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Abstract 

Laboratory Quantification and Detection of Pre-Existing Fractures 

and Stress-induced Microfracturing through Combined Ultrasonic 

and Triaxial-Stress Testing 

Matthew John Ramos, M.S.E. 

The University of Texas at Austin, 2016 

Supervisor:  David Nicolas Espinoza 

Simultaneous triaxial stress testing and ultrasonic wave propagation were utilized 

to quantify natural fractures and microfracturing in Berea Sandstone and Silurian 

Dolomite. Experimental results indicate that the presence of fractures distinctly decreases 

wave velocities, with calculated dynamic elastic moduli decreasing by up to 7.5% in 

artificially fractured sandstone. Wave analysis of intact and artificially fractured Berea 

Sandstone reveal the nonlinear mechanical and geophysical response or fractured rocks 

subject to isotropic and deviatoric stress loading paths. Specifically, fractures increase 

hysteretic stress-strain behavior, and tend to amplify the stress dependence of wave 

attenuation and the filtering of high-frequency wave components. 

Additional deviatoric loading tests of Berea and Silurian samples provide evidence 

for the onset of stress-induced microfracturing, detected at a threshold of 1% shear wave 

anisotropy called the “shear wave crossover” (SWX). The SWX and subsequent increases 

in shear wave anisotropy evidence microstructural damage development well before quasi-
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static indicators such as the volumetric strain positive point of dilatancy (PPD) and 

yield/failure in all samples. Specifically, Berea and Silurian samples exhibit up to 5% and 

7% shear wave anisotropy at the PPD, respectively. Additionally, stresses at the SWX and 

PPD were compared to peak axial stress to understand linkages between damage at several 

scales and ultimate rock strength. The SWX occurs at an average of 27% lower axial 

stresses, and 5% less shear wave anisotropy than the PPD, indicating that samples undergo 

irreversible microstructural changes earlier than previously thought.  

The SWX and PPD both provide meaningful estimates of failure stress, however 

samples must be subjected to higher stresses and strains to reach the PPD, making it less 

favorable for sample preservation. Furthermore, correlation between the SWX and peak 

stress under several different radial stresses, present a viable technique for using dynamic 

measurements to predict static rock failure properties, while also preserving sample 

competence for future tests.  Linking the dynamically measured SWX to static rock failure 

properties provides an additional avenue for developing accurate transforms for several 

rock types. Therefore, the SWX can add value across industries for predicting rock 

behavior and maximizing the value of expensive samples and rock testing. 
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Chapter 1: Introduction 

Chapter 1 discusses background motivations for conducting the thesis research. 

Specifically mentioned are the necessity for enhanced methods to quantify natural 

fracturing and rock damage. Furthermore, previous studies involving fracture and damage 

characterization are presented in order to demonstrate current limitations and potential 

implications for overcoming knowledge and technological gaps. 

1.1 MOTIVATION  

 

Oil and gas production from unconventional reservoirs provides new avenues for 

energy production in the US, accounting for 78.2 Bbls of crude oil, and 949.3 Tcf of natural 

gas. Oil and gas from unconventional reservoirs equate to roughly 30% and 41% of the 

technically recoverable oil and gas in the US respectively [EIA 2015]. Although 

unconventional formations have become increasingly important for the oil and gas 

industry, the need for horizontal drilling and hydraulic fracturing force narrow profit 

margins, and low oil prices further decrease their financial feasibility.  

Horizontal drilling and hydraulic fracturing impose significant changes in near 

wellbore stress fields, altering rock failure properties and inducing damage. Moreover, rock 

failure acts as a control for stress anisotropy and can be used to evaluate in-situ stresses 

[Zoback 2007]. Sedimentary rocks also undergo natural changes in stress and resulting 

structural diagenesis in the form of subsurface faulting and folding [Laubach et al. 2010]. 

Understanding the inter-connectedness of natural and anthropogenic stress changes, and 
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resulting rock deformation is vital for estimating the effective petrophysical properties and 

long-term response of a reservoir.  

For example, core samples from unconventional plays exhibit minimal matrix 

permeability, however mudrocks are often laden with natural fractures on many scales 

[Fisher et al. 2002]. Rock damage and natural fractures not only act as planes of weakness 

for rock failure, facilitating the branching of hydraulic fractures, but they are also 

preferential conduits for flow of hydrocarbons to the wellbore [Han 2011]. Because 

evidence links natural fracturing in tight reservoirs to increased production during 

hydraulic fracturing, quantifying rock damage and natural fracture distributions prior to 

hydraulic fracturing is essential for optimizing hydraulic stimulation efforts and 

maximizing hydrocarbon recovery [Mokhtari et al. 2013]. 

