were any wave 

velocity structure changes throughout the loading process in EGS testing, which 

consisted of raising the temperature and pressurizing the sample. Although in some cases 

slight differences did exist, it was determined that major changes affecting the event 

source location process did not occur. If these slight wave velocity differences became 

large, a post-test file splitting and velocity updating procedure would have been 

implemented. 

It was determined that wave velocity structure characterization for each individual 

sample is highly important for proper event source location procedures, even in granite 

samples taken from the same quarry and analog rock samples from the same concrete 

pour. Directional wave velocities were determined for each sample and overall average 

and standard deviation values were calculated. Averaging of the directional wave 

velocities was performed due to AEwin’s event source location procedure only having 

one input wave velocity per test. Average values were deemed suitable for all materials 

due to the accuracy of pencil lead break locations. Table 4.1 shows the overall average 

and standard deviation values for wave velocities used throughout testing for each sample 

tested. Table 4.2 shows directional wave velocities for a single analog rock sample. Take 

note of the relatively short distances between sensors 1 and 5 and 2 and 6. 

Table 4.1. Average compressional wave velocities for all samples tested. 

Sample ID Average Vp 
(mm/microsecond) 

Standard 
Deviation 

E01-01 4.49 0.87 
E01-02 4.58 0.89 
E02-16 4.34 0.71 
G01-01 4.92 0.91 
G01-02 4.68 0.72 
P01-00 3.41 0.68 
G01-00 4.66 0.25 
G01-90 4.45 0.45 
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Table 4.2. Directional wave velocities calculated for analog rock beam sample E01-01. 

Sensor to Sensor Distance Between 
Sensors (mm) 

Wave Velocity Determined 
(mm/microsecond) 

1 to 2 147.42 4.34 
1 to 3 52.66 4.39 
1 to 4 129.80 4.12 
1 to 5 19.45 6.48 
1 to 6 136.03 4.12 
2 to 3 121.76 4.06 
2 to 4 49.51 4.95 
2 to 5 135.64 3.99 
2 to 6 19.49 6.50 
3 to 4 122.84 4.10 
3 to 5 59.50 4.58 
3 to 6 105.61 3.52 
4 to 5 113.46 3.66 
4 to 6 59.23 4.74 
5 to 6 126.18 3.94 

Average - 4.49 
Standard 
Deviation - 0.89 

 

4.1.3 Attenuation Characterization 

Attenuation is the decay of wave energy through a medium due to friction created 

throughout wave travel, which induces heat. Damping characteristics in rock are 

specimen specific, and in many cases direction dependent due to the heterogeneous 

nature of most rock materials. An example of direction dependent attenuation response 

can be visualized in a layered media. The longitudinal direction of the laminations will 

give a different wave decay response than the direction perpendicular to the laminations.  

Attenuation characterization of each sample is necessary to obtain event location specific 

parameters. Each acoustic sensor measures and records the signal characteristics at the 

observation point. These measurements can be used with sample specific attenuation 

functions to obtain the actual acoustic emission event parameters, such as amplitude, at 

the source point. Obtaining the event location specific information is highly important 

when further acoustic data analysis takes place such as moment tensor analysis, which 

will be discussed later. 
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PAC’s AEwin source location software contains an attenuation dialog where distances 

and wave amplitudes can be input to create a piecewise linear relationship of amplitude 

decay over distance traveled. Figure 4.4 displays PAC’s AEwin graphical representation 

of an attenuation response in a sample. Attenuation relationships through solid mediums 

can be expressed as an exponential decay function of original pulse amplitude, 

attenuation coefficient and distance traveled. The attenuation coefficient is a specimen 

specific material property. Equation 4.1 shows the typical attenuation relationship 

through a solid medium where Pa is the calculated amplitude in decibels (dB), P0 is the 

source amplitude in dB, α is the sample specific attenuation coefficient, and r is the 

distance traveled by the wave (Tharmaratnam and Tan, 1990).  

 !! = !! ∗ !(!!") (4.1) 

As stated earlier, receiver sensor location specific amplitudes are monitored throughout 

pre – fracture ASTs. Using these sensor location specific amplitudes and known sensor 

locations, multiple decay functions were tested and a single attenuation function was 

chosen to fully represent each material tested. The two – termed exponential decay 

function shown in Equation 4.2 was formulated and chosen as a best fit for each data set. 

Using this attenuation relationship, regularly spaced input distances and calculated 

amplitudes could be entered into AEwin. It is worth noting that the sample specific 

attenuation functions fit the material characteristics only for distances slightly greater 

than each respective sample size. The terms and R2 values for each beam sample tested 

are shown in Table 4.3.  

 !! = ! ∗ ! !" + ! ∗ !(!") (4.2) 

Table 4.3. Notched Beam Fracture Toughness sample attenuation coefficients. 

Sample ID a b c d R2 
E01-01 -8.281e-5 0.06187 37.95 -7.293e-6 0.85 
E01-02 37.95 0 0 0 1 
E02-16 8848 0.001138 -8810 0.001143 0.93 
G01-01 37.95 0 0 0 0.98 
G01-02 37.95 0 0 0 0.99 
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Figure 4.4. Example attenuation response. 

4.1.4 Timing Parameter Determination 

Acoustic emission timing parameters in AEwin are Hit Definition Time (HDT), Hit 

Lockout Time (HLT), Peak Definition Time (PDT) and Max Duration. Each of the four 

timing parameters have an important influence on how each channel’s data processor 

forms hits and/or calculates signal features, after the sensor output has been conditioned 

and digitized. HDT is a time constant used to terminate the measurement of a signal. This 

is the most important timing parameter because it lets the processor know when each hit 

comes to an end. The selection of the HDT can have a substantial effect on how many 

hits are recorded when burst-type AE is taking place. For proper hit determination a 

single signal should be present in each waveform. Setting this value too high will allow 

for more than one waveform to be recorded as a hit and then alter the amplitude and 

risetime from the correct value. The importance of such a feature is if the setting is too 

short, single events will be split into multiple hits, whereas if the setting is too long, 

adjacent events will be combined into single hits.  
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The Structure list is just below the grid area.  Support for welds, nozzles, manual 
placement of sensors & autoplacement of sensors varies with the Structure 
setting.  When creating a sensor layout for a new location group, the first thing 
you should do in the Sensor Placement dialog is to set the Structure type.  The 
Group # setting allows you to quickly switch to editing the sensors for another 
location group without having to return to the Location Setup dialog.  If you 
made changes to the current settings, you are prompted to save them.   
 

Below the Structure setting is the Dimension button.  If you click it, one 
of the dimensions dialogs will appear.  They are also specific to the type 
of Structure.  The one shown to the right is for the Plate structure.  When 
working with a new location group, the second thing you should do in 
Sensor Placement is to fill in the dimensions for the structure you are 
working with.  The dimensions affect the scaling of the sensor view 
area.  If you have incorrect values entered, some sensors may not be 
visible in the sensor view. 
 

 
 
               Figure 89.  Sensor Placement Checkboxes 
 
Below the sensor view area, there are a number of checkboxes 
that control the sensor view.  The Nozzles, Sensors & Welds 
checkboxes control whether or not those objects are 
displayed.  Likewise the Grid checkbox controls whether or 
not the sensor view shows a Cartesian grid to facilitate 
placing of sensors.  The Graphic checkbox controls whether 
or not a representation of the structure is drawn on the graph.  
The Lock Sensors checkbox disables moving of sensors with 
the mouse.  The 3D View checkbox will toggle the display 
between 2D & 3D views of the sensor layout, if that structure 
type supports both 2D & 3D views.  Finally the Attenuation 
checkbox enables if you have used the Attenuation dialog to 
enable the calculation of source amplitudes.  Checking 
Attenuation in the Sensor Placement dialog causes the sensor 
view to display an attenuation map as a series of concentric 
rings around each sensor as shown to the right. 
 
 
 
 

4.4 Notes on Individual Location Modes 

As mentioned in the section describing the Sensor Placement Dialog, there is a point that all users should understand 
about the regression location modes & it is important enough to bear repeating.  You can place sensors anywhere, 
but you will get better results with the regression modes if your sensor layout is made up of an evenly spaced 
triangular array of sensors.  The optimal arrangement would be a triangular grid made up of equilateral triangles, 
but the regression modes do not require exact equality of the triangle legs or even regular spacing between the 
sensors.  Avoid creating triangles with one very long or very short side, however, as they do not work well for 
locating sources. 

Figure 88.  Plate 

Figure 90.  Attenuation 

Figure 87.  Structure List 
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HLT is used to create a time-span after the end of a hit where no threshold crossing will 

be recorded. The main purpose of such a feature is to eliminate threshold crossings and 

possible signals received from reflections and reverberations in the sample environment.  

PDT is the parameter for signals whose envelopes contain several rising peaks. This 

parameter gives control over which peaks are used to calculate risetime and amplitude. 

PDT can be used to focus the amplitude and risetime calculations for separate modes of 

each wave. This feature is seldom used due to the inability to separate the differing 

modes of waves throughout a test containing numerous waveforms. Typical values of 

half the HDT are used in order to peak detect the highest amplitude threshold crossing in 

each waveform.  

Max Duration sets the maximum allowable time limit for a hit. Max Duration is used to 

terminate a hit if it resembles a continuous type AE signal that consistently contains 

threshold crossings throughout the waveform. This feature is seldom employed due to the 

other timing parameters terminating hits prior to a max duration value ever being reached. 

A max duration value was set for all tests to a value of 99 microseconds due to the low 

likelihood of recording burst type AE signals throughout beam fracture and hydraulic 

fracture testing.  

4.2 Acoustic Emission Fracture Stage Classification 

Acoustic emission events accumulated throughout fracture testing have been classified 

into four main stages by the author: Loading Stage, Pre-Event Stage, Random Event 

Stage, and Coalesced Fracture Stage. Loading Stage applies to material testing that 

contains frictional acoustic emission events from roller loading typical in beam fracture 

testing. Generally, after all rollers have been seated on the material with enough pressure, 

noise from the loading deteriorates to zero. Pre-Event Stage is the loading span in which 

no appreciable AE events occur in the material during a loading that is lower than the 

material strength. Random Event Stage signifies the beginning of appreciable AE event 

occurrence. During the Random Event Stage AE events are typically distributed 

randomly throughout the sample. The AE events in this stage signify the material reacting 

to a loading condition that causes micro fractures throughout the sample. The randomized 
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nature of the events in this stage indicate the loading finding the weak or stress 

concentrated regions of the sample. Coalesced Fracture Stage occurs when randomized 

events begin to coalesce into a predictable macro fracture direction and continues up to 

main sample fracture. Shown in Figure 4.5 is a typical fracture stage classification of a 

beam fracture test on cumulative AE events versus loading plot.  

 

Figure 4.5. Typical fracture stage classification shown on a pressure, number of AE 
events through time plot. 

4.3 Acoustic Emission Fracture Surface Identification 

Point source locations gained from acoustic emission testing were used to develop a new 

method for fracture surface identification. The acoustic emission fracture surface 

identification algorithm can then be compared to an actual fracture surface from 

measurements taken after material testing.  

4.3.1 AE Fracture Surface Identification 

Acoustic emission fracture surface identification is performed post-test and utilizes three-

dimensional AE event source location data in order to generate either a fracture plane or a 

rough fracture surface. Throughout testing, the fracture surface identification algorithm 

had been modified in order to decrease the biased nature in which AE data is viewed. 
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Prior art in the AE field only serves to create fracture directions based on wave polarities 

and discrete element modeling (Microseismic Inc., 2011).  

Initial fracture surfaces were generated on NBFT test data. The data was filtered to only 

contain events associated with the Fracture Stage. The Fracture Stage events were filtered 

further to only incorporate AE events with extremely high amplitudes and correlation 

coefficients. Fracture directions were observed visually from each sample and a cubic 

interpolation function was used to generate a three-dimensional surface based only on the 

filtered AE data (Hampton et al, 2012). This method proved to be extremely reliable for 

Notched Beam Fracture Toughness testing, but was lacking in fracture testing where 

fracture geometries cannot be observed (i.e. during hydraulic fracturing), but after 

applying this method to laboratory hydraulic fracture testing, the acoustic emission 

fracture surface identification method showed surprising accuracy. 

A method for identifying non-biased fracture surfaces based on unfiltered AE data was 

created. This method does not require previous knowledge of the fracturing directions or 

extents. The requirements for the new method are at the bare minimum, three-

dimensional AE event source location results. Additional data, such as AE event 

amplitudes, correlation coefficients, and source mechanism solutions can be utilized for 

data filtering to further enhance results. The method is an error reduction discretization 

process in which a diametric or radial planar fracture, or a polynomial based surface, is 

assumed and rotated in both the pitch and roll directions about a user specified origin and 

compared with AE event source location data, as shown in Figure 4.7 through Figure 4.9. 

The comparison takes place by calculating an error term from the perpendicular distances 

of each AE event source location found inside a set of bounds parallel to the rotated 

fracture plane. The bounds are calculated from a ratio of the fracture process zone to the 

total fracture length. These values are determined from material characterization prior to 

fracture testing.  

In order to perform the AE fracture surface identification algorithm, a range of values is 

selected for the origin of the coordinate system after filtering takes place. Typical origin 

locations were selected at the open-hole fracturing interval. The purpose of selecting 

multiple origin locations is to reduce the fracture surface error by alternating where the 
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fracture initiated. For instance, it is possible for fractures to initiate perpendicular or 

tangentially from the borehole wall (as observed from coring post-test). Once a range of 

values has been selected for origin locations, pitch and roll axes are chosen. The assumed 

fracture plane is aligned in the pitch and roll axis directions. Once a number of iterations 

are specified for the pitch and roll axis rotations, all coordinate data used in the analysis 

is transformed to cylindrical coordinates.  

The AE fracture surface identification process is capable of both bi-wing diametric 

fracture prediction and single-wing radial fracture prediction, which emanates from an 

origin value with the smallest error. The error calculated for each iteration can be 

represented in many ways, but for most testing it was determined that Equation 4.3 

proved to show the highest accuracy results.  

 !""#" = !"#!"$%&'()*#  !"#$%&'(
!"!#$  !"#$%&$'  !"#$%&'(

 (4.3) 

The numerator is the average perpendicular distance of all AE event source locations to 

the rotated fracture plane. The denominator is the total bounded distance between 

positive and negative bounds on either side of the rotated fracture plane. An error versus 

iteration angle plot is shown in Figure 4.6 for each of the origin locations. It can be seen 

from this plot that multiple fracture planes are present inside of the sample by the sharp 

reduction in error in multiple locations.  

 

Figure 4.6. Error versus iteration angle for a single AE fracture surface identification test. 
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The non-biased AE fracture surface identification algorithm is as follows: 

1. If data filters are desired, apply filtering requirements to AE data in order to 

reduce the number of data points for the following procedure. 

2. Specify range of values to be used for the origin of the coordinate system. 

Typically, origin will be taken at injection borehole location. Program contains 

capability to step through additional origins in order to find non-borehole 

originating fractures. 

3. Specify starting reference pitch of reference fracture plane (initial reference 

direction). This will be an iterative process containing all following steps in each 

pitch angle tested. Process makes full 360-degree revolution. Figure 4.7 shows the 

arbitrary fracture plane and the pitch and roll directions. 

4. Calculate angle between starting initial reference plane and current iteration initial 

reference plane. 

5. Change all AE coordinate data to cylindrical coordinates. 

6. Specify total distance between farthest AE coordinates in the direction of the 

secondary reference direction. Apply ratio of fracture process zone of given 

material to total length of fracture to the distance calculated. This value is the total 

bounds of the system surrounding the secondary reference plane/direction.  

7. Calculate perpendicular distance from each AE coordinate that resides inside of 

the bounds to the secondary reference plane. Figure 4.8 shows this calculation 

visually. 

8. Calculate error term associated with average distance from all points in bounds to 

reference plane and divide by the bounded length to normalize error.  

9. For each relative minimum error term, calculate the offset angle between original 

secondary reference plane and current iteration secondary reference plane.  

10. Step through full 360-degree revolution of secondary fracture plane and calculate 

steps 6 through 9 for each orientation. Figure 4.9 shows a graphic of the pitched 

reference plane and the rotation through the secondary reference direction that 

takes place. 

11. Determine minimum error associated with initial reference plane (pitch) and 

secondary reference plane (roll).  
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12. Apply offset angles associated with lowest error initial reference plane and 

secondary reference plane to all AE coordinate data.  

13. Convert offset AE polar coordinates to Cartesian coordinates. 

14. Plot lowest error plane along with meshgrid of AE data associated with data 

inside of bounds in the lowest error plane.  

 

Figure 4.7. Arbitrary plane chosen as AE reference fracture plane. 

 

Figure 4.8. AE surface identification error calculation. 

!

!
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Figure 4.9. Pitched reference plane showing discretized revolution axis. 

4.3.2 AE Fracture Surface Validation 

Validating the AE generated fracture surface requires a detailed analysis of the fractures 

post-test. This is performed two ways, first by using a profilometer in order to create an 

actual fracture surface, or second by photographing sliced sample and scanning images in 

order to digitize visible fracture data. Profilometer method uses multiple profiles of the 

fracture surface using a known starting and ending location. The profiles taken from the 

profilometer are then scanned and digitized to contain three-dimensional fracture 

coordinates. Using the three-dimensional actual fracture coordinates, a comparison can be 

made between the AE generated fracture surface and the actual profilometer generated, or 

photograph generated, fracture surface. The usefulness of such a method for fracture 

surface identification and validation is apparent when fracturing materials where no 

actual fracture surface can be measured; i.e. during a fracturing test where the sample 

cannot be recovered in a manner which saves fracturing information.  

4.4 Acoustic Emission Source Characterization Methods 

In order to enhance the understanding of the fracturing process, acoustic emission source 

characterization must take place. Source characterization is performed using AE data 

collected throughout testing. The key features of AE data required for source 

!
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characterization include first arrival time, first peak time, first peak amplitude and 

polarity. The results gained from source characterization are crack type classifications 

and orientations of crack movement. Source characterization is performed through a 

simplified moment tensor analysis. Crack type classifications become extremely 

important in AE monitoring of laboratory hydraulic fracturing tests due to the presence of 

tensile signals, which are not typically seen in earthquake microseisms due to the 

relatively low amplitudes and the high attenuation associated with field scale testing.  

4.4.1 The Seismic Moment Tensor 

Mechanisms of AE are associated with crack motions of kinetics and kinematics. Source 

characterization of AE has been usually performed by a deconvolution analysis (Ohtsu, 

1995). In the deconvolution analysis, dynamic effects of kinetics were determined as 

source-time functions. These source-time functions are inconsistent at times because 

incorrect source-time functions can result from the effect of crack orientation (Ohtsu, 

1995). This inconsistency implies that correct kinematics of a crack have to be known 

prior to the deconvolution analysis. In most cases, such as earthquake seismology, crack 

kinematics are often assumed as a double-couple type motion. Crack motion can be 

modeled mathematically as shown in Figure 4.10.  

 

Figure 4.10. Crack nucleation model showing generated acoustic wave (Ohtsu, 1995). 
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Fig. 2. Crack motion and equivalent moment tensor components. 
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Dynamic fracturing nucleates the crack surface F at point y. n represents the normal 

vector of the internal plane of fracturing. In the tensile case, displacement discontinuity 

vector b is parallel to the normal vector n. Shear dislocation occurs when the 

displacement discontinuity is perpendicular to the normal vector of the internal crack 

plane. This simplifies the crack kinematics into two direction vectors representing the 

crack displacement vector and the crack normal vector. The physical quantity of the two 

orientations of a crack is represented by a tensor. The tensor of an infinitesimal element is 

shown in Figure 4.11. The equivalent tensor shown can be broken into nine couples as 

shown in Figure 4.12. 

 

Figure 4.11. Equivalent moment tensor components of crack nucleation (Ohtsu, 1995). 

 

Figure 4.12. Seismic moment tensor components (USGS, 2011). 
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The 3x3 matrix shown in Equation 4.4 represents the seismic moment tensor. Each of the 

elements in the 3x3 matrix represents the couples from Figure 4.12.  

 !!" =
!!! !!" !!"
!!" !!! !!"
!!" !!" !!!

 (4.4) 

Resulting from the representation of a crack as an infinitesimal element, AE waveform 

u(x,t) at observation point x due to crack vector b(y,t) on a crack surface F is represented 

by using moment tensor m, as shown in Equation 4.5. 

 !! !, ! = !!",! !,!, ! !!" ∗ ! ! !"!  (4.5) 

Where Gip,q is the spatial derivative of Green’s function, S(t) represents the source-time 

function and * represents the convolution integral. The moment tensor plays a key role in 

illuminating the effects of crack type and orientations.  

4.4.2 Simplified Green’s Functions for Moment Tensor Analysis 

Crack kinematics are modeled by the moment tensor representation. In order to determine 

moment tensor components, linear inversion techniques in both time and frequency 

domains have been proposed in seismological research (Stump and Johnson, 1977). 

Solving the inverse problem in AE research, Green’s functions of finite particular 

geometries are necessary. This is slightly impractical due to the presence of hundreds of 

events containing at least six waveforms are readily obtained from a single fracturing test. 

Ohtsu has developed a moment tensor inversion method for AE data. His method 

simplifies full-space Green’s functions of a homogeneous and isotropic material by only 

selecting first arrival, P-wave, characteristics such as first arrival amplitude, first arrival 

time and first arrival polarity. This procedure has been named, by Ohtsu, simplified 

Green’s functions for moment tensor analysis, or SiGMA for short. This procedure can 

process hundreds of AE waveforms in a relatively short period of time due to the 

simplification of the full-space Green’s functions.  

In order to classify crack types, a unified decomposition of eigenvalues of the moment 

tensor must take place. This decomposition is based upon proportions of a double-couple 
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part, a compensated linear vector dipole part, and an isotropic part in the eigenvalues. 

From this decomposition an AE source can be classified into a shear crack, tensile crack 

or mixed mode crack. Due to each eigenvalue containing eigenvector information, crack 

opening direction and crack slip direction can be determined.  

Aki and Richards summarized a generalized relationship between seismic sources and 

elastic waves (Aki and Richards, 1980). The generalized relationship stems from 

Equation 4.6 and is represented below in Equation 4.7. 

 !! !, ! = !!",! !,!, ! !!" ∗ !(!) (4.6) 

 !!" = !!"#$!!!! (4.7) 

Where Cpqkl are the elastic constants and n is the outward normal vector to a crack surface. 

The first portions of detected waveforms are only used due to the later portions of AE 

waves collected are distorted due to the superposition of S-waves, surface waves, and 

reflected waves. Ohtsu suggests that this means that the first motions P-waves only are 

discriminative in practical AE waveform analysis (Ohtsu, 1989). 

SiGMA determines six independent moment tensor components from solving a set of 

linear algebraic equations obtained from Equation 4.6 and represented as Equations 4.8 

and 4.9.  

 ! ! = !!
!!(!,!)
!

!!!!!!" (4.8) 

 ! ! = !!
!!(!,!)
!

!! !! !!
!!! !!" !!"
!!" !!! !!"
!!" !!" !!!

!!
!!
!!

 (4.9) 

Where, A(x) is the P-wave amplitude at each of the sensor locations, x. R is the distances 

from AE source y to sensors x, and rp and rq are the direction cosine and the transpose of 

the direction cosine, respectively. Cs is the calibration coefficient of the sensor sensitivity. 

Re(t,r) is the reflection coefficient at the observation point. The reflection coefficient is 

represented in Equation 4.10 and 4.11.  

 !! !, ! = !!!!(!!!! !!!! )
(!!!! !!!! )!!!![!!!!] !!!!!!!

 (4.10) 
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 (4.11) 

Where, a is the scalar product of t, the direction of sensor sensitivity, and r, the direction 

cosine of source to sensor. Figure 4.13 shows an image of sensor sensitivity.  

 

Figure 4.13. SiGMA parameter representation including sensor sensitivity direction 
(Ohtsu, 1995). 

The calibration coefficient, Cs, of sensor sensitivity is represented in Equation 4.12, 

where Ao is the amplitude observed at each sensor from a repeatable calibration test such 

as an Auto-Sensor Test or a pencil lead break test.  

 !! =
!!!

!!(!,!)
 (4.12) 

Solutions developed from the SiGMA inversion are inherently stable due to the non-

dependence on time. Amplitude recordings at six observation points result in a linear 

algebraic system of equations with unknown mpq. Absolute amplitudes of an AE event are 

not necessary for the SiGMA procedure because relative ratios of moment tensor 

components are all that is necessary for crack type classification.  
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where the time dependency is omitted. As shown in Fig. 7, R is the distance 
from AE source y to observation point x, and r = (rl, r2, r3) is its direction 
cosine, t is the direction of AE sensor sensitivity, and Ref(t, r) is the reflection 
coefficient at the observation surface. DF is the crack area, p is the density, and 
up is P wave velocity. When an AE waveform due to crack nucleation at y is 
recorded at x, AE amplitude of the first motion corresponds to displacement 
A(x) in Eq. (5). After the AE source location procedure, information on dis- 
tance R and direction cosine r are obtained. Eventually, Eq. (5) leads to a set of 
linear algebraic equations with six unknowns, mpq, because the moment tensor 
is symmetric and consists of six independent components. The amplitude ob- 
servation of the first motions at more than six sensors could result in an over- 
determined system with unknowns mpq. Solutions of the SIGMA inversion in 
Eq. (5) are inherently stable because of linear algebraic equations and non- 
dependence on time, although a time-dependent inversion procedure [15] suf- 
fers from the ill-posed nature of a Volterra-type integral equation. 

~AE source 

moment tensor 

representation 

AE sensor 

Fig. 7. Geometrical relation between AE wave motion at AE sensor x and the moment tensor 
representation of AE source at y. 
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4.4.3 Unified Decomposition of Eigenvalues for Crack Type Classification 

In seismology, fault motion of a shear type is considered as the major source mechanism, 

while widely neglecting tensile failure mechanisms. Neglecting the tensile failure 

mechanism in source characterization means that the CLVD part and the isotropic part of 

the moment tensor are not considered. SiGMA analysis considers all three parts. In an 

isotropic material the moment tensor can be represented as follows in Equation 4.13. 

 !!" = !"[ !!
!!!! !!!!

]+ !!!! + !!!! (4.13) 

Where, µ is the shear modulus and ν is the Poisson’s ratio. Solving the characteristic 

equations of Equation 4.13, three eigenvalues are obtained and shown in Equation 4.14a-

c as the maximum, intermediate and minimum eigenvalue, respectively. 

 !"#$%&!  !"#$%&'()$:  !"( !!!!
!!!!

+ 1) (4.14a) 

 !"#$%&$'()#$  !"#$%&'()$:2!"#!!!!/(1− 2!) (4.14b) 

 !"#"$%$  !"#$%&'()$:  !"( !!!!
!!!!

− 1) (4.14c) 

Based on Equations 4.14a-c, the eigenvalue decomposition can be applied to the 

classification of an acoustic emission source mechanism into a tensile crack, shear crack 

and mixed mode crack. A pure shear crack corresponds to the case that displacement 

discontinuity vector l is perpendicular to normal vector n of the crack surface. This in 

turn means that ln = 0. A pure tensile crack corresponds to the case where the 

displacement discontinuity vector is parallel to the crack surface normal vector, meaning 

ln = 1. AE signals can rarely ever be classified as a pure case of either tensile or shear 

motion. Due to this anomaly, the angle between the displacement discontinuity vector 

and the crack normal vector takes into account proportions of the DC part, the CLVD part 

and the isotropic part.  

A physically plausible assumption must also take place in order to classify crack type 

based on AE signals, which is the principal axis of the DC model is parallel to that of the 

CLVD model (Ohtsu, 1991), so that the eigenvalues of the moment tensor can be 
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uniquely decomposed. The unique decomposition into the DC part, CLVD part and the 

isotropic part is shown in Figure 4.14. 

 

Figure 4.14. Decomposition of eigenvalues of a moment tensor into double couple (DC) 
part, compensated linear vector dipole (CLVD) part and isotropic part (Ohtsu, 1995). 

The moment tensor must be diagonalized in order to obtain three separate eigenvalues 

with corresponding eigenvectors. A pure shear moment tensor contains only two off-

diagonal elements as shown in Equation 4.15 with their corresponding eigenvalues.  

 
0 !" 0
!" 0 0
0 0 0

→ !"#!$%&'(!) →   
!" 0 0
0 0 0
0 0 −!"

 (4.15) 

Setting the maximum eigenvalue as X, the moment tensor components of the pure shear 

crack become X, 0 and –X. Pure tensile failure moment tensor components can be 

decomposed into deviatoric (CLVD) components and hydrostatic mean components 

(isotropic part), of which the maximum values are indicated as Y and Z, respectively. The 

pure tensile moment tensor components as well as the corresponding eigenvalue analysis 

are shown in Equation 4.16. 
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Fig. 8. Unified decomposition of eigenvalues of the moment tensor. 

sis of the moment tensor. In isotropically elastic material, solving the charac- 
teristic equations of Eq. (1), three eigenvalues are obtained: 

the maximum eigenvalue: t z b ( l k n J ( 1  - 2 v  + 1), 

the intermediate eigenvalue: 2/zb lkn/(1 - 2v), 

the minimum eigenvalue: I ~ b ( l k n J ( 1  - 2v) - 1). 