1.2 LITERATURE REVIEW 

Rock damage depends heavily on rock type, scale, and stress loading path [Lockner 

1993]. During initial deviatoric loading of a strain-softening material, strains are primarily 

in the direction of maximum principal stress, and initially distributed throughout the 

sample. Further stress increases causes strains to localize into shear bands, which provide 

paths of weakness for microfracture development [Lenoir et al. 2007, Jaeger et al. 2009, 

Fjaer 2008]. Damage and failure may be accompanied by dilatancy, during which 

microfractures open perpendicularly to the shear plane. Ultimately, as microfractures 

coalesce into macro-scale discontinuities, rock will fail in shear [Lockner 1995, Besuelle 

et al. 2000]. 
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Several laboratory methods are used to monitor damage evolution in rocks with 

strain softening behavior, however there remains much disagreement regarding how the 

timing of damage relates to rock failure properties [Bornert 2010]. Common methods 

include; evaluating changes in static and dynamic elastic properties, acoustic emission as 

fractures develop, time-lapse photography in plane-strain tests, and use of X-ray CT 

scanning to image changing microstructure [Lockner 1995, Horii and Neat-Nasser 1985, 

Lockner 1993, Alsalman et al. 2015].  Although each method provides insight into micro 

and macro scale deformation, many are limited in their ability to continuously monitor 

microstructural competence and pinpoint the onset of microfracture development [Ayling 

et al. 1995]. Measurement techniques typically require subjecting samples to excessive 

stresses and strains, potentially impacting rock mechanical competence. Additional 

disparity among researchers pertains to limits of allowable damage before irreversible 

mechanical degradation occurs, and samples are deemed unfit for subsequent testing 

[Alsalman et al. 2015, Caia et al. 2004]. Furthermore, most robust characterization methods 

require extremely specialized testing equipment and post-analysis imaging, significantly 

increasing measurement time and cost.  

Additional methods are utilized for in-situ detection, imaging, and characterization 

of induced and large scale natural fractures. Specifically, analysis of rock outcrops, core 

samples, well imaging and testing (DFIT/LOT), and microseismic data are several useful 

techniques for estimating in-situ spatial distribution and density of fractures [Vermylen and 

Zoback 2011, Warpinski et al. 2008]. Although each technique provides valuable 

information, their inherent limitations leave large technological gaps in our ability to utilize 
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natural fractures to guide enhanced reservoir stimulation. Tool resolution, sample scale, 

depth of investigation, and sample disturbance are some limitations to in-situ 

characterization of natural fractures on micro scales and beyond the wellbore [Gale et al. 

2007, Petrie and Evans 2013, Wang et al. 2011].  

Sonic measurements are commonly used to evaluate rock mechanical properties. 

Specifically, shear wave anisotropy provides value for investigating rock damage on many 

scales, ranging from acoustic emission and ultrasonic measurements on core samples, 

acoustic well-logging of the near wellbore region, and much larger scale seismic 

measurements [Eberhardt et al. 1998]. Shear wave anisotropy reveals information about 

stress anisotropy and rock heterogeneity, and is typically calculated from two shear waves 

with perpendicular wave directions [de Figueiredo et al. 2012]. Shear waves are more 

sensitive to changes in structural material properties than compressional waves, and when 

a shear wave interacts with a discontinuity, shear wave splitting occurs, causing a single 

wave to split into fast and slow components [Ass’ad et al. 1992]. Therefore, shear waves 

not only provide valuable insight into discontinuities within a rock, but their multi-scale 

applicability also offer avenues for upscaling from core to wellbore scale.  

Core scale experiments, conducted by Ramos et al., utilized combined triaxial-stress 

testing and ultrasonic wave propagation, to simultaneously record information about rock 

static and dynamic elastic properties, respectively [Ramos et al. 2016]. Through combined 

large and small strain measurements, a type of shear wave anisotropy was defined, called 

shear wave crossover (SWX), and proposed as a dynamic indicator for the onset of 

appreciable stress-induced strain localization and damage. Contrary to most studies 
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regarding elastic wave anisotropy and shear wave splitting, SWX is measured in waves with 

perpendicular particle motion but parallel propagation direction [Gao and Crampin 2003, 

Zheng 2000]. Therefore, shear components experience a symmetric stress field, and are 

influenced only by changing material properties, i.e. damage development, during 

deviatoric stress loading [Mavko et al. 1995, Sayers and Kachanov 1995, Sayers 2002].  

1.3 OBJECTIVES AND THESIS OUTLINE  

Quantifying stress-induced rock damage and fractures is approached by investigating 

the influence of varying the state of effective stress on ultrasonic acoustic waves 

propagating through fractured and non-fractured clastic rock samples. Specifically, 

changes in shear wave anisotropy and versatility of shear wave crossover (SWX) are 

highlighted (1) ability to identify the onset of microfracturing and damage development at 

lower stresses and strains than other techniques, and (2) being a predictor for rock failure 

properties from dynamic measurements. Research goals pertain to revealing the impacts of 

damage development and fractures on laboratory geophysical measurements, from which 

waveform analyses methods and constitutive relationships can be applied to naturally 

fractured geological formations and upscaled to evaluate wave behavior at the wellbore 

scale.  

Thesis research is divided into five chapters. Chapter 1 provides an introduction to the 

research, project motivation, and prior work pertaining to fracture and rock damage 

quantification.  
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Chapter 2 details laboratory methods utilized during the project, including triaxial cell 

setup, ultrasonic velocity measurement system, data acquisition, and data processing. 

Chapter 3 presents experimental work relating to wave propagation in fractured media. 

Results and analysis provide insight into early findings of the study. Chapter 3 was 

presented at the American Rock Mechanics Association Symposium 2016, held in 

Houston, TX from June 26-29 and a conference article entitled “Laboratory 

Characterization and Detection of Fractures through Combined Ultrasonic and Triaxial-

Stress Testing” is to be published and accessible through OnePetro. Matthew John Ramos 

is listed as the first author, writing the paper and conducting all of the laboratory 

experiments described. The co-authors provided mentoring, guidance, writing feedback 

and edits, technical expertise, and assisted in data analysis for the paper.  