(6) 

Here , / z  is shear rfiodulus and v is Poisson's ratio. 
From the three eigenvalues in Eq. (6), we have developed a decomposition 

of the eigenvalues in order to classify the AE source into a tensile crack and a 
shear crack. As shown in Fig. 3, the moment tensor contains particular compo- 
nents, depending on the crack types. The discrepancy, however, is not easily 
realized in general cases because pure motion of either a tensile crack or a 
shear crack is rarely nucleated on the crack surface. 

Moment  tensors of a pure shear crack and a pure tensile crack are given in 
Fig. 8. In the case of a pure shear crack, the moment tensor contains only two 
off-diagonal elements which are converted into the following eigenvalues: 

/zb, O, --- eigenvalues --- 

O, O, 

O, O, 
O, O, - m b  

(7) 
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! + 2! ! 0 0

0 !" 0
0 0 !"

→ !"#!$%&'(!) →   
! 0 0
0 −0.5! 0
0 0 −0.5!

+
! 0 0
0 ! 0
0 0 !

 (4.16) 

Making the assumption that the crack is of a mixed mode nature, the moment tensor 

components then become a sum of the tensile and shear contributions. The decomposition 

of the tensile and shear type components is performed as follows in Equations 4.17a-c. 

 1.0 = ! + ! + ! (4.17a) 

 !"#$%&$'()#$  !"#!$%&'(!
!"#$%&%  !"#!$%&'(!

= 0− 0.5! + ! (4.17b) 

 !"#!"#"  !"#!$%&'(!
!"#$%&%  !"#!$%&'(!

= −! − 0.5! + ! (4.17c) 

The Equation 4.17a corresponds to the out-of-plane direction in Figure 4.14. Equations 

4.17b and 4.17c correspond to the vertical and horizontal direction in Figure 4.14, 

respectively. Intuitively, a pure shear crack corresponds to the case where X = 1 (100%) 

and Y = Z = 0%. Alternatively, a pure shear crack corresponds to the case where X = 0%. 

The ratio X represents the contribution of shear failure in an acoustic emission event. 

Ohtsu determined that if sufficient signal-to-noise ratios exist throughout monitoring, and 

the relative sensitivity of each sensor is similar, ratios of X greater than 60% can be 

classified as shear, and ratios less than 40% can be classified as tensile failures. Ratios 

between the 40% and 60% margins are classified as mixed mode due to the inability to 

reliably classify the signal.  

Three eigenvectors corresponding to the eigenvalue analysis shown in Equations 4.17a-c 

are shown below in Equations 4.18a-c. 

 !"#!$%!&'()  !"#  !"#$!%!  !"#$%: ! + ! (4.18a) 

 !"#!$%!&'()  !"#  !"#$%&$'!(#$  !"#$%: !×! (4.18b) 

 !"#!$%!&'()  !"#  !"#"!$!  !"#$%: ! − ! (4.18c) 

Crack displacement directions can be determined from Equation 4.18a-c. Ohtsu’s work 

showed that angles between the two vectors of 60o could still be classified as a tensile 

failure event. Shown in Figure 4.15 is the shear ratio versus the angle between the 
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displacement vector and crack normal vector. This image shows that just as in the shear 

and tensile classification window, there is a window of angles where events can be 

classified as either tensile or shear.  

 

Figure 4.15. Shear ratio versus the angle (c) between displacement vector and crack 
normal vector (Ohtsu, 1995). 
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Fig. 9. The shear  ratio X versus the angle c between crack vector  I and crack normal n. 

20%. This implies that information on the angle of two vectors is not available 
for the classification of cracks. In contrast, the classification based on Eq. (9) 
determines the dominant contribution quantitatively [20]. 

In the eigenvalue analysis, three eigenvectors are determined along with 
the eigenvalues. These are completely represented by using vectors I and n, as 
follows: 

the eigenvector for the maximum value: 1 + n ,  

the eigenvector for the intermediate value: 1 ! n, 

and the eigenvector for the minimum value: ! - n ,  

(lO) 

where ! means the vector product. 
To recover the direction of crack motion from Eq. (10), previously the 

eigenvector for the maximum eigenvalue was referred to as directing motion of 
crack opening in the tensile crack [20]. According to the results in Fig. 9, 
however, it is found that an AE source of which the angle between two vectors 
is around 60 ° may be still classified into a tensile crack. In this case, the first 
eigenvector denotes not the crack opening direction, but the resultant direction 
of two vectors. Precisely both the directions of crack motion i and crack normal 
n are recovered from the sum of the first and the third eigenvectors and the 
subtraction of them, respectively. Since relative values of the moment tensor 
are obtained only, either crack motion ! or crack normal n is actually deter- 
mined from either the sum or the subtraction. 

Analytical Procedure 

In the SIGMA procedure, more than six waveforms for each AE source have to 
be recorded. After an experiment, each waveform for one AE event is dis- 
played on the CRT screen, as shown in Fig. 10. Two parameters of the arrival 
time (P1) and the amplitude of the first motion (P2) are read on the screen 
and stored. The location of the AE source is computed from the arrival time 
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CHAPTER 5 NOTCHED BEAM FRACTURE TOUGHNESS TESTS 

Notched Beam Fracture Toughness tests (NBFTs) were performed in order to obtain the 

Mode – I fracture toughness for each material so that proper sample specific hydraulic 

fracturing treatment designs could be made. Additionally, NBFTs were used in order to 

validate all acoustic emission testing equipment as well as the AE analysis methods. 

5.1 Procedure 

Throughout Notched Beam Fracture Toughness testing, acoustic emission data was 

monitored and analyzed. Three and four point loading schemes were used on analog rock 

and granite samples; all granite samples were tested using four-point loading. Analog 

rock sample sizes were approximately 45x60x140 mm3. Granite sample sizes were 

approximately 40x50x240 mm3. Each sample tested contained an initiation notch with an 

approximate depth of 1.5 – 2.5 mm at the bottom of the sample in the pure moment 

region (four point loading) or at the maximum moment region (three point loading). 

Figure 5.1 is a diagram of the NBFT system with shear and moment diagrams showing 

the four point loading scheme. An in – house fabricated sample holder was used for 

applying proper roller loading to each sample. Figure 5.2 shows granite sample G01-01 

and the sample holder. Four point loading scheme can be seen in this figure. 

 

Figure 5.1. NBFT four point loading system with shear and moment diagrams (Hampton 
et al, 2012). 

2.2. AE System 
MISTRAS Group, Inc. AE data collection hardware and 
software manufactured by Physical Acoustics 
Corporation (PAC) were used throughout all sample 
characterization and beam fracture testing.  PAC’s 
Micro-II PCI-2-8 Digital AE System chassis was used to 
run AEwin data collection and post-test data analysis 
software.  PAC’s 2/4/6 (20/40/60 dB gain) single-ended 
AST preamplifiers were used on each channel 
throughout testing.  A 60 dB gain setting was used in 
order to amplify micro-fracture signals and increase 
signal-to-noise ratios.  

Four and six sensor arrays of wideband Ws! AE 
piezoelectric transducers manufactured by Physical 
Acoustics Corporation were used in conjunction with 
PAC’s AEwin source location software and data 
collection system.  The Ws! sensors used have an 
operational frequency range of 100 – 900 kHz, with a 
resonant frequency of 125 kHz.  AE sensor locations 
were chosen in order to maximize distance from fracture 
source location and AE transducers, and to provide 
multidimensional coverage of sensor directionality.   

AEwin’s Location software is capable of one-, two-, and 
three-dimensional event source location.  All three 
location algorithms were used throughout beam fracture 
testing, with the main focus on two- and three-
dimensional source location.   

2.3. Analog Rock and Granite 
Ultra-high strength silica fume mix concrete with an 
unconfined compressive strength of approximately 150 
MPa was used for analog rock specimens.  Analog rock 
specimens were fairly homogeneous but contained large 
pore spaces with respect to grain size.  

Colorado Rose Red Granite from a quarry near Estes 
Park, Colorado was used for all granite samples.  
Typical Colorado Rose Red Granite specimens used had 
an unconfined compressive strength of approximately 
173 MPa.  Granite samples tested were fairly 
heterogeneous and had lower porosity than the analog 
rock.  

Both analog rock and granite samples were pre-cut to 
contain a notch on the maximum tensile moment face 
with a typical depth of 1.5 – 2.5 mm to initiate tensile 
fracture in a known location.  The NBFT test set-up is 
intended to provide a measurement of the mode-I 
fracture toughness in addition to the AE data collection.  
Shown in Figure 2 is a diagram of the NBFT system 
with shear and moment diagrams showing the four point 
loading scheme. 

 
Figure 2. NBFT system with shear and moment diagrams. 

3. MATERIAL CHARACTERIZATION 

3.1. Auto-Sensor Tests 
The main purpose of an Auto-Sensor Test is to evaluate 
the health of each sensor prior to, and after each test 
(post fracture ASTs were not run for the obvious reason 
of each sample being in separate pieces).  ASTs 
sequentially create pulses emanating from each sensor 
on the structure.  The pulsing sensor and the remaining 
sensors all act as receivers, and with a perfect event 
initiation reference time t0 for each signal, highly 
accurate directional wave velocities can be determined.  
An average wave velocity value for all directions of 
wave travel were used as input for AEwin source 
location software.  Additional sensor specific 
information is recorded throughout ASTs, including 
delta time values, amplitude, energy, duration, counts, 
and waveforms for each individual signal.  Each sensor 
pulsed ten times, had a pulse width of five 
microseconds, and had a 100-millisecond time span 
between pulses for every AST.  This combination of 
number of pulses, pulse width, and time between pulses 
showed frequency of 66 kHz for all Auto-Sensor Tests. 

3.2. Pencil Lead Break Tests 
Numerous pencil lead break tests (PLBs) were 
performed on each sample prior to fracture testing for 
the purpose of adjusting AE timing parameters and 
validating source location software.  AE timing 
parameters include Hit Definition Time (HDT), Peak 
Definition Time (PDT), Hit Lockout Time (HLT), and 
Max Duration.  HDT is the time constant used to 
terminate the measurement of the signal.  PDT is the 
time constant used to determine rise time and magnitude 
for signals whose envelopes contain several rising peaks.  
HLT is defined as the time after each hit where no 
signals are recorded, even if threshold crossings occur.  
This value was set to the minimum (2 microseconds) in 
order to capture extremely fast-paced fractures common 
to beam fracture tests of brittle materials.  Max Duration 
is the parameter used to limit the maximum duration 
allowed for a hit in order to keep from saturating any 
specific channel with constant threshold crossings due to 
background noise or extremely high AE activity [2].  
Three sides of each sample were used for PLB locations 
(front/Side 1, bottom/Side 2, and back/Side 3).  Typical 
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Figure 5.2. NBFT sample holder containing unbroken granite sample G01-01. 

Six AE piezoelectric transducers were used throughout NBFT testing in order to produce 

three-dimensional event source location results within a reasonable accuracy. AE sensor 

locations were chosen based on two main factors, first being sensor safety and second 

being sufficient coverage of the process zone geometry. Due to the first factor, sensor 

safety, AE sensors were not placed on the bottom or the top of analog rock samples 

because of sample length dimensions. Sensor positions were chosen to be as far from the 

process zone as possible; three-dimensional event source location result errors increase as 

the distance of sensor to source decreases. 

Once sensors were placed on NBFT samples, preliminary sample characterization took 

place prior to any fracturing test. The preliminary characterization, as discussed earlier, is 

of extreme importance to proper real-time event source location procedures. Multiple 

ASTs and pencil lead breaks were performed in order to obtain sample specific wave 

velocities and attenuation relationships.  

It was determined that acoustic noise emanating from the roller loading needed to be 

silenced. Efforts to silence the roller loading were successful in using electrical tape on 

the sample on each side of the roller location. The tape served to keep the noise to a 

minimum by creating a seat on the sample. Figure 5.3 shows NBFT sample E01-02 

where the tape to silence roller loading associated noise is seen.  

1. INTRODUCTION 
Acoustic Emission (AE) is the phenomenon in which a 
material or structure emits elastic waves caused by the 
sudden occurrence of fractures along discontinuous 
surfaces and grain boundaries.  These elastic waves that 
propagate through the given material are more closely 
caused by a localized, and irreversible release of stress 
energy [1].  

AE signals were monitored throughout numerous 
Notched Beam Fracture Toughness (NBFT) tests.  Three 
and four point loading schemes were used on analog 
rock (ultra high strength concrete) and granite samples, 
respectively.  Two separate specimen sizes were tested: 
45x60x140 mm3 and 40x50x240 mm3 beams.   

Sample characterization was performed prior to each 
NBFT in order to obtain numerous AE dependent rock 
properties, including highly accurate wave velocities and 
sample attenuation relationships.  These properties were 
obtained for each sample to show the variance of values 
not only between different materials or concrete pours, 
but also between single pours and single granite sites.  

Post-test fracture characterization was performed and 
plotted for each sample along with AE events for system 
validation.  Multiple profiles of the fracture surface were 

taken using a profilometer for those tests that contained 
valid three-dimensional source location results.  

2. MATERIALS AND EQUIPMENT 
2.1. Load Frame 
An ELE International ACCU-TEK 250 Range Digital 
Series compression tester with a loading capacity of 
250,000 lbf. (1112 kN) was used throughout all beam 
testing.  The ELE frame’s digital readout system was 
used and compared with calculated LabVIEW readouts.  
Loading was applied using an in-house designed and 
fabricated beam holder using rod steel as line loading 
sources.  Figure 1 shows the beam holder outside of the 
load frame containing an unbroken granite sample. 

Figure 1. NBFT sample holder containing unbroken granite 
sample. 
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ABSTRACT: Brittle heterogeneous rocks emit Acoustic Emission (AE) events from fracture formation during loading which are 
associated with microstructure dislocation.  Notched Beam Fracture Toughness (NBFT) tests were performed on samples of an 
analog rock and Colorado Rose Red Granite in order to characterize tensile fracture AE signals.  All concrete specimen sizes were 
approximately 45x60x140 mm3 beams.  Granite specimen sizes were 40x50x240 mm3 beams.  Three point and four point loading 
methods were used on the concrete and granite samples respectively in order to generate maximum beam moment in the vicinity of 
an initiation notch.  Six AE piezoelectric transducers manufactured by Physical Acoustics Corporation (PAC) were used.  PAC’s 
AE source location software, AEwin, was used in order to triangulate event locations and perform waveform analysis.  Attenuation 
analysis and curve generation was performed for each material tested in order to refine the event source location parameters.  Load 
dependent stages of acoustic emission events were created.  Four stages were used in order to characterize the micro crack 
development leading up to the main fracture formation.  Crack location was verified visually post-test and a profilometer was used 
to generate a digitized fracture surface.  An AE event estimated fracture surface was also created and compared with the 
profilometer data. 
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Figure 5.3. NBFT sample E01-02 showing electrical tape used to silence roller loading 
associated noise. 

5.2 NBFT Preliminary Characterization Results 

Acoustic emission monitoring and data analysis techniques were used throughout all 

NBFT tests. The preliminary characterization of each sample proved to be of upmost 

importance for proper AE monitoring and analysis. 

5.2.1 Wave Velocity Results 

Specimen specific directional wave velocities were determined for each beam sample 

tested. Overall average velocity values were determined along with standard deviation 

values for each sample. Shown in Table 5.1 is an example of the directional wave 

velocities measured throughout preliminary characterization. The sensor position 

determination discussed in Section 5.1 is validated in this table by viewing the extremely 

short distance velocities determined between sensors 1 and 5 and sensors 2 and 6. Due to 

such a short distance that the acoustic wave can travel, velocity errors can possibly arise. 

This effect has been determined to be negligible in proper event source location results 

due to the sensor positioning relative to the induced fracture process zone during a NBFT 

test. 

Shown in Table 5.2 are the overall average wave velocity values for each of the NBFT 

samples along with the standard deviation values corresponding to the directional wave 
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velocities. These average wave velocity values were validated using numerous pencil 

lead break tests on the sample surfaces on or near the impending fracture process zone. 

Table 5.1. Directional wave velocities for analog rock sample E01-01. 

Sensor to 
Sensor 

Distance Between 
Sensors (mm) 

Wave Velocity Determined 
(mm/microsecond) 

1 to 2 147.42 4.34 
1 to 3 52.66 4.39 
1 to 4 129.80 4.12 
1 to 5 19.45 6.48 
1 to 6 136.03 4.12 
2 to 3 121.76 4.06 
2 to 4 49.51 4.95 
2 to 5 135.64 3.99 
2 to 6 19.49 6.50 
3 to 4 122.84 4.10 
3 to 5 59.50 4.58 
3 to 6 105.61 3.52 
4 to 5 113.46 3.66 
4 to 6 59.23 4.74 
5 to 6 126.18 3.94 

Average - 4.49 
Standard 
Deviation 

- 0.89 

 

Table 5.2. NBFT sample average wave velocities and standard deviation values. 

Concrete 
Sample ID 

Average Vp 
(mm/microsecond) 

Standard 
Deviation 

E01-01 4.49 0.87 
E01-02 4.58 0.89 
E02-16 4.34 0.71 
Granite 

Sample ID 
  

G01-01 4.92 0.91 
G01-02 4.68 0.72 

 

5.2.2 Attenuation Characterization Results 

As stated earlier in Section 4.1.3, sensor location specific amplitudes are monitored 

throughout pre-fracture ASTs. Using these sensor location specific amplitudes and 
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known sensor locations, Equation 4.2 was chosen to represent all amplitude decay in the 

materials tested. The sample specific coefficients of Equation 4.2 along with R2 values 

are shown in Table 4.3. It is worth noting that E01-01, G01-01 and G01-02 showed no 

measureable attenuation over the short distances tested with the exception of few non-

repeatable outliers deemed as unreliable data by numerous ASTs.  

Figure 5.4 shows a graphical representation of the attenuation relationship for analog 

rock sample E01-01. The points in the figure are actual observation distances and 

amplitudes, while the line represents Equation 4.2. The points in the figure are results 

from numerous ASTs. Due to ASTs being extremely repeatable, many of the points 

shown contain more information than a single amplitude-distance relationship. The two 

outliers far below the data set are distinct from all other ASTs, thus were deemed as 

unreliable artifacts and were not considered.  

 

Figure 5.4. Attenuation relationship for sample E01-01; note two outliers deemed as 
unreliable data. 
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Figure 5.5 depicts sample G01-01 attenuation relationship. This sample showed no 

measureable attenuation across short distances and also extremely high primary 

compression wave velocities. Due to this, it was assumed that the granite samples 

typically have a stronger bond structure and closer molecular spacing than the analog 

rock samples produced in the laboratory.  

 

Figure 5.5. Attenuation relationship for sample G01-01 showing no measureable 
amplitude decay. 

5.3 Acoustic Emission Event Stage Classification 

As stated in Section 4.2, distinct loading-spans of events were monitored and classified as 

Loading Stage, Pre-Event Stage, Random Event Stage, and Coalesced Fracture Stage. 

During the Loading Stage, it was observed that noise created from roller loading ceased 

prior to reaching half of the maximum loading for each sample. Throughout all NBFT 

tests the Pre-Event Stage was extremely short lived due to the loading rates observed and 

can also be attributed to the relative heterogeneity of the samples tested. A typical NBFT 

ramp-loading rate is shown in Figure 5.6. It is worth noting that the Random Event Stage 
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never fully deteriorated throughout testing until main fracture occurred. Also shown in 

Figure 5.6 is a graphical representation of the four acoustic emission event stages.  

 

Figure 5.6. Graphical view of acoustic emission event stage classification and loading 
through time. 

Shown in Figure 5.7 and Figure 5.8 are the two-dimensional orthographic projections of 

the three-dimensional source location (epicenters) cumulative event progressions through 

loading from analog rock sample E01-01 (top view of beam). Loading Stage was 

neglected due to no AE events occurring at the roller loading locations that passed a six-

sensor three-dimensional location regression. Pre-Event Stage was also neglected due to 

the lack of information shown in a plot with zero acoustic emission events. The blue lines 

in each location figure signify traces of the fracture surface. The blue fracture surface 

lines are shown to be the outermost edge of the fracture, which contained asperities with 

a maximum amplitude measured by the distance between the two parallel blue lines. 

Figure 5.7 shows the Randomized Event Stage. The acoustic emission event source 

locations in the Randomized event stage are associated with loading up to 3.49 kN.  
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Figure 5.7. Randomized Event Stage during NBFT test on analog rock sample E01-01. 

 

Figure 5.8. Fracture Stage during NBFT test on analog rock sample E01-01. 
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It is apparent from Figure 5.8 that during the Fracture Stage a coalesced fracture line can 

be seen. The AE results from the Fracture Stage agreed with post-fracture measurements 

of the fracture surface, which is shown by the blue lines in the figure. As stated earlier, 

the randomized events did not cease until main fracture was observed. This is profound in 

that multiple micro-failures were occurring simultaneously with the macro fracture plane 

failure. This can be attributed to the heterogeneous nature of the pore spaces and unmixed 

concrete regions visible in Figure 5.9, which induced stress concentrations throughout the 

entire loading process. 

Throughout NBFT test E01-01 three-dimensional event source locations aligned 

extremely well with post-fracture measurements. Figure 5.9 shows both fracture faces of 

sample E01-01. Fracture asperity height proved to be very small, and a clean notch-

initiated tensile fracture was present.  

 

Figure 5.9. Sample E01-01 fracture faces showing a notch initiated failure. 

NBFT test on sample G01-01 showed flexural failure occurring just inside of the moment 

region of the four point loading scheme because of the similar propagation direction to 

the notch-initiated breaks. This is intuitive for granite samples because granite is more 

likely dominated by mechanical failures due to flaws in the rock matrix than by 

geometrically driven, ideal homogeneous, fractures (Hampton et al, 2012). Three 

dimensional event source location results showed impending flexural failure was 

immanent. Shown in Figure 5.10 and Figure 5.11 are the cumulative three-dimensional 

event source location results with respect to load from granite sample G01-01. The Pre-
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Event Stage proved to be very short, but and was immediately followed by what appeared 

to be the Coalesced Fracture Stage. The randomized events occurring during sample 

G01-01 test were confined to a smaller area of the sample comparatively to analog rock 

NBFT tests. This is most likely due to sample and loading geometry. Figure 5.12 and 

Figure 5.13 show post fracture images of granite sample G01-01. Location and angle of 

fracture matched extremely well with AE event source location results. Asperity height in 

sample G01-01 was of a higher magnitude than other tensile failure dominated tests.  

 

Figure 5.10. Transition between Randomized Event Stage and Coalesced Fracture Stage 
in sample G01-01 corresponding to a loading up to 2.53 kN. 

 

Figure 5.11. Coalesced Fracture Stage in granite sample G01-01 corresponding to loading 
up to failure condition of 2.76 kN. 
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Figure 5.12. Fracture face view of sample G01-01. 

 

Figure 5.13. Side 1 view of sample G01-01 fracture angle. 

5.4 Acoustic Emission Fracture Surface Identification and Validation 

As discussed in Section 4.3, multiple profiles were taken of each fracture face using a 

profilometer. Each of these profiles contained a known starting and ending location. 

Using the scanned 2-D trace of each profile and the measured 3-D starting and ending 

point locations, each line was digitized to contain three-dimensional coordinates. Using 

the three-dimensional location data of each profile taken across the fracture face, an 

interpolated surface was generated. This surface contained data for all major asperities in 

the fracture face.  Figure 5.14 shows the profilometer generated fracture surface for 

granite sample G01-01. The blue lines in the figure show the outline of the fracture based 

on the four corner locations. Each of the blue circles indicates points along the profiles 

taken of the fracture surface.  

This generated surface shows the higher granite flexural failure asperity level along the 

fracture face discussed earlier. The profilometer generated fracture surface was created 

for comparison with an AE event source location generated fracture surface.  
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Figure 5.14. Profilometer generated fracture surface of sample G01-01. 

Using acoustic emission event source location data from Notched Beam Fracture 

Toughness tests a fracture surface was formulated, as discussed in Section 4.3. Data from 

the late Pre-Fracture Stage and Fracture Stage was used and filtered by amplitude of 

events and correlation coefficient to produce the fracture surface. Using the filtered three-

dimensional event source location coordinates, an approximate surface mesh was created 

using a cubic interpolation function. Shown in Figure 5.15 and Figure 5.16 are the 

profilometer fracture surface plotted with the AE generated fracture surface from 

different views of granite sample G01-01. It is apparent that the AE generated fracture 

surface contained higher asperity levels than the actual profilometer fracture surface. 

These higher asperity levels are related to the acoustic emission event generation of a 

highly brittle material; the more brittle the material is, the larger the damage zone 

associated with fracture. Though the asperity levels of the AE generated fracture surface 

were higher than the actual profilometer fracture surface, it did serve to confine the actual 

fracture extremely well. 
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Figure 5.15. Sample G01-01 AE event generated fracture surface (black) and 
profilometer generated fracture surface (red). View from positive X-direction. 

 

Figure 5.16. Side view of sample G01-01 AE event generated fracture surface (black) and 
profilometer generated fracture surface (red). 
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5.5 Source Characterization 

Acoustic emission event source characterization was performed for all Notched Beam 

Fracture Toughness tests. The main purpose of characterizing each acoustic emission 

event at the source was to ensure that each beam was failing in tension from a notch. 

Tensile failure is paramount in proper beam fracture testing for obtaining the Mode-I 

fracture toughness.  

Acoustic emission events that passed a six-sensor event source location procedure were 

analyzed for source mechanisms. The source characterization algorithm viewed each 

waveform in a six-sensor event and determined whether the wave’s first arrival time and 

amplitude could be extracted. If only one of the waveforms in a six-sensor event did not 

contain a distinguishable first arrival and amplitude motion, that event was disregarded 

and not analyzed. This procedure proved to reduce the number of AE events analyzed in 

the source characterization program. Each beam sample that contained a vertical notch 

initiated break contained only tensile failures for the acoustic emission events that passed 

the initial filtering algorithm. Shown in Table 5.3 is the acoustic emission event source 

characterization for each NBFT test, including number of AE events that passed six-

sensor source location and the number of AE events that passed the source 

characterization algorithm.  

Table 5.3. Source characterization results for NBFT tests. 

NBFT 
Sample 

# of AE Events 
Located 

# Passing 
SiGMA Filter 

(%) 

# of Tensile 
Events (%) 

# of Shear 
Events (%) 

# of Mixed 
Mode 

Events (%) 
E01-01 46 19 (41.3%) 19 (41.3%) 0 (0%) 0 (0%) 
E01-02 21 6 (28.57%) 6 (28.57%) 0 (0%) 0 (0%) 
G01-01 1045 431 (41.24%) 431 (41.24%) 0 (0%) 0 (0%) 
G01-02 158 27 (17.09%) 27 (17.09%) 0 (0%) 0 (0%) 

It is worth noting that beam sample G01-01 that appeared to fail in a mixed mode fashion 

still showed only tensile results. This is due to the break occurring inside of the main 

moment region of the beam under four-point loading. The angled break is intuitive for 

granite because granite is more likely dominated by mechanical failures as discussed in 

Section 5.3.  
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CHAPTER 6 LABORATORY HYDRAULIC FRACTURING TESTS 

Multiple laboratory hydraulic fracturing tests were performed and monitored. Acoustic 

emission data collection proved to show, in real-time, the growth and propagation of each 

hydraulic fracture from a centralized location where the fracturing interval was located. 

Three separate types of tests were performed with varying boundary conditions. The 

three main types of hydraulic fracturing tests were borehole sealing tests, unconfined 

EGS tests, and high pressure and temperature EGS testing. 

6.1 Borehole Sealing Tests 

The main focus of the borehole sealing test was to develop and validate altering methods 

for sealing the annulus of the well tubing. After injection wells are drilled into each 

sample, steel tubing is inserted into the well to carry fracturing fluid into the targeted 

zone to be hydraulically fractured. In order to obtain bottom hole pressures of a sufficient 

magnitude to create fractures in the rock matrix, fluid cannot escape between the steel 

tubing and the outside wall of the injection well. This area is called the annulus of the 

well. In the field, sealing the annulus is performed by high-pressure grout injection. This 

process is much more difficult in a laboratory setting due to the size of the tubing in 

relation to the drilled well. Typical annulus sizes in the laboratory were less than one 

millimeter.  

6.1.1 Procedure 

A single medium strength concrete grout block of dimensions 305x305x275 mm3 was 

used for all borehole sealing tests. Multiple injection wells were drilled vertically into the 

block in order to test varying techniques of sealing the annulus. Three different vertical 

wells were the main focus of the borehole sealing procedure; borehole A, B and C. The 

order in which they were tested was borehole C, A, then B. All injection wells were 

drilled with a percussive drilling method in order to simulate borehole damage rather than 

the more common cast-in-place borehole sealing methods (Frash et al, 2012). Typical 

borehole diameters were approximately 10 mm. Perforations were cut into each 

borehole’s steel tubing for the purpose of epoxy grout injection. Loctite® Rapid Mix 5-

Minute epoxy was used for the sealing material on all tests. Once the perforations were 
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cut into the tubing, an epoxy plug was placed at the downhole end of tubing. The purpose 

of the epoxy plug was to keep epoxy from exiting the bottom of the tubing instead of 

through the perforations. The steel tubing was then placed into the borehole at a standoff 

depth sufficient for an open-hole fracturing interval. Epoxy was delivered using water-

softened size 3 gelatin capsules. Once gelatin capsules containing epoxy were resting on 

the epoxy plug at the bottom of the steel tubing, a rod was inserted inside the tubing to 

crush capsules and deliver epoxy to the annulus through the perforations. After waiting 

the 24-hour full cure time of the epoxy, the plug was then drilled through using a size B 

(5.6 mm) diameter bit in order to expose an open-hole fracturing interval.  