Chapter 4 focuses on shear wave anisotropy, used for characterizing the onset of stress 

induced microfracturing. Results and analysis detail the utility of novel approaches used 

during testing. A journal article entitled “Use of Shear Wave Anisotropy for Characterizing 

the Onset of Stress Induced Microfracturing” is under preparation concerning Chapter 4. 

Chapter 5 concludes the thesis and provides potential applications and overall research 

conclusions.  
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Chapter 2: Experimental Methods 

Chapter 2 describes experimental setup and methodologies utilized for testing. 

Specifically, descriptions of rock types and sample preparation are outlined. Additionally, 

details of the triaxial cell, ultrasonic velocity system, and methodologies for acquiring and 

processing data are provided.  

2.3 DATA ACQUISITION AND PROCESSING 

Triaxial test data was exported from TerraTest into GeoTravis Software, developed 

by Igor Shovkun. GeoTravis provides multi-dimensional plotting, comparison of results 

from several tests, computation of static elastic properties from stress-strain curves, and 

plotting a Mohr Coulomb failure envelope utilizing rock failure data. It also allows for the 

evaluation and processing of ultrasonic velocity measurements. 

Ultrasonic measurements were automated by TerraWave software and recorded 

every 30 seconds during testing. GeoTravis was utilized to calculate wave velocities from 

arrival times, with corrections to account for travel time through endcaps (Table 2.1). First 

arrivals and wave coda were detected using a multi-window time averaging algorithm 

within GeoTravis, which detects amplitude spikes above a predetermined threshold. Wave 

coda were used for visualizing changes in wave velocity since they travel multiple lengths 

of the sample. The time parameter was adjusted to begin searching for an amplitude spike 

once reflections were received. 

Waveforms were visualized in stacks in order to identify changing wave behavior 

with changing stress and strain during testing. Fast Fourier Transforms of waveforms also 

provided insight into waveform frequency content and potential changes with sample 

deformation. Velocities calculated in GeoTravis were converted into dynamic elastic 

properties consistent with the type of static test being performed. Changes in elastic 
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properties were utilized as a means for changing arrival times, and therefore changing 

sample properties during testing.  

2.1 ROCK TYPES AND SAMPLE PREPARATION 

Berea Sandstone and Silurian Dolomite were tested to evaluate the influence of 

stress induced microfracturing on wave propagation (Fig 2.1). Berea and Silurian provided 

a broad range of rock fabrics in order to understand underlying mechanisms related to strain 

localization and failure, rather than focusing on more specific rock properties such as 

lithology, clay content, or porosity. Samples were cut to a 1 x 2 diameter to height ratio (1” 

x 2”), and an endface grinder was used to ensure smooth and parallel ends, which favors 

coupling with endcaps and ensures proper sample alignment during loading, respectively. 

A sample stack was created by placing prepared samples between two stainless steel 

endcaps. Heat shrink tubing was used to hold the stack together as well as provide a seal 

between the sample and confining fluid. Axial and radial displacements were measured 

with a set of sample mounted cantilever arms. Dolomite samples required especially careful 

preparation to avoid having large vugs at sample-endcap interfaces as well as during strain 

gauge placement.   

2.2 TRIAXIAL CELL AND TEST TYPES 

Laboratory testing was conducted using a TerraTek large frame triaxial system 

capable of subjecting rock samples to axial loads of up to 500,000 lbs, in addition to pore 

pressure and confining stresses up to 20,000 psi (Fig 2.2). Prepared samples were placed 

onto a base plug, which was raised into the pressure vessel for testing (Fig 2.3). Samples 

were first seated by lowering a servo-controlled piston into contact with the top endcap. 

Once seated, the pressure vessel is filled with hydraulic oil, utilized as confining fluid. 

Although tests were performed on air dry samples, pore fluids can be introduced into a 
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sample through ports in each endcap. Once the vessel and/or sample are filled, confining 

stresses and pore pressures can be applied with servo-controlled pressure intensifiers. 

Confining stresses are hydrostatic, acting equally in all directions. 

TerraTest software allows for interaction with and control of the triaxial system 

(Fig 2.4). First, samples are subjected to an initial axial and radial stress to enhance 

coupling with endcaps. Initial axial loads remains constant until changes in axial strain are 

less than 100 times the anticipated strain rate during testing. Depending on testing type, 

loads can be applied based on stress or strain control modes.  

Triaxial tests types consisted of isotropic and deviatoric loading. During isotropic 

loading or “hydrostatic” testing, samples were subjected to equal compressional stresses in 

all directions. Although stress is applied through confining fluid, samples may have a non-

zero deviatoric stress. Isotropic tests are useful for measuring a rock’s static bulk modulus. 

Berea samples in Chapter 3 were loaded isotropically up to 18,000 psi and subsequently 

unloaded, all at a rate of 5 psi/s.  

Samples loaded under deviatoric compression in Chapters 3 and 4 were subjected 

to a constant radial, or confining stress 𝜎𝑥𝑥 = 𝜎𝑦𝑦, , and subsequently loaded axially 𝜎𝑧𝑧  

at an axial strain rate of 𝜀�̇�𝑧 = 4×10-6 s-1 . Tests were conducted on air-dry samples, therefore 

pore pressure is assumed to be negligible. The axial load was then increased to gain insight 

into static elastic modulus and Poisson’s ratio. For all samples, axial loads were increased 

to overcome the shear strength of the rock, and cause shear failure. Several tests were 

performed at different radial stresses in order to evaluate the impact of radial stress on 

effective axial stresses required to cause dilatant microfracturing, and ultimately failure.  