Borehole C contained six radial perforations cut into the steel tubing with diameters of 

1/16 inch. Borehole A contained four radial perforations with diameters of 3/32 inch, and 

borehole B contained 8 two-layered and staggered perforations with diameters of 1/8 inch. 

Prior to testing, it was expected that borehole B would have the highest likelihood of 

proper seal because of the moderately sized and well spaced perforation geometry. Figure 

6.1 displays the perforations utilized for each test. 

 

Figure 6.1. Borehole perforations; top - borehole B; middle - borehole A; bottom - 
borehole C. 
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6.1.2 Expected Fracturing Direction and Extent 

Due to the relative proximity of the fracturing intervals for borehole C and A to the 

sample edges, it was expected that if a hydraulic fracture did take place in either of these 

two wells, it would meet the edges of the sample. Since this block was unconfined, in 

depth predictions of fracturing direction were not evaluated. The prediction of hydraulic 

fractures from C and A extending in the direction of the sample edges is based on the 

assumption that the curing cracks found in the outer two inches of the sample faces 

would dominate the propagation. 

6.1.3 Acoustic Emission Event Source Location 

Once epoxy was fully cured, borehole C underwent a one-hour constant fluid 

pressurization stage, with fluid pressure held at 2000 kPa. The main purpose of the 

constant pressurization stage is to characterize the leakoff behavior of the sample material 

and fully saturate the region near the wellbore. No appreciable AE events occurred 

throughout the constant pressurization stage due to the lack of rock movement. Once the 

constant pressurization stage was completed, eight different constant flow fracturing tests 

were performed. The flow rates and the time in which each test occurred are shown in 

Table 6.1. Figure 6.2 shows the injection pressure and number of AE events observed 

during constant pressurization and each constant flow stage. It is apparent from Figure 

6.2 that the presence of natural fractures from the concrete curing process played a major 

role in the hydraulic fracturing process due to the number of events occurring during the 

fracture extension period of the pressure curve rather than the initial breakdown period. 

The fracture extension period obviously contained connections, which induced rock 

movement along the natural fracture network. It can also be seen that the final two 

injection stages contained no appreciable AE events. These stages were hypothesized to 

be hydraulic fracture reopening events that did not induce additional fractures nor 

fracture extension. Intuitively, existing fractures reopening would create far fewer 

acoustic emission events than fracture propagation. Although this assumption was made 

for the overall process, a complex and undetermined solution is more likely the 

explanation for the phenomena observed.  
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Table 6.1. Borehole C seal test stages and durations. 

Test Segment Flow Rate 
(mL/min) 

Duration (decimal 
minutes) 

Constant 
Pressurization 

Stage 
~0 60.33 

Constant Flow 1 5 8.58 
Constant Flow 2 8 2.75 
Constant Flow 3 10 1.50 
Constant Flow 4 2 5.60 
Constant Flow 5 0.5 4.42 
Constant Flow 6 0.25 5.83 
Constant Flow 7 0.5 3.38 
Constant Flow 8 2 3.22 

 

 

Figure 6.2. Borehole C injection pressure and number of AE events. 

The following two figures show the acoustic emission event source locations obtained 

throughout borehole C sealing test. Figure 6.3 is the two-dimensional orthographic 

projections of the three-dimensional source location data (epicenters). Figure 6.4 shows a 

three-dimensional view of the induced hydraulic fracture network. In each of these 
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figures the size of the circles indicates the amplitude of each acoustic emission event; 

larger circles equates to higher amplitudes. The color of the circles represent the 

correlation coefficient of each acoustic emission event source location; red equates to 

high correlation coefficient meaning a high confidence in the event source location and 

blue represents a low correlation coefficient. It can be observed that all of the acoustic 

emission events contained a high correlation and in turn showed a high confidence in the 

event source locations. The Top View graphic in Figure 6.3 shows that the hydraulic 

fractures extended in the direction of the sample edges. It can also be observed that the 

fracture propagation began in the uppermost region of the fracturing interval. The 

induced hydraulic fractures appeared to extend toward the sample edges and then in the 

positive z-direction. The downward direction of the fractures can be attributed to the 

stresses induced around the wellbore throughout the violent percussive drilling process. 

 

Figure 6.3. AE epicenters during borehole C hydraulic fracture. 
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Figure 6.4. AE hypocenters during borehole C fracture. 

Borehole A sealing test underwent multiple attempts at hydraulic fracture until seal 

failure was observed from fracturing fluid reaching the top of the sample next to the 

borehole/annulus interface. During the seal test multiple injection related phenomenon 

were observed including stress communication to an existing fracture network and seal 

failure associated acoustic emission events. During the first two constant pressurization 

stages of two separate hydraulic fracture attempts, it was observed that borehole C 

fracture contained fracture closure events. These are evident in Figure 6.5 and Figure 6.6. 

Figure 6.7 shows a comparison between the epicenters of borehole C hydraulic fracture 

and borehole A hydraulic fracturing attempts. It is apparent in this figure that the acoustic 

emission events observed during borehole A hydraulic fracturing attempts align 

extremely well with the fracture network induced during borehole C sealing test. 

The multiple attempts at hydraulic fracture were undertaken due to the visibility of 

fracturing fluid reaching the sample surface at the borehole/annulus interface. Between 

each fracturing test, attempts were made to re-seal the borehole and steel tubing, which 

including removing sample material at the surface around the tubing and replacing with 

epoxy grout.  

Student Version of MATLAB
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Figure 6.5. Borehole A hydraulic fracture attempt 1 showing stress communication and 
closure events associated with borehole C fracture network. 

 

Figure 6.6. Borehole A hydraulic fracture attempt 2 showing stress communication and 
closure events associated with borehole C fracture network. 
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Figure 6.7. Comparison between borehole C hydraulic fracture AE events and borehole A 
hydraulic fracture attempt. 

The late stages of borehole A fracturing attempt 2 showed a few high amplitude events in 

the region of its injection well, as shown in Figure 6.8. These events appeared to be 

signifying rock or epoxy movement along the sealed annulus. A final injection test was 

performed on borehole A that showed immediate response in the region of the epoxy 

grout used to reseal the borehole at the surface. Fracturing fluid was observed at the 

tubing and re-sealed epoxy grout interface at the surface of the sample moments after the 

shallowest acoustic emission events occurred. This test showed that re-sealing a failed 

epoxy casing is nearly impossible in the laboratory setting with annulus sizes of less than 

one millimeter.  

 

Figure 6.8. Borehole A hydraulic fracture attempt showing seal failure associated AE 
events traveling up the injection well. 
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Borehole B seal test showed a contained and extremely confined single wing hydraulic 

fracture. Two injection stages were performed throughout the first hydraulic fracturing 

test. The pressure curves along with the number of AE events are shown in Figure 6.9. It 

is observed that the initial pressure breakdown and the fracture extension stage of the 

pressure curve show numerous AE events. The second injection stage of the first 

hydraulic fracturing test on borehole B showed very few AE events occurring at initial 

breakdown compared to the fracture extension stage. This can be attributed to fracture 

reopening and then extension, with extension showing a high frequency of AE events. 

Figure 6.10 shows the epicenters associated with borehole B hydraulic fracture. The 

hydraulic fracture appeared to extend beneath the open-hole fracturing interval due to the 

same reasons hypothesized in borehole C hydraulic fracture. It can also be seen that 

multiple events occurred at the upper portion of the fracturing interval. AE events 

occurring at the upper and lower extremes of the fracturing interval is intuitive due to the 

high stress concentration zones found at either end. This is seen in the field when a plug 

and perforation method is used. The high stress concentrations near the wellbore plug 

have been shown to induce fracture propagation at the ends of the interval, rather than in 

the more ideal location of the middle of the fracturing interval. Figure 6.11 shows the 

acoustic emission event hypocenters during borehole B hydraulic fracture.  

 

Figure 6.9. Borehole B injection pressure and number of AE events associated with the 
first fracture attempt. 
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Figure 6.10. AE epicenters during borehole B hydraulic fracture. 

 

Figure 6.11. AE hypocenters during borehole B fracture. 
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event source locations associated with refracture showed the phenomenon known as 

fracture reorientation; which can be seen in Figure 6.13 through Figure 6.17. Figure 6.13 

and Figure 6.14 show the epicenters and hypocenters of the borehole B refracture test 

respectively. In petroleum engineering fracture reorientation is said to be associated with 

a drop in pore pressure associated with an injection well producing fluids from the 

fractured reservoir (Wolhart et al, 2007). Refracture possibly occurred due to stress 

concentrations in the fracturing interval and pressure losses throughout the existing 

fracture network. Pressure breakdown occurred at a higher value in refracture than in the 

initial hydraulic fracturing tests. This can be attributed to the fluid pressure losses 

occurring along the existing hydraulic fracture network being high enough that failures 

occurred at the openhole interval rather than extending the existing network. Figure 6.15 

and Figure 6.16 display the original hydraulic fracturing AE results along with the 

refracture AE results. The initial hydraulic fracturing test AE results are shown in blue 

and the fracture reorientation results from refracture are shown in red. Figure 6.17 shows 

a zoomed in version of the Top View epicenters associated with borehole B fracture and 

refracture. The refracture events (blue) appear to be perpendicular to the original 

hydraulic fracture event source locations. It also can be seen in this figure that the initial 

hydraulic fracture contained two parallel fractures propagating in the same direction.  

 

Figure 6.12. Borehole B injection pressure and number of AE events associated with 
refracture. 
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Figure 6.13. AE epicenters associated with borehole B refracture. 

 

Figure 6.14. AE hypocenters associated with borehole B refracture. 
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Figure 6.15. AE epicenters associated with borehole B fracture (red) and refracture (blue). 

 

Figure 6.16. AE hypocenters associated with borehole B fracture (red) and refracture 
(blue). 
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Figure 6.17. Top view of sample showing borehole B fracture and refracture. 

6.1.4 Acoustic Emission Fracture Surface Identification and Validation 

For each of the successful hydraulic fracturing tests, a fracture surface identification 

method was applied to the data in order to create an image of the hydraulic fracture 

surface. Borehole C hydraulic fracture surface identification contained two separate 

surfaces for each of the fracture wings that propagated towards the sample edges. Figure 

6.18 and Error! Reference source not found. are altering viewpoints of these fracture 

surfaces showing the extent and the roughness predicted. The acoustic emission event 

source locations were filtered by correlation coefficient and amplitude in order to smooth 

the fracture surface asperities as much as possible to achieve a reliable fracture surface. 

All AE events containing correlation coefficients above 0.75 of 1.0 and amplitudes of 25 

dB and higher were used for surface generation. It can be observed from Figure 6.18 that 

the fracture surface asperity height is higher than intuition would suggest, but the fracture 

surfaces still serve to confine the macro-scale fracture network. The inability to confine a 
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occurring in a material using acoustic sensing methods. The fracture process zone is 

material and loading dependent. Acoustic emission events occur throughout the entire 

fracture process zone as well as the main fracture, which in turn alters the results of a 

fracture surface identification algorithm if the events obtained from the process zone 

contain a high correlation coefficient and signal amplitude. The inability to observe all 

microfractures occurring inside the material throughout the stimulation process stems 

from the volume of signals received during a test, especially in brittle, heterogeneous 

materials. A very high volume of acoustic signals observed throughout a test, as in burst 

type AE, can effectively drown out many of the acoustic events that could serve to 

coalesce a main fracture.  

 

Figure 6.18. Borehole C AE fracture surface identification results. 

The acoustic emission fracture surface identification algorithm was also applied to 

borehole B fracture and refracture data. Due to the extremely confined nature of the AE 

fracture results, a distinguishable surface was generated for both tests. Figure 6.19 and 

Figure 6.20 display the borehole B initial fracture acoustic emission surface identification 

results. It can be seen here that the fracture process zone played a large role in surface 

generation. It can also be seen that the areas containing the highest density of acoustic 

emissions served to confine that region, while the area that contained fewer AE events 

showed higher asperity level and larger effective fracture dimensions.   
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Figure 6.19. Borehole B initial fracture AE surface identification results. 

 

Figure 6.20. Borehole B initial fracture AE surface identification results. 

Borehole B refracture results proved to show an extremely confined and low asperity 

hydraulic fracture AE surface. Acoustic emission events were filtered to contain only 

events showing a correlation coefficient of 0.95 of 1 and an amplitude of 25 dB and 

larger for surface identification. After these filters were applied, the refracture surface 

was generated as shown in Figure 6.21. Both borehole B fracture and refracture surfaces 
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were plotted together to show a finalized multi-surface image of the existing fracture 

network inside of the sample. Figure 6.22 shows this finalized multi-surface network 

from borehole B seal tests. The AE fracture surface identification method shown in these 

two figures displays the perpendicularity of the two separate injection tests.  

 

Figure 6.21. Borehole B refracture AE surface identification. 

 

Figure 6.22. Borehole B fracture (red) and refracture (blue) AE surface identification 
results. 
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6.1.5 Source Characterization 

Source characterization was performed on two of the three borehole sealing tests 

including borehole B and C, due to borehole A not initiating a hydraulic fracture. 

Waveform filtering and first arrival data extraction was used prior to SiGMA analysis. 

The results of the source characterization for each of the boreholes are shown in Table 

6.2.  

Table 6.2. Source characterization results for borehole B and C seal tests. 

Seal Test 
# of AE 
Events 
Located 

# Passing 
SiGMA 

Filter (%) 

# of Tensile 
Events (%) 

# of Shear 
Events (%) 

# of Mixed 
Mode 

Events (%) 
Borehole C 93 19 (20.43%) 0 (0%) 19 (100%) 0 (0%) 
Borehole B 

fracture 126 37 (29.37%) 8 (21.62%) 13 (35.14%) 16 (43.24%) 

Borehole B 
refracture 82 77 (93.3%) 40 (51.95%) 12 (15.58%) 25 (32.47%) 

 

It can be seen from this table that out of the 93 acoustic emission events from borehole C 

that passed the waveform filtering algorithm, only 19 events remained, which contained 

only shear failure mechanisms. This is intuitive due to the near proximity of the injection 

well of borehole C to the sample edges and the curing cracks observed throughout the 

outer two inches of the sample faces. It is assumed that the initial breakdown occurred at 

the wellbore and intercepted natural fractured regions very shortly after. This also 

explains why so many constant flow injection tests were successful in obtaining pressure 

breakdown, as seen in Figure 6.2. The dense network of curing cracks at the sample 

edges would not all be connected and would require multiple breakdown events to 

achieve full hydraulic conductivity to the sample edges. 