After completing each test, the piston was raised from the sample and pressure 

vessel emptied. Samples were then lowered from the vessel and stored for potential future 

reference.  
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2.2 ULTRASONIC VELOCITY SYSTEM  

Each endcap is equipped with three piezoelectric transducers for measuring 

propagation of compressional waves (P), and polarized shear waves at 90° (Sx and Sy) (Fig 

2.5). Transducers have a bandwidth of roughly 0.2 MHz to 1.5 MHz. An Olympus pulser 

was set to send 0.8 μs pulses and a Tektronix oscilloscope was used to record 8-bit-1000-

sample signals. 
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Table 2.1 Corrections utilized to account for wave travel time through endcaps during 

ultrasonic measurements.  

 

 

Wave Component Endcap Travel Time (μs) 

P 4.8 

Sx 6.1 

Sy 6.1 
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Fig. 2.1 Core and microscope images of the rock types tested. Berea Sandstone (Left) and 

Silurian Dolomite (Right) Cores are 2”x 1”.  
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Fig. 2.2 TerraTek large frame triaxial setup.  
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Fig. 2.3 Prepared sample stack placed onto base plug. Samples are raised into the pressure 

vessel above for testing.  
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Fig 2.4 TerraTest software utilized to control triaxial system and measure sample 

behavior during testing. 
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Fig. 2.5 Schematic of the relative orientations of the Sx (left) and Sy (right) shear waves. 

 

 

 

 

 

 

 

 

Sx: S-wave (xz) Sy: S-wave (yz) 
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Fig. 2.6 TerraWave software utilized to communicate with oscilloscope, and pulser / 

receiver during measurement of ultrasonic waves. 
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Chapter 3: Wave Propagation in Fractured Media 

3.1 INTRODUCTION 

Chapter 3 presents two case studies to highlight the impact of fractures on wave 

propagation1. Case Study 1 compares wave behavior of intact Berea Sandstone and Berea 

containing an artificial fracture at 45°. Analysis provides a base-case scenario to evaluate 

changing ultrasonic behavior in the presence of a large scale discontinuity within a rock. 

Samples were loaded isotropically to a mean effective stress σm of 18,000 psi, with P and 

S waves recorded.  

Case Study 2 evaluates changing wave behavior through intact Berea samples 

subjected to deviatoric compression until shear failure. Microstructural changes induced 

by increasing stress and resulting sample strain are monitored. As samples approach 

failure, changes in wave behavior are evident and waves are analyzed to reveal information 

about rock mechanical competence. 

 

3.2 RESULTS  

3.2.1 Case Study 1: Influence of Pre-Existing Artificial Fractures 

 

Figure 3.1 shows waveform stacks of P and S waves for intact Berea sandstone and 

samples containing an artificially cut fracture at 45° under isotropic compressive loading. 

Only Sx shear wave component is shown since Sx and Sy are visually similar. Sx was oriented 

                                                 

1 Ramos M.J., Espinoza, D.N., Torres-Verdin, C., Shovkun, I., and Grover, T. 2016. Laboratory 

Characterization and Detection of Fractures through Combined Ultrasonic and Triaxial-Stress 

Testing. American Rock Mechanics Association 50th U.S. Rock Mechanics / Geomechanics 

Symposium, Houston, Texas ARMA 16-105.   
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perpendicular to fracture strike. All tests showed mean stress-dependent and hysteretic 

wave propagation characteristics. During the 18,000 psi loading cycle, dynamic bulk 

modulus of intact and fractured samples increased by 33% and 46%, respectively, while 

unloading showed decreases of 30% and 42% (not shown in Fig. 3.1). An artificial fractures 

reduced P and S wave velocities by roughly 7.5% during loading; however, during 

unloading the final velocity difference decreased to roughly 2%. D lines in Figure 3.1 

represent wave coda, or reflected waves, which allow for better visualization of nonlinear 

rock stiffness and its impact on wave propagation as stress changes.  

Artificial fracturing is also evident in the frequency spectra associated with each 

set of waveform stacks (calculated with the Fourier Transform). Specifically, frequency 

content appears to be stress dependent, with the number of dominant frequencies 

decreasing from intact to fractured samples in both P and S wave components (Fig. 3.1). 

Specifically, P waves in fractured samples tend not to travel at frequencies between 0.4-

0.6 MHz. Additionally, because certain frequencies appear to be filtered by the fracture, 

stress dependence is more visible. Intact samples show vertical bands of frequencies, which 

increase slightly until a mean stress of roughly 4,000 psi, then remain constant, showing 

only an increase in amplitude with increasing stress. Fractured samples also show early 

stress dependence, as well as frequency banding, which trends toward higher frequencies 

as sample stiffness increases with increasing stress. 

 

3.2.2 Case Study 2: Stress Induced Microstructural Change and Microfracturing 
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Expanding upon Case 1, further experiments were conducted to investigate how 

wave propagation changes with constant radial stress and axial compression until shear 

failure. Deviatoric loading tests provided valuable information regarding the changes in 

wave behavior due to microstructural damage and microfractures in addition to larger scale 

discontinuities post failure. 

Results indicate that the onset of microfracturing prior to shear failure decreases 

wave velocity and distinctly changes wave coda (Fig. 3.2). Similarly, frequency spectra 

show a shift from a wide range of dominant frequencies toward lower frequencies and 

subsequently one distinct dominant frequency at 0.2 MHz after shear failure. 