Borehole B initial fracture showed that only 29% of the acoustic emission events 

observed passed the waveform filtering algorithm, and of these events a fairly even 

spread between shear, tensile and mixed mode mechanisms were present. Borehole B 

initial fracture source characterization results are shown spatially in Figure 6.23 and 

Figure 6.24. It can be seen in these figures that the red circles indicating shear events are 

located near the bottom of the openhole fracturing interval, while the tensile events 
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persisted further out away from the injection well. Borehole B refracture test showed 

numerous tensile opening mechanisms. The shear events associated with borehole B 

refracture remained in similar proximity to the bottomhole of the wellbore, just as in the 

initial fracture. Figure 6.25 and Figure 6.26 show the spatial relationship of the source 

characterization results for borehole B refracture test. 

 

Figure 6.23. Borehole B initial fracture moment tensor analysis results. Blue circles are 
tensile events, red are shear events, black are mixed mode events, and green are all events 

that could not be analyzed. 

 

Figure 6.24. Borehole B initial fracture source characterization results. Colors as 
described earlier. 
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Figure 6.25. Borehole B refracture source characterization results. Colors as described 
earlier. 

 

Figure 6.26. Borehole B refracture source characterization results. Blue circles are tensile 
events, red are shear events, black are mixed mode events, and green are all events that 

could not be analyzed. 
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6.2 Unconfined EGS Tests 

A single unconfined EGS reservoir simulation was performed on granite sample G01-00. 

This granite sample contained one rough sample face and due to this sample face the 

effective block dimensions were 300x225x300 mm3. The unconfined EGS simulations 

were performed in order to test and validate the injection and monitoring procedures prior 

to a high temperature and pressure EGS reservoir simulation.  

6.2.1 Procedure 

A single, vertical borehole was drilled into the granite block with a centered location of 

149x112 mm at the top face, for the purpose of the injection well. The borehole contained 

a diameter of 10 millimeters. Epoxy was delivered to the borehole using 00 size wetted 

gelatin capsules. An epoxy plugged and threaded steel tubing was inserted into the 

borehole in order to crush the gelatin capsules containing pre-mixed epoxy and deliver 

the epoxy to the threaded annulus between steel tubing and borehole wall. Once given a 

full 24-hour cure time, the epoxy plug in the steel tubing was drilled, along with a 

specified length of openhole fracturing interval. The steel tubing depth was found to be 

approximately 100 mm. The target depth of the openhole, 5.6 mm diameter fracturing 

interval was 101.6 mm. A fracturing interval depth of 50 mm was reached due to material 

interface strength issues.  

Acoustic sensors were positioned in similar orientations as done with the borehole sealing 

tests. Multiple Auto-Sensor Tests and pencil lead break tests were performed in order to 

gain a refined average of primary compression wave velocity through the medium, along 

with attenuation relationships for the granite sample.  

Injection was performed with Valvoline® DuraBlend® SAE 80W90 oil. Higher viscosity 

fracturing fluid was chosen in order to create a wider fracture aperture compared to water 

injections previously performed. The larger fracture aperture was desired in order to 

create large fluid flow paths between injection well and the post-fracture drilled 

production well. 
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6.2.2 Expected Fracturing Direction and Extent 

The unconfined samples contained an isotropic stress regime and in turn a hypothesized 

hydraulic fracturing direction was not determined. Although an overall fracturing 

direction was not determined, it was predicted that the hydraulic fracture would produce a 

larger and more extensive network above the bottom of the openhole injection interval 

due to the high strength zone encountered throughout the drilling process. 

6.2.3 Acoustic Emission Event Source Location 

Initial fracture and pressure breakdown showed an extremely high number of acoustic 

emission events comparatively to previous hydraulic fracturing tests. Two major factors 

played in the high number of events, first being a more heterogeneous sample, and 

second being a much higher viscosity fluid. Figure 6.27 shows the number of AE events 

and injection pressure throughout the first injection test. The injection pressures shown 

here are much higher than previous water or brine tests that concluded with a successful 

hydraulic fracture. It can be seen from the injection pressure curve that an initial 

breakdown event occurred at approximately 32,000 kPa, which did in fact initiate 

fractures at the openhole fracturing interval. The fracture initiation associated with this 

initial breakdown event concluded and injection pressures continued to rise until a much 

later and much higher pressure main breakdown occurred. The AE frequency of events 

began fairly low near the main breakdown event and increased until the maximum of the 

injection pressure was reached. After main pressure breakdown AE events continued at a 

consistent frequency for minutes. The continuation of noise emanating from inside of the 

sample shows that the network is constantly changing, extending, and growing far after 

the main breakdown, which showed that the higher viscosity fracturing fluid was able to 

retain high pressures throughout the induced fracture network long enough to create a 

large fracture process zone and numerous fracture wings.  

Shown in Figure 6.28 and Figure 6.29 are the three dimensional acoustic emission source 

location results associated with initial and main breakdown. It is apparent in these figures 

that the number of acoustic emission events far exceeded previous tests. An extremely 

large AE cloud was present. The location of major AE activity appeared to stay contained 
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to depths no greater than the full depth of the openhole injection interval. The apparent 

depth of main fracturing coincided with the difficulties found during the drilling process, 

which only was capable to reaching half of the target depth. An extremely strong material 

interface appeared to exist laterally beneath the fracturing interval, which served to arrest 

fracture growth in the downward vertical direction. It is also apparent in these figures that 

most of the acoustic emission events contained an extremely high correlation coefficient, 

meaning they showed extremely accurate locations.  

 

Figure 6.27. Injection pressure and AE counts versus time for sample G01-00 initial 
fracture using oil. 

 

Figure 6.28. Sample G01-00 hydraulic fracture AE results showing no filter. 
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Figure 6.29. Three-dimensional view of injection test shown in Figure 6.27 during G01-
00 sample test. 

6.2.4 Production Well Location Determination 

The extremely large cloud of AE events had to be filtered in such a way to show the 

highest likelihood location of the main fracture for extraction borehole location 

optimization. Figure 6.30 and Figure 6.31 are two separate filtered results created in order 

to reduce the number of events not associated with the main fracture. Shown in Figure 

6.30 are the three dimensional source location results containing a 0.99 out of 1.0 

correlation coefficient and event amplitudes greater than 50 dB. Figure 6.31 shows a 

similar plot containing a correlation coefficient of 0.995 of 1.0 and event amplitudes 

greater than 50 dB. Figure 6.32 shows a three dimensional view of the results depicted in 

Figure 6.31. These figures show the ultra-high correlation coefficient and amplitude 

acoustic emission event source location results obtained. It can be seen in these figures 

that multiple fracture planes exist and a complex fracture network was induced. 
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Figure 6.30. Sample G01-00 hydraulic fracture AE results showing 0.99 and above 
correlation coefficient and 50 dB and above amplitude. 

 

Figure 6.31. Sample G01-00 hydraulic fracture AE results showing 0.995 and above 
correlation coefficient and 50 dB and above amplitude. 

0 100 200 300
0

50

100

150

200

250

300
Top View

X Location (mm)

Y 
Lo

ca
tio

n 
(m

m
)

0 100 200 300

0

50

100

150

200

250

300

Front View

X Location (mm)

Z 
Lo

ca
tio

n 
(m

m
)

0 100 200 300

0

50

100

150

200

250

300

Side 1 View

Y Location (mm)

Z 
Lo

ca
tio

n 
(m

m
)

0100200300

0

50

100

150

200

250

300

Side 2 View

Y Location (mm)
Z 

Lo
ca

tio
n 

(m
m

)

Student Version of MATLAB

0 100 200 300
0

50

100

150

200

250

300
Top View

X Location (mm)

Y 
Lo

ca
tio

n 
(m

m
)

0 100 200 300

0

50

100

150

200

250

300

Front View

X Location (mm)

Z 
Lo

ca
tio

n 
(m

m
)

0 100 200 300

0

50

100

150

200

250

300

Side 1 View

Y Location (mm)

Z 
Lo

ca
tio

n 
(m

m
)

0100200300

0

50

100

150

200

250

300

Side 2 View

Y Location (mm)

Z 
Lo

ca
tio

n 
(m

m
)

Student Version of MATLAB



 83 

It can also be seen from these figures that the drilling process is an extremely violent and 

damage inducing to an area three or four times the injection well diameter. The hydraulic 

fracture appeared to connect to this induced drilling damage and travel vertically up the 

process zone of the injection well. There are two major outcomes from the high damage 

inducing drilling process, first being the possibility of the hydraulic connectivity to this 

damaged area, as shown in the figures above. Second, is the possibility for the fracture to 

propagate away from the damage zone due to the induced stress from the creation of 

microfractures along the borehole, as seen in borehole C and B seal tests in Section 6.1. 

Due to the highly heterogeneous nature of granite with respect to the analog rock used 

throughout borehole sealing tests, it is intuitive that the induced process zone in granite 

would remain permanently deformed and create a path of least resistance for the 

fracturing fluid to travel through the damaged zone.  

 

Figure 6.32. Sample G01-00 AE source location results filtered to contain 0.995 and 
above correlation coefficient and 50 dB and above amplitude. 
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Using the parameters chosen in the latter two figures an extraction borehole placement 

was chosen to intersect the high-density point cloud shown in the center of the three-

dimensional plot. An angle of 25 degrees from the vertical was chosen for the extraction 

borehole in order to increase the likelihood of the production well intersecting what 

appeared to be a vertically oriented planar fracture. Figure 6.33 shows the extraction 

borehole placement and dimensions in the same three-dimensional plot above. The 

extraction well was validated through fluid production throughout a constant flow ladder 

test.  

 

Figure 6.33. Sample G01-00 AE source location results showing extraction borehole 
placement with AE data filtered to contain 0.995 and above correlation coefficient and 50 

dB and above amplitude. 

6.2.5 Acoustic Emission Fracture Surface Identification and Validation 

The acoustic emission fracture surface identification algorithm was applied to the AE 

data collected throughout the unconfined granite injection test. A major vertical fracture 

surface was created that appeared to intersect the injection and production wells, as 
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shown in Figure 6.34. Following all injection tests performed on sample G01-00, the 

injection well tubing was removed through an over-coring process and the sample was 

cut into slices using a three-foot diameter diamond table saw. Slices were taken at 

approximately one-inch intervals in order to provide sufficient fracture information 

coverage throughout the entire sample. Photos were taken of each slice in order to view 

and digitize the fractures present. Appendix B contains the photos taken from sample 

G01-00. From the information gathered in the photos, a complete fracture network was 

plotted. The network consisted of fractures observed throughout AE monitoring along 

with injection test data that did not contain AE monitoring. Figure 6.35 shows the 

complete fracture network of the sample after the slicing procedure. It is clear in this 

photo that data was not taken from the sample core, but due to the small core diameter, 

and the large amount of data present in the block, large planar fractures were present.  

 

Figure 6.34. Hydraulic fracture surface identification of main vertical fracture using AE 
data only. 
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Figure 6.35. Complete fracture network observed after slicing the sample into one-inch 
intervals. Top left: top view of sample; Top right: three-dimensional view of sample; 

Bottom left: Side 1 view of the sample; Bottom right: Side 2 view of the sample. 

Once a main hydraulic fracture surface was generated using AE data alone, the actual 

fracture surfaces found in the slicing procedure were plotted with the AE generated 

surface for comparison. Figure 6.36 shows the AE generated fracture surface and the 

overall fracture network contained inside the sample. Figure 6.37 through Figure 6.39 

show the AE generated fracture network and the main hydraulic fracture contained inside 

the sample. The blue fracture surfaces represent the actual fracture dimensions taken 

from the sliced sample, and the red fracture surface shows the AE generated fracture 

surface produced from the main hydraulic fracture breakdown event. The figures below 

are representative of the fracture surface identification process using all of the AE data 

collected without filtering. The images only show AE events, as circles, for those that are 

extremely high correlation coefficient and amplitude, for plotting purposes only. It is 

clear from the figures that the AE fracture surface identification algorithm is an 

extremely powerful tool for the development of fracture images using acoustic data. 
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Figure 6.36. AE fracture surface identification and actual fracture geometric results. 

 

Figure 6.37. AE identified fracture surface (red) and main hydraulic fracture induced 
inside sample (blue). 
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Figure 6.38. AE identified fracture surface (red) and main hydraulic fracture induced 
inside sample (blue). 

 

Figure 6.39. Top view of sample containing AE identified fracture surface (red) and main 
induced hydraulic fracture (blue). 
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6.3 EGS Testing 

High temperature and pressure EGS testing was performed on granite sample G01-90. 

Sample dimensions were 300x300x300 mm3.  

6.3.1 Procedure 

Preliminary testing outside of the load cell took place in order to obtain granite sample 

wave velocities and calibrate the AE event source location process using pencil lead 

break tests. Once the AE system calibration took place, the sample was placed inside the 

load cell and sealed to begin pressurization. Acoustic sensors were positioned inside steel 

platens, as discussed in Section 3.2.4.2, using vacuum grease as the couplant between 

sensor faces and sample edges. Full sample three-axis pressurization took place in stages 

so as to create a uniform loading process, which would decrease the likelihood of natural 

fracture production or weakness plane activation. Sample loading was monitored using 

the AE system in order to locate any weak features inside of the sample prior to hydraulic 

injection. Although sample loading contained numerous acoustic emission events, no 

weakness zone activation was observed due to the randomness of the AE events inside of 

the sample. Once loading ceased, additional calibration acoustic testing took place to 

determine if wave velocities were altered from the loading process. No measureable 

differences were found between pre- and post-loading wave velocity structure of the 

sample. 

Hydraulic fracture took place with Valvoline® DuraBlend® SAE 80W90 oil. A constant 

pressurization stage of 2000 kPa for approximately one hour was used in order to saturate 

the region near the openhole fracturing interval with fluid. Once constant pressurization 

was finished, a constant flow rate of 0.05 mL/min was initiated in order to create 

breakdown inside of the sample. A flow rate control system that contained an immediate 

flow reversal once breakdown has occurred was employed in the hydraulic control 

system. This process was used to ensure a contained hydraulic fracture network within 

the sample material.  

Once a distinguishable hydraulic fracture was located inside of the sample, an extraction 

borehole was drilled in order to intercept the induced fracture network. Numerous 
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constant pressure and constant flow tests were performed after an extraction well was 

created. The additional tests proved to extend and reopen the fracture network visibly 

from the AE data.  