In addition to visible changes in wave velocity and frequency spectra, velocity of 

shear waves Sx and Sy oriented at 90° also changes due to damage development during 

deviatoric loading (Fig. 3.3). Upon initial loading, samples become stiffer, and shear wave 

components show similar values, with one component slightly faster (Sy in this case). As 

axial stress increases, and samples approaches the Positive Point of Dilatancy (PPD), 

where the change of volumetric strain with deviatoric stress becomes negative, the relative 

velocity of shear wave components changes noticeably. Shear components depart from one 

another and separate into distinct fast and slow shear, well before failure. Anisotropy 

between the relative fast and slow shear components increases until more macroscopic 

damage occurs. The onset of appreciable shear wave anisotropy, termed shear wave 

crossover, occurs consistently in dilatant rocks, and prior to the PPD for each test. 

Experiments performed at radial stresses of 0, 100, 500, 1000, or 1500 psi showed similar 

results. 
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3.3 ANALYSIS 

3.3.1 Static and Dynamic Moduli 

 

Fractured rock samples can be simplified to orthotropic nonlinear elasticity, where 

a change of the strain tensor (De)  relates to a change in the stress tensor (Δσ) through 

stress-dependent stiffness parameters Cij in Voigt notation: 
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Because rock samples are filled with air in our experiments, pore pressure is 

considered zero. For isotropic loading,  xx yy zz m       
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where Ktan is the tangent bulk modulus and v xx yy zz       is the volumetric strain of 

the sample. 
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Wave propagation in our experiments measure dynamic C33, C44, and C55, given by  

 

  2

33 pC V  , (3.5) 

   2

44 syC V  ,  (3.6) 

   2

55 sxC V   ,  (3.7) 

where Vsx and Vsy are the Sx and Sy stress dependent shear wave velocities and ρ is the bulk 

mass density, including weighted grain and fluid densities. Comparison of dynamic and 

static elastic moduli in anisotropic media from different stress-strain paths is not 

straightforward. In order to compare static and dynamic moduli we assume isotropy to 

obtain representative values of the shear static modulus (Fig. 3.3) 
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and dynamic bulk modulus (Fig. 3.4) 
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3.3.2 Nonlinearity of bulk modulus in time and frequency domains 

Figures 3.4 A, B, and C show bulk moduli as a function of mean stress calculated 

with wave first arrival (dynamic), coda (dynamic), and strains (static) respectively. In terms 

of wave behavior, Case 1 showed that fractures reduce wave velocity; however, the stress 

dependence of dynamic elastic properties generally mirrors intact samples throughout the 

test. Figure 3.4 A shows that dynamic elastic moduli change by roughly the same 

percentage for intact and fractured samples throughout loading, however samples appear 

to exhibit different stress dependencies. Fracture closure and compressibility appear to 
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influence the stress dependence up to roughly 4,000 psi, where loading and unloading 

curves of the fractured sample deviate from one another.  

Figure 3.4.B shows that multiple travel measured by wave coda amplifies the 

impact of rock and fracture nonlinearity on calculated velocities, providing another method 

for evaluating stress dependent stiffness and fracture closure. Results show that intact 

samples reach a maximum stiffness at high mean stresses (σm > 16,000 psi), whereas the 

fractured sample continues to increase in stiffness up to 18,000 psi. Although the plateauing 

behavior was visible in Figure 3.4.A, utilizing the wave coda highlighted differences 

between samples. 

Static moduli in Figure 3.4.C exhibit nonlinearity and hysteretic behavior during 

loading and unloading cycles. Intact samples show two distinct slopes, first due to endcap 

coupling, then material compressibility, while early loading in fractured samples is less 

linear, and is a combination of endcap coupling and fracture compressibility. Slopes of 

loading and unloading curves distinctly change around 4,000 psi, where material 

compressibility begins to dominate deformation. Fracture closure effects are evident during 

loading, resulting in an additional 27% of axial shortening as the sample was compressed 

isotropically. Similarly, results show anisotropic radial deformation, with radial strains 

being 30% higher and 17% lower than the intact sample in planes perpendicular and 

parallel to the fracture respectively. Anisotropic radial stiffness could also contribute to the 

isotropic-equivalent static bulk modulus of the fractured sample exceeding that of the intact 

sample. 

Frequency spectra of Case 1 samples show stress dependence during early loading 

up to 4,000 psi. Intact samples exhibit only increased power with subsequent loading, 

whereas fractured samples show a frequency filtering and a prominent shift toward higher 

frequencies with increasing stress (Fig. 3.1). Early plateauing of the increase of dominant 
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frequencies (~200 kHz) is expected as a result of the proportionality of natural frequency 

to the square root of the lumped system stiffness. 

3.3.3 Nonlinearity of shear moduli and fracture induced anisotropy  

Waveforms and associated frequency spectra from Case 2 provide evidence 

regarding the timing of damage development. Upon initial loading, wave velocity increases 

with stress up to 5,000 psi due to sample nonlinearity and endcap coupling. At higher 

stresses however, wave velocity decreases noticeably. Velocity decreases are more easily 

seen in shear waves and in wave coda, which appear as a “C” shape in Figure 3.2. 

Decreasing velocity with increasing stress is attributed to damage development and 

microfracturing. Although samples do not show macroscopic signs of failure, static and 

dynamic shear moduli in Figure 3.3 exhibit weakening midway through testing, which is 

consistent with stress-induced mechanical degradation. Additionally, frequency spectra 

from Case 2 show signs of structural change with increasing stress, and appear to shift 

toward lower frequencies at 5,000 psi. Apparent mechanical degradation continues with 

further loading to shear failure, when macroscale fractures appear to act as a low pass filter, 

with higher energy waves unable to propagate across the discontinuity and only 0.2 MHz 

waves are noticeable in the spectra. Appreciable changes in frequency begin at roughly the 

same stress as wave velocity decreases, and shear wave crossover occurs. 

Shear wave crossover and subsequent increasing anisotropy between shear 

components in Case 2 are also proposed to be caused by stress induced microstructural 

changes. As waves interact with these micro defects, they not only decrease in velocity, 

but Sx and Sy shear wave velocities also begin to differ. By measuring shear wave velocities 

perpendicular to one another, changes in their relative velocity allows us to identify the 

point at which damage development transforms a nearly isotropic rock into an anisotropic 
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material. Similar behavior is observed during shear-wave splitting from a single wave into 

fast and slow perpendicular components when entering anisotropic material; instead, in our 

experiments a pulser emits shear waves with perpendicular displacement planes Vsx and 

Vsy, which respond accordingly to damage development. Shear wave splitting S is 

frequency and angle dependent and can be represented as a function of the Sv-wave and Sh-

wave phase velocities, and the vertical S-wave velocity 
0  by, 

    
0

sv shV V
S




 ,  (3.10) 

where Vsv and Vsh are phase velocities from a single wave in an anisotropic medium [Fjaer 

2008].  

Shear wave crossover exhibited in Case 2 consistently occurs prior to the PPD, a 

static proxy for the threshold of appreciable deformation. The relationship between PPD 

and shear-wave crossover provides another analog for dynamic behavior being caused by 

damage development during loading.  

 

3.3.4 Stress Dependence of Attenuation and Frequency  

The attenuation of elastic waves propagating through rocks can be represented in 

terms of the amplitudes of a wave after a period   by,  

 

  
1 1 ( )

ln
( )

u t

Q u t 

 
  

 
 ,  (11) 

 

where Q is the quality factor, a measure of how dissipative a material is, u(t) is the 

amplitude at time t [Werner and Shapiro 1999, Mavko et al. 2009]. Figure 3.5 shows the 

stress dependence of attenuation for a 200 kHz wave traveling through intact and 
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artificially fractured Berea from Case 1. Fractured Berea exhibits higher attenuation than 

intact up to 6,000 psi, after which it falls monotonically. Above 10,000 psi, fractured 

samples show lower attenuation than intact samples. The quality factor of samples loaded 

under deviatoric stress exhibit decreasing attenuation with increasing stress, followed by 

increasing attenuation as microstructural damage develops in the sample. 
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Fig. 3.1 Time-domain (left column) and frequency-domain waveforms (right column) for 

Berea Sandstone loaded under isotropic confinement. (A) Intact sample P-wave, (B) 

Fractured sample P-wave, (C) Intact sample S-wave, (D) Fractured sample Sx-wave 

perpendicular to fracture strike. Colors represent wave amplitude (left column) and the 

power spectrum (right column). Dashed lines represent presumed coda reflection. Arrows 

show stress-dependent frequency content. Note: Fractured sample is slightly shorter than 

intact, resulting in relatively faster absolute arrival times. 
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Fig. 3.2. Waveforms (left column) and resulting Fourier Transforms (right column) for 

Berea Sandstone under deviatoric loading to failure and 100 psi confining stress. (A) P-

wave, (B) Sx-wave measured roughly perpendicular to shear failure plane. Colors represent 

wave amplitude (left column) and the power spectrum (right column). Arrows and dashed 

lines indicate the point at which samples failed in shear. Solid lines represent presumed 

coda reflection. 
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Fig. 3.3 Static shear modulus and dynamic shear moduli calculated from the Sx and Sy 

components of shear wave as a function of deviatoric stress (Experiment shown in Fig. 

4). Note the changing dynamic behavior near the Positive Point of Dilatancy (PPD) 

(shown on the volumetric strain curve).  
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Fig. 3.4.A Case 1 K/K∞Intact (bulk modulus/bulk modulus of intact sample at 18,000 psi 

mean stress) for intact Berea Sandstone (black circles) and Berea with a 45° artificial 

fracture (red triangles) for isotropic loading to 18,000 psi and unloading. (A) Dynamic 

moduli from first arrivals. Experiments shown in Figure 3.1. 
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Fig. 3.4.B Case 1 K/K∞Intact (bulk modulus/bulk modulus of intact sample at 18,000 psi 

mean stress) for intact Berea Sandstone (black circles) and Berea with a 45° artificial 

fracture (red triangles) for isotropic loading to 18,000 psi and unloading. (B) Dynamic 

Moduli from wave coda. Experiments shown in Figure 3.1. 
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Fig. 3.4.C Case 1 K/K∞Intact (bulk modulus/bulk modulus of intact sample at 18,000 psi 

mean stress) for intact Berea Sandstone (black circles) and Berea with a 45° artificial 

fracture (red triangles) for isotropic loading to 18,000 psi and unloading. (C) Static moduli 

from stress vs strain data. Experiments shown in Figure 3.1. 
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Fig. 3.5 Quality factor Q as a function of mean stress ( m ) for Case 1 intact Berea 

Sandstone (black circles) and Berea with a 45° artificial fracture (red triangles) for isotropic 

loading to 18,000 psi.
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Chapter 4: The Use of Shear Wave Anisotropy for Characterizing the 

Onset of Stress Induced Microfracturing 

4.1 INTRODUCTION  

Chapter 4 presents results and analysis of deviatoric compression experiments on 

Berea Sandstone and Silurian Dolomite. Monitoring static and dynamic elastic properties 

with changing stress allowed for visualizing changing material rock mechanical properties. 