6.3.2 Expected Fracturing Direction and Extent 

The maximum principle stress was in the vertical direction with a value of approximately 

12.8 MPa. The maximum horizontal stress was in the y-z plane, and showed a value of 

8.6 MPa, and the minimum horizontal stress was in the x-z plane, and showed a value of 

4.3 MPa. The fracturing direction was predicted to propagate in the maximum and 

intermediate principle stress directions and open in the direction of minimum stress. 

6.3.3 Acoustic Emission Event Source Location 

Throughout constant flow injection, acoustic activity was extremely limited until 

approximately 17,500 kPa, when hydraulic fracture associated AE events began, as 

shown in Figure 6.40. More than 700 acoustic emission event source locations were 

found in a matter of seconds around the time of breakdown. After pressure breakdown 

occurred, a reversed flow rate process was initiated in order to contain the hydraulic 

fracture inside of the source material. This process immediately arrested fracture growth 

and served to produce nearly zero AE events after the flow was reversed.  

 

Figure 6.40. Sample G01-90 hydraulic fracture breakdown event and AE frequency. 
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Three dimensional acoustic emission event source location projections are shown in 

Figure 6.41. These events showed a wide range of correlation coefficients and amplitudes. 

The colors of the circles show the correlation coefficient, red being highest and blue 

being the lowest. The event amplitudes are directly proportional to the sizes of the circles. 

The hydraulic fracture associated AE events were shown to be in the predicted y-z planar 

direction. A filtered view of the acoustic emission event source locations is shown in 

Figure 6.42. These events are filtered by a 0.75 of 1.0 correlation coefficient and a 25 dB 

amplitude. This figure shows an extremely planar featured hydraulic fracture, with the 

largest and most accurate event sources located near the wellbore. From these results, it 

appeared that the hydraulic fracture initiated in a tangential fashion from the injection 

well and extended in the y-z direction. It also appeared that the hydraulic fracture 

contained only one main fracture wing, which extended towards a zero y-direction. The 

fan-like pattern common in many hydraulic fractures seems to be apparent in the 

geometries of the acoustic emission event source locations.  

 

Figure 6.41. Sample G01-90 hydraulic fracture AE event source locations with no filter.  

0 100 200 300
0

50

100

150

200

250

300
Top View

X Location (mm)

Y 
Lo

ca
tio

n 
(m

m
)

0 100 200 300

0

50

100

150

200

250

300

Front View

X Location (mm)

Z 
Lo

ca
tio

n 
(m

m
)

0 100 200 300

0

50

100

150

200

250

300

Side 1 View

Y Location (mm)

Z 
Lo

ca
tio

n 
(m

m
)

0100200300

0

50

100

150

200

250

300

Side 2 View

Y Location (mm)

Z 
Lo

ca
tio

n 
(m

m
)

Student Version of MATLAB



 92 

 

Figure 6.42. Sample G01-90 hydraulic fracture AE event source locations filtered to 
contain only events with higher than 0.75 of 1.0 correlation coefficient and events 

containing higher than 25 dB amplitude. 

6.3.4 Acoustic Emission Fracture Surface Identification and Validation 

The AE fracture surface identification algorithm was applied to the hydraulic fracturing 

data collected for the initial fracture shown above. A preliminary view of the AE data 

collected and filtered appeared to show a fracture in the y-z plane. The AE surface 

identification results proved to show a 2.5-degree difference in the apparent fracture 

plane with the results of the surface identification algorithm. The error plot showing the 

lowest error fracture plane orientation is shown below in Figure 6.43. The separate lines 

in this figure show the algorithm changing the position of the origin around the wellbore. 

The lowest error plot shown in green contains the errors associated with the fracture 

initiation origin at the largest x-value edge of the borehole. This is consistent with the 

results shown above where the fracture appeared to extend tangentially from the edge of 
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the wellbore. The AE fracture surface identification results for the lowest error fracture 

plane are shown in Figure 6.44.  

 

Figure 6.43. G01-90 AE fracture surface identification error plot showing multiple 
possible fracturing directions. 

 

Figure 6.44. G01-90 AE fracture surface identification results showing major single wing 
fracture. 
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6.3.5 Source Characterization 

In order to characterize the source mechanisms of the hydraulic fracture present inside 

the sample due to initial breakdown, the SiGMA analysis was applied to the acoustic data 

collected. Of the 726 locatable acoustic emission events, 81 passed the filtering algorithm 

in order to extract first arrival waveform characteristics. The source characterization 

results are shown in Table 6.3. Almost half of the hydraulic fracture events passing the 

filtering algorithm were tensile failure dominated. Figure 6.45 shows the acoustic 

emission events spatially and by source mechanism. The blue circles in the figure signify 

tensile failure events and the red circles display the shear failure events. Black and green 

events display the mixed mode and the events that did not pass the filtering algorithm 

respectively. The spatial distribution of tensile and shear events showed no apparent 

correlation.  

Table 6.3. G01-90 initial fracture breakdown source characterization results. 

Fracture Test 
# of AE 
Events 
Located 

# Passing 
SiGMA 

Filter (%) 

# of Tensile 
Events (%) 

# of Shear 
Events (%) 

# of Mixed 
Mode 

Events (%) 
G01-90 Initial 

Breakdown 726 81 (11.16%) 39 (48.15%) 28 (34.57%) 14 (17.28%) 

 

 

Figure 6.45. Sample G01-90 AE source mechanism result plot. 
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6.3.6 Production Well Location Determination 

Once source characterization and fracture surface identification had taken place, a 

location for the production well could be determined and drilled. The target location of 

the production well was intended to intercept the main hydraulic fracture in a location 

that would provide the highest likelihood of heated fluid production. An oriented 

production borehole with an angle of 30 degrees from the vertical was chosen in order to 

increase the likelihood of passing through the main fracture. An overall angle of 32 

degrees from the vertical was obtained with the drilling process, with the production well 

reaching a depth of approximately 220 millimeters. Figure 6.46 and Figure 6.47 show the 

production well location in a three-dimensional event source location plot and a three-

dimensional AE hydraulic fracture surface identification plot. The borehole appeared to 

pass through a high-density region of AE events and promised to contain fluid production.  

 

Figure 6.46. Three-dimensional AE event source locations for G01-90 hydraulic fracture 
showing oriented extraction borehole location. 
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Figure 6.47. AE fracture surface identification for sample G01-90 hydraulic fracture 
showing extraction borehole placement. 

6.3.7 Geothermal Circulation Testing 

Multiple constant pressure and constant flow injection tests were performed once the 

extraction well was drilled. Two of the constant injection tests contained the most 

interesting results due to the increase in AE activity throughout the sample. These two 

tests were named Reopening 1 and Reopening 2. Reopening 1 contained a one-hour 2000 

kPa constant pressurization stage prior to a constant flow stage. The constant flow was 

set to 0.05 mL/min. The constant pressurization stage showed little to no AE activity. 

Once constant flow was initiated, a steep pressure incline was observed and AE activity 

was minimal until breakdown occurred at approximately 15,440 kPa. Initial breakdown 

appeared to show new fracture growth and extension was observed throughout the high-
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pressure falloff period. More than 2600 AE events were observed throughout this 

reopening and fracture extension period; more than three times the number of events that 

were recorded during initial fracture breakdown. Figure 6.48 displays the pressure curve 

along with the number of AE events through time. This figure shows a large spike of AE 

events at breakdown followed by a swarm of events indicating fracture extension. 

 

Figure 6.48. Sample G01-90 Reopening 1 hydraulic fracture pressure curve and number 
of AE events recorded through time. 

Figure 6.49 displays the three-dimensional acoustic emission event source locations 

obtained throughout Reopening 1. It is apparent from this figure that the fracture 

direction remained similar to first injection, but deviated vertically. The Front View plot 

in this figure shows that the new initiated fractures contained curvature near the bottom 

of the sample. Figure 6.50 displays the three-dimensional view of Reopening 1 without 

filtering the acoustic data in any way. The extraction borehole is shown and it appeared 

that the new fractures appeared to deviate from the path between injection and extraction 

wells, most likely due to the stress concentrations created throughout the drilling process. 
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Figure 6.49. Sample G01-90 Reopening 1 epicenters of AE events with no filter. 

 

Figure 6.50. Sample G01-90 Reopening 1 three-dimensional view of AE events with 
extraction borehole displayed. 

0 100 200 300
0

50

100

150

200

250

300
Top View

X Location (mm)

Y 
Lo

ca
tio

n 
(m

m
)

0 100 200 300

0

50

100

150

200

250

300

Front View

X Location (mm)

Z 
Lo

ca
tio

n 
(m

m
)

0 100 200 300

0

50

100

150

200

250

300

Side 1 View

Y Location (mm)

Z 
Lo

ca
tio

n 
(m

m
)

0100200300

0

50

100

150

200

250

300

Side 2 View

Y Location (mm)
Z 

Lo
ca

tio
n 

(m
m

)

Student Version of MATLAB

Student Version of MATLAB



 99 

Once the AE data filtered had taken place, Figure 6.51 and Figure 6.52 resulted. These 

two figures show that the re-stimulation of the fracture network served to generate a 

larger network beneath the injection and extraction wells. Once this test was completed, 

the extraction well was swabbed in order to determine if any fluid connection had been 

obtained. No fluid was recovered in the extraction borehole after multiple constant 

pressure ladder tests, which contained injection flow rates greater than zero.  

 

Figure 6.51. Sample G01-90 Reopening 1 filtered epicenters. 

 

Figure 6.52. Sample G01-90 Reopening 1 filtered three-dimensional view. 
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Due to no fluid recovery in the production well, an additional reopening test was 

performed, Reopening 2. A 2000 kPa constant pressurization stage was implemented just 

as previous tests followed by a 0.05 mL/min constant flow injection test. As constant 

flow was initiated, few AE events occurred leading up to breakdown occurring at 

approximately 17,400 kPa. At breakdown, numerous AE events occurred with little to no 

events following in the extension and falloff period. Figure 6.53 shows Reopening 2 

pressure curve and AE events through time. Just as in Reopening 1, more than 2000 AE 

events were observed.  

 

Figure 6.53. Sample G01-90 Reopening 2 hydraulic fracture pressure curve and number 
of AE events recorded through time. 

Figure 6.54 and Figure 6.55 show the unfiltered AE event source locations for Reopening 

2. It is apparent in these figures that the new fracture network initiated in Reopening 1 

served to take most of the fluid and also appeared to extend the fractures further in 

mainly the negative Z direction.  
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Figure 6.54. Sample G01-90 Reopening 2 unfiltered AE epicenters showing continued 
fracture curvature. 

 

Figure 6.55. Sample G01-90 Reopening 2 unfiltered three-dimensional view of AE 
results showing extraction borehole location. 
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Filtering Reopening 2 AE event source locations showed an extended multi-wing fracture 

network that propagated in the predicted direction of maximum vertical and intermediate 

principle stress directions. Similar fracture curvature associated with Reopening 1 was 

observed in Figure 6.56 and Figure 6.57 throughout Reopening 2.  

 

Figure 6.56. Sample G01-90 Reopening 2 filtered AE epicenters showing fracture 
extension vertically in the negative Z direction. 

 

Figure 6.57. Sample G01-90 Reopening 2 filtered AE hypocenters showing extraction 
borehole. 
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CHAPTER 7 FIELD VERIFICATION 

Partners in the Colorado School of Mines EGS research project are the National Institute 

of Advanced Industrial Science and Technology (AIST), Japan, and Central Research 

Institute of Electric Power Industry (CRIEPI), Japan. Field data was obtained through 

AIST and CRIEPI in order to help test and validate a stimulation prediction model, along 

with aide in the acoustic emission comparison between field scale scenarios and 

laboratory scale scenarios.  

7.1 Background of Hijiori Test Site 

The New Energy and Industrial Technology Development Organization (NEDO) have 

conducted multiple EGS feasibility studies at the Hijiori test site in the Yamagata 

prefecture, Japan. The Hijiori test site consists of an approximate two-kilometer diameter 

caldera, which was formed approximately 10,000 years ago. The main objectives of the 

EGS project were to develop and test technologies such as borehole logging, hydraulic 

fracturing, fracture mapping and reservoir evaluation (Kuriyagawa and Tenma, 1999). 

These technologies are essential for the development of HDR reservoirs for the purpose 

of power generation systems. Figure 7.1 shows the Hijiori caldera and location in Japan. 

Shown as darkened circles are the locations of all injection wells and AE monitoring 

stations. The AE monitoring stations are designated as ST-1 through ST-11 and SKG-1. 

The injection and production wells are designated as SKG-2, HDR-1, HDR-2 and HDR-3. 

The Hijiori caldera consists of granodiorite, which is similar to granite but contains larger 

amounts of plagioclase-type feldspar.  

Surface AE monitoring stations, ST-1 through ST-11, contained three-axis acoustic 

emission geophones cemented in place in order to increase signal to noise ratios. The 

eleven stations were positioned circumferentially at distances of 1.5 to 2 kilometers from 

the original injection well SKG-2. Each acoustic monitoring station was placed in 

boreholes at depths ranging from 50 to 150 meters prior to cementing. Well SKG-1 was 

also used as an acoustic monitoring station, containing geophones at a 500-meter depth. 

SKG-1 and SKG-2 were used to determine a one-dimensional velocity model of the 

entire caldera using dynamite blasting techniques. This velocity model was later refined 
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by detonating dynamite at the bottom of well SKG-2 and served to reduced the errors 

associated with AE event source locations to be within 10 meters.  

 

Figure 7.1. Hijiori caldera showing locations of wells and seismometers (Kuriyagawa and 
Tenma, 1999). 

7.2 Overview of EGS Testing Performed 

Two separate EGS reservoirs were created throughout the testing performed at Hijiori, a 

shallow reservoir at an approximate depth of 1800 meters and a deep reservoir at an 

approximate depth of 2200 meters.  

Shallow reservoir creation was performed after drilling the first well, SKG-2, into the 

southern portion of the Hijiori caldera through hydraulic fracturing in 1986. 

Approximately 1000 m3 of water was injected and proved to successfully generate an 

EGS reservoir in the bedrock. The injection pressures in the first hydraulic fracture 

injection test reached almost 16 MPa. In 1987, the first production well was drilled to a 

depth of 2206 meters, HDR-1, in order to verify the extents of the stimulated reservoir 

from the previous year. The distance between SKG-2 and HDR-1 was approximately 40 

meters at reservoir depth. Flow testing was performed and it was concluded that fluid 

pathways between SKG-2 and HDR-1 did in fact exist. But, due to the extremely low 
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recovery rate, it was determined that additional testing had to be performed in order to 

create a viable geothermal reservoir.  

The following year, a hydraulic fracturing experiment was performed to enhance the fluid 

communication between the injection and production wells. In this test, four flow rate 

stages were used in order to extend and widen the existing fracture network; 1, 2, 4 and 6 

m3/min. Figure 7.2 shows the hypocenter distributions of the AE events collected 

throughout this test. The figure shows the strike of the AE events appeared to correlate 

extremely well with the fault structure in the southern portion of the Hijiori caldera. 

 

Figure 7.2. Hypocenter distribution of hydraulic fracture injection test performed in 1989 
in order to increase production at HDR-1 (Sasaki, 1998). 

In order to enhance the recovery rate of the two-well EGS system, a secondary 

production well, HDR-2, was drilled in 1989 to an approximate depth of 1800 meters and 

a 30-day circulation test was performed. Water was injected into SKG-2 continuously at a 

rate of 1 m3/min for approximately 30 days, which produced steam and hot water from 

both HDR-1 and HDR-2. The recovery rate of the production wells throughout this 

period was approximately 30%. Tracers were injected into SKG-2 in order to determine 

the dominant flow paths between the two production wells. The results gained showed a 

higher concentration and a shorter time difference between injection well and HDR-2, 

meaning the dominant flow path was contained between SKG-2 and HDR-2. To enhance 

178 S. Sasaki / Tectonophysics 289 (1998) 171–188

Fig. 6. Hypocenter distribution of microseismic events associated with the 1988 hydraulic fracturing experiment. Upper left. Epicentral
distribution. Upper right. Vertical cross-section projected onto a N70ºE–S70ºW plane where microseismic events are arranged linearly.
Lower left. Vertical cross-section projected onto a N20ºW–S20ºE plane which is perpendicular to the strike of the epicentral trend. The
trajectory of SKG-2 is shown in the plan view and section views. Symbols are proportional to size of microearthquake.

caldera ring-fault structure in the southern portion
of the Hijiori Caldera. This strongly implies that a
tensile fracture of intact rock was not being created
but a preexisting permeable fracture zone was being
pressure-stimulated. The wellhead pressure profile
shown in Fig. 3 supports the implication that intact
rock was not hydraulically fractured. The pressure
at the tip of the growing fracture must be at least
equal to the minimum principal stress. The minimum
principal stress at the Hijiori test site at a depth of
1800 m is 33 MPa (Oikawa et al., 1993). However,
from the data shown in Fig. 3, the wellhead pressure
did not exceed 10 MPa.

6. Microseismicity induced during the circulation
test in 1989

6.1. Microseismic activity, pressure and flow rate

The microseismic event rate for every 2 h ob-
served at ST-8 during the 30-day circulation test in
1989 is shown in Fig. 4, along with the changes of
wellhead pressure and injection flow rate at SKG-2
with time. The increases and decreases in seismic
activity are significantly correlated to changes in the
injection flow rate and to changes in the wellhead
pressure. When the injection flow rate was 1 m3=min,
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fluid recovery, a third production well was drilled, HDR-3, in 1990. A longer term, 90-

day, circulation test was performed on the four-well network by injecting into SKG-2. 

The three production wells were located between 40 and 55 meters away from SKG-2 at 

reservoir depth. Each of the three wells produced hot water and steam, with HDR-3 

producing the most, followed by HDR-2 then HDR-1. The total production of the three 

wells showed approximately an 80% recovery rate of injected fluid. 

7.3 Field Scale AE Testing 

AE data collected throughout the 1988 hydraulic fracturing experiment proved to show 

similar results to other EGS testing, in particular the results at Fenton Hill, U.S. It can be 

seen from Figure 7.3 that the increase in microseismic activity did not occur until 

approximately the same amount of fluid was injected from the first hydraulic fracturing 

experiment; microseismic activity started at after approximately 900 m3 of water was 

injected which matched the 1000 m3 of water injected during the first hydraulic fracture 

at the site. This indicates that the fractures remained open or reopened aseismically until 

virgin rock began to fracture, which served to extend the existing fracture network.  

 

Figure 7.3. Injection pressure, flow and AE rate compared throughout time during the 
1988 hydraulic fracturing experiment (Sasaki, 1998). 

174 S. Sasaki / Tectonophysics 289 (1998) 171–188

Fig. 3. Wellhead pressure and injection flow rate (shadowed part) at SKG-2 (top) during the 1988 hydraulic fracturing experiment and
seismic event rate per 20 min observed at ST-8 (bottom). Water injection was started at 8 PM, July 19, 1988. Microseismic events with
amplitudes equal to or larger than 10 µkine were simultaneously counted by an event counter.

jected at a flow rate of 2 m3=min with the object of
increasing the water recovery ratio by stimulating the
fracture: (1) from Oct. 22 to Oct. 23; (2) from Nov. 3
to Nov. 4; (3) from Nov. 5 to Nov. 6. The changes of
wellhead pressure and flow rate at SKG-2 are shown
in Fig. 4.

4. Seismic network and recording

It is important to deploy a large number of seis-
mometers surrounding the hydraulic fracturing well
to obtain accurate locations of the microearthquakes.
A borehole seismic network was constructed consist-
ing of ten stations deployed in a circle at a radius of
1.5 to 2 km around SKG-2. The locations of each
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The 1989 circulation test proved to show a higher rate and total number of AE events 

recorded compared to the initial and secondary hydraulic fracturing experiments. The 

hypocentral distributions for the 1989 circulation test are shown in Figure 7.4. The range 

and distribution appeared to correlate extremely well with the previously induced 

network. The increase in number of AE events was postulated to be due to the increase in 

pore pressures from the previous injected volumes. The increase in the pore pressures 

inside of the rock matrix would in turn create a high likelihood of shear mechanisms 

occurring along the fracture faces (Sasaki, 1998).  

 

Figure 7.4. Circulation test performed in 1989 showing a higher number of AE events 
recorded from previous hydraulic fracturing experiments (Sasaki, 1998). 

7.4 Laboratory Scale AE Testing Versus Field Scale AE Testing 

The field scale AE testing performed at the Hijiori EGS test site in Japan correlate 

extremely well with the laboratory scale EGS reservoir creation and circulation 

performed at Colorado School of Mines. The first similarity shows that in both cases, an 

induced hydraulic fracture network can be visible through AE monitoring. The induced 

acoustic emissions can be seen through time to occur at the highest rates at or near 

hydraulic pressure breakdown events. Although the acoustic events gathered in 

laboratory and in the field are similar in structure and behavior, one main difference 

S. Sasaki / Tectonophysics 289 (1998) 171–188 179

the wellhead pressure was about 5 MPa and an av-
erage of about 2 microseismic events occurred every
2 h. When the injection flow rate was 2 m3=min, the
wellhead pressure was increased up to 7 MPa and
the microseismic event rate was about 14 times as
high as that of the injection flow rate of 1 m3=min.
The high rate is particularly notable in the case of
tests conducted on Oct. 22 (4 days after injection)
and Nov. 3 (17 days after injection), showing a result
similar to that of the hydraulic fracturing experiment
conducted in 1988 (NEDO, 1988). It is more proba-
ble that the higher fluid pressure in the fracture is the
cause of the induced seismicity.

Fig. 7. Hypocenter distribution of microseismic events associated with the 1989 circulation test. Upper left. Epicentral distribution. Upper
right. Vertical cross-section projected onto a south–north plane. Lower left. Vertical cross-section projected onto an east–west direction.
The trajectory of SKG-2 is shown in the plan view and section views. Symbols are proportional to size of microearthquake.

6.2. Hypocenter distribution of microseismic events

During the 1989 circulation test, more than 400 mi-
croseismic events were observed, of which 270 events
were located by the seismic network. The hypocenter
distribution of microseismic events obtained is shown
in Fig. 7. The seismic cloud primarily lies northeast
of SKG-2, in agreement with the hypocenter distribu-
tion of microseismic events induced by the 1988 hy-
draulic fracturing experiment. Near SKG-2, hypocen-
ter depths ranged between 1500 m and 1800 m be-
low the surface, and were concentrated in a position
shallower than the injection zone. However, the mi-
croseismic events tended to occur at greater depth as
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between field scale monitoring and laboratory scale monitoring does exist. This main 

difference arises in the source mechanisms of the AE events recorded. In field scale 

situations, tensile-type fractures are rarely, if ever, monitored due to one main factor. The 

amplitude of tensile events is far lower than those of shear events and will attenuate 

through the significant distances between sources and receivers in field scale situations. 

Due to this difference, the AE events recorded throughout field scale testing tends to 

show the false relationship of shear-dominant hydraulic fracturing experiments. 

Extrapolations of the main mechanism driving hydraulic fracture experiments in the field 

cannot be obtained due to lack of data. Laboratory hydraulic fracturing experiments have 

shown that a mixture of shear and tensile type mechanisms exist throughout the 

fracturing process. The failure mechanisms of hydraulic fracturing experiments are 

factors of many contributing sources. For instance, one of the most important factors 

contributing to the failure mechanisms recorded throughout hydraulic fracturing is the 

existence of natural fractures. If a high number of natural fractures are present in the 

source material being hydraulically stimulated, it is likely that a shear mechanism would 

be dominant. Also, previous work has shown that the viscosity of the hydraulic fracturing 

fluid plays a key role in AE source mechanisms observed (Ishida et al, 2004).  
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CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS 

8.1 Conclusions 

Listed below are the conclusions found throughout all acoustic emission testing, with 

main focus given to hydraulic fracture monitoring and evaluation.  

• Proper material and sample specific characterization has been confirmed to be 

extremely important throughout acoustic emission monitoring and analysis. Auto-

Sensor Tests and pencil lead break tests were both used in order to characterize each 

sample’s velocity structure, as well as attenuation response. It was found that granite 

samples extracted from the sample location, or concrete samples from the same batch, 

proved to contain a range of acoustic material properties. The range of acoustic 

response in the same, or similar, materials were shown to be large enough that proper 

acoustic emission event source location and event source parameter determination 

could not be performed accurately without rigorous pre-fracture testing. 

• An acoustic emission fracture surface identification tool was developed and validated 

through coring and slicing of samples. The fracture surface identification algorithm 

can be used for unbiased fracture surface determination from a centralized borehole 

location, or non-hydraulically stimulated induced fractures occurring far from 

injection wells.  

• The driving failure mechanism throughout hydraulic fracturing is unable to be 

determined, especially when testing in geologic materials or field scale situations. 

Prior art has tried to determine whether shear or tensile failures are the dominant 

mechanism in hydraulic fracturing (Chitrala et al, 2012), but a prediction cannot be 

made in non-homogeneous materials, especially when altering fracturing fluid 

viscosities. The hydraulic fracture testing performed has shown that when shear 

fractures appear to dominate, natural fractures or stress concentrations are present in 

the sample material. It also appears that when tensile fractures appear to dominate, 

homogeneous and non-naturally fractured material exists. Figure 6.25 shows shear 

fracturing dominant in regions where previous fractures were present and tensile 

fractures appear to dominate where a very homogeneous, non-naturally fractured or 

stress concentrated region exists. Due to these findings and the uncertainty associated 
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with geologic materials, a driving failure mechanism for hydraulic fracturing cannot 

be predicted, especially in field scale scenarios. 

• Identification of virgin fractures versus reopening of an existing fracture network has 

been determined by moment tensor analysis in a lab setting through careful 

characterization of the sample material post-test. If the sample material can be 

examined by slicing and coring to determine if no significant heterogeneities exist in 

the fracture zone, and tensile fractures are shown to extend further away from an 

existing network then the tensile failures signify extension into virgin material. These 

situations can only be identified at the lab scale due to the need for heterogeneity 

determination. 

• Prior art has falsely termed all acoustic emission events occurring after pump shut off 

during a hydraulic fracturing test as closure events (Chitrala et al, 2012). Figure 6.2 

shows that burst type AE exists after pumps were shut off. This is especially true 

when fracturing with high viscosity fluids where the fluid remains pressurized in 

numerous locations in a sample material, even after fractures have extended to the 

edges of the sample.  

• Hydraulic fracture reorientation has been observed in the laboratory without 

producing fluids from the existing fracture network. The hydraulic fracture 

reorientation occurred due to pressure losses inside of the existing fracture network 

and stress concentrations at the injection well location due to the initially induced 

fracture network.  

• Laboratory acoustic emission monitoring of hydraulic fracturing has been determined 

to be scalable to field situations due to the ability to observe all acoustic phenomena 

in the laboratory. Additionally, laboratory scale acoustic monitoring of hydraulic 

fracturing is capable of monitoring low amplitude tensile opening failure mechanism 

events, which helps paint a clearer picture of the field scale hydraulic fracturing 

process. This provides a significant benefit due to the inability of field scale 

monitoring to observe these low amplitude tensile failures at reservoir depth.  

• Cross field communication during hydraulic injection has been proven to occur 

throughout the laboratory testing performed, as shown in Figure 6.7.  
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8.2 Recommendations 

Acoustic emission monitoring plays a key role in fracture characterization and reservoir 

evaluation. Proper material characterization is one of the most important factors in 

acoustic emission monitoring. In the laboratory, sample specific characterization must 

take place in order to enhance the effectiveness of AE monitoring. Field scale material 

characterization could be best performed using multiple exploratory wells in order to 

refine a velocity and attenuation model of the subsurface.  

Hydraulic fracture source mechanism determination can be performed post-test in order 

to better understand reservoir conditions, but source mechanism predictions cannot be 

reliably made due to the non-homogeneity of geologic materials. Source characterization 

of acoustic emission signals is best utilized for post-test reservoir characterization, rather 

than a predicting tool. Therefore, it is recommended that any prediction model to be used 

for hydraulic fracture treatment design should incorporate both tensile and shear 

propagation criterion. Additionally, it is recommended that a probability engine be 

incorporated into such models to incorporate the inevitable and unpredictable effects due 

to heterogeneity in real rock formations. 
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APPENDIX A 

Machined steel platen design drawings: 

 

Figure A-1. Machined steel platen 1 drawing. 
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Figure A-2. Machine steel platen 2 drawing. 
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Figure A-3. Machined steel platen 3 drawing. 
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APPENDIX B 

Sample G01-00 sliced images used for actual hydraulic fracture surface creation and AE 

fracture surface validation: 

 

Figure B-1. G01-00 slice 1 photo. 
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Figure B-2. G01-00 slice 2 photo. 

 

Figure B-3. G01-00 slice 3 photo. 
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Figure B-4. G01-00 slice 4 photo. 

 

Figure B-5. G01-00 slice 5 photo. 
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Figure B-6. G01-00 slice 6 photo. 

 

Figure B-7. G01-00 slice 7 photo. 
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Figure B-8. G01-00 slice 8 photo. 