Specifically, shear wave anisotropy provided a means for characterizing the onset of stress 

induced microfracturing.  

A newly developed threshold of shear wave anisotropy, shear wave crossover 

(SWX), is compared to the point of positive dilatancy (PPD) and ultimate peak strength of 

each test. Relationships between these points during testing suggest potential linkages 

between dynamic and static rock properties, and establish limits for damage during 

deviatoric loading. 

 

4.2 RESULTS  

Figure 4.1 shows stress-strain curves from a typical deviatoric loading test 

exemplified by a Berea sample under 1,500 psi radial stress. The sample was briefly 

unloaded at σ1 = 4,000 and 6,000 psi to evaluate unloading elastic moduli. As deviatoric 

stress increases, samples undergo mechanical changes, detected by increases in shear wave 

anisotropy (Shear Wave Crossover – SWX) and attributed to microfracture development. 

Shear wave anisotropy increases with further deviatoric loading, and volumetric strain 

transitions from contraction to dilation (Positive Point of Dilatancy – PPD). Continued 

deviatoric loading causes the rock sample to fail in shear (Figure 4.1).  
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Rock damage development is evaluated through use of volumetric strain 

measurements in addition to dynamic shear modulus anisotropy C44 and C55 calculated 

from shear waveforms. For consistency, shear wave crossover is defined as the point at 

which shear wave anisotropy surpasses a specified threshold. A threshold of 1% is used to 

account for minor intrinsic anisotropy due to rock fabric, such that, at the shear wave 

crossover point (SWX) 

(𝐶44−𝐶55)

(
𝐶44+𝐶55

2
)

 ≥ 1%.    (4.1)  

Figure 4.2 shows an example of shear waveforms Sx and Sy collected for the test 

shown in Figure 4.1. It can be seen that significant shear wave anisotropy begins at a 

deviatoric stress equal to 7333 psi and continues increasing until failure. Figure 4.3 shows 

results from a Berea sample loaded deviatorically at a confining stress of σ3 = 1,500 psi, 

where SWX occurs at σ1 = 8,833 psi, and the PPD at σ1 = 14,153 psi. Between SWX and 

PPD, the sample undergoes almost twice as much volumetric deformation, which results 

in an increase of shear wave anisotropy of C44 and C55 by 3%. As stresses exceed the PPD, 

volumetric strain is dominated by dilatancy, shear moduli decrease below their pre-test 

values, and shear wave anisotropy increases to 6.5%. Most Berea tests exhibit similar 

behavior, with increasing shear wave anisotropy prior to the PPD, and decreasing shear 

moduli as samples transition to dilatant volumetric deformation. Table 4.1 summarizes 

static and dynamic experimental results, and compares the relative timing and levels of 

damage measured at the SWX and PPD.  
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Silurian Dolomite stress-strain relationship in Figure 4.3 (σ3 =1,500 psi) mirrors the 

Berea sample at low stresses, but exhibits compaction at higher stresses. Deformation 

behavior changes midway through testing, when the sample quickly contracts axially after 

reaching the PPD, and subsequent volumetric strain is dominated by axial compression 

until failure. Although ultimate failure behavior differs from Berea, the sample undergoes 

similar changes in stress and strain between SWX and PPD, σ1 = 8,804 psi and 13,140 psi, 

respectively. Between these stresses, shear moduli diverge, where C44 decreases after the 

SWX, and C55 remains constant until shear failure. Ultimately, shear wave anisotropy 

increased to roughly 5% between the SWX and PPD. The sample exhibits almost 

instantaneous axial contraction at the PPD, which is easily visible in volumetric strain and 

C44 plots as a sudden decrease in stress. Several Silurian samples exhibit similar axial 

contraction as the sample enters dilatancy, where stress drops instantaneously and axial 

shortening is observed with little to no change in radial strain. Subsequently, axial strain 

dominates volumetric deformation until failure. Axial contraction occurs before the PPD 

is reached in one tests at σ3 =1000 psi, therefore the sample never exhibits much dilatant 

behavior.  

Results from all tests are shown in Table 4.1. Berea samples exhibit increased 

Young’s Modulus (E50) and decreased Poisson’s Ratio (ν50) with increasing confining 

stress (σ3). Silurian samples on the other hand, show increasing (E50) and (ν50) up to σ3 = 

1,000 psi, but both properties decrease at higher confining stresses. Both rock types show 

confining stress dependences of SWX, PPD, and Peak stresses, however the trend is less 

consistent in Silurian. Furthermore, samples from separate Berea blocks parallel one 
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another in terms of the dependences of (E50) and (ν50) on confining stress, with Berea block 

1 exhibiting 20-35 % higher peak stresses.  

4.3 ANALYSIS AND DISCUSSION  

 

Experimental results provide both quantitative and qualitative evidence for the 

timing of damage development and resulting occurrence of the SWX and PPD, in addition 

to stress-strain behaviors of Berea Sandstone and Silurian Dolomite. Analysis of static and 

dynamic properties collected during testing provide further insight into developing a 

method for estimating rock failure properties with minimal degradation of mechanical rock 

properties.  

4.3.1 Dynamic Moduli 

 

Similar to analysis of dynamic moduli in Chapter 3, Berea and Silurian samples are 

assumed to be isotropic and nonlinearly elastic during initial loading, which is consistent 

with the relatively little initial shear wave anisotropy observed. However, as stress and 

strain increase, fracturing occurs and damage develops, therefore isotropy is no longer 

valid and samples can be simplified to orthotropic nonlinear elasticity. Changes in the 

stress and strain tensors, (Δσ) and (Δɛ), respectively can be related through stress-

dependent stiffness parameters Cij in Voigt notation (EQ 2).  

Additionally, for axial deviatoric loading along the z-axis,  and

, and experimentally measured ( / , / , and / ) depend 

0xx yy    

0zz  zz zz xx zz
yy zz
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on stiffness parameters  and . Radial and axial stresses are principal 

stresses  and . Similarly, principal strains are  and

, for radial and axial directions respectively. Stress-strain nonlinearities can be 

simplified by calculating Young’s Modulus and Poisson’s ratio measured at 50% of peak 

effective axial stress, i.e., 

 

𝐸50 (𝜎) =  
∆𝜎1

∆𝜀1
 |

𝜎1=0.5𝜎1𝐹

 , (4.2) 

     

 − 𝜈50 (𝜎) =  
∆𝜀3

∆𝜀1
 |

𝜎1=0.5𝜎1𝐹

.   (4.3) 

Wave propagation in our experiments measure dynamic C33, C44, and C55 given by EQ’s 

4.2 and 4.3, respectively.  

The linearly polarized propagation direction of the Sx and Sy shear waves make C44 

and C55 susceptible to planar features such as stress-induced strain localization and 

microfracturing. As deviatoric stress increases during testing, these features become more 

prominent, and because there is no predetermined preferential alignment, the influence of 

planar damage likely depends on its orientation with respect to the relative shear wave 

components. Interaction between waves and stress-induced microfracturing is evidenced 

by the onset and subsequent increase of appreciable shear wave anisotropy as stress and 

strain increase, with one component more prominently impacted by damage than the other 

(Fig 4.3).  

11 22 33 12 13, , , , ,C C C C C 23C

3( )xx yy    1zz 
3

2

xx yy 


 
 

 

1zz 
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4.3.2 Comparison of Mechanical Degradation at SWX and PPD 

 

Shear wave anisotropy in Figure 4.3 provides insight into damage evolution 

throughout triaxial testing. It is visible that the PPD occurs at higher stresses and strains 

than SWX, and exhibits similar levels of shear wave anisotropy to peak stress conditions. 

Therefore, previous claims of minimal mechanical degradation at the PPD may not be valid 

[Alsalman et al. 2015]. Expanding on results in Table 4.1, Figures 4.4 and 4.5 compare the 

effective axial stresses at PPD and SWX as a function of confining stress (σ3) for Berea and 

Silurian tests, respectively. Overall trends show that increasing confining stress causes the 

SWX and PPD to occur at higher effective axial stresses. Additionally, SWX occurs at a 

lower axial stress than the PPD in both rock types, regardless of confining stress. These 

results are expected, since an increase in confining stress is known to increase rock shear 

strength, therefore should increase the stress required to induce appreciable shear wave 

anisotropy (SWX) and cause dilatant behavior (PPD) [Hoek et al 2002]. Consistent data 

trends and distinct stress difference between the SWX and PPD for all confining stresses 

support utilizing SWX to estimate changes in rock mechanical behavior, similar to the PPD, 

except at lower levels of mechanical degradation. 

Dynamic moduli observed also provide a means for validating the effectiveness and 

suitability for SWX as a dynamic indicator for static rock behavior. Figure 4.3 showed that 

the measured dynamic moduli exhibit a parabolic trend with axial stress in most samples. 

Specifically, moduli increase with increasing stress during the early stages of the test, but 

decrease with stress as samples degrade mechanically and larger microfractures impede 
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wave travel. Because the relative locations of SWX and PPD along the parabola change 

with radial stress, and corresponding peak stress, Figure 4.5 is utilized to compare the 

effective peak stress (σ1F) from a given test with dynamic shear moduli at SWX and PPD.  

Berea samples in Figure 4.5 show a distinct shift in the relationship between relative 

moduli and peak stresses for SWX and PPD. At low peak stresses, the modulus is higher at 

the PPD than SWX, however as failure stress increases, SWX exhibits higher shear moduli 

than the PPD. In general, as peak effective axial stress increases (due mostly to increased 

confining stress), dynamic shear moduli at the SWX and PPD increase. However, results 

confirm that higher confining stresses make the rock less prone to dilatant behavior, and 

the PPD occurs later during testing, after appreciable damage has occurred and moduli are 

decreasing with increasing axial stress [Caia et al. 2004].  

Silurian Dolomite samples in Figure 4.5 on the other hand show a different 

relationship, where the dynamic shear moduli at SWX are always higher than those 

measured at the PPD. During these tests, the PPD occurs much closer to failure than in 

Berea, therefore moduli are almost always decreasing when the PPD is observed, and likely 

represent higher amounts of mechanical degradation. The behavior is evidenced by 

examining the degree of shear wave anisotropy at the PPD, as a function of the stress ratio 

between the PPD and peak stress at failure (σ1PPD/σ1F) (Fig 4.6). Dilatancy occurs in 

Silurian samples very close to failure, and both rock types almost always show double the 

amount of shear wave anisotropy at the PPD than the 1% threshold for SWX.  Late dilatant 

behavior of Silurian samples, especially at higher confining stresses, could be due to the 

nature of the rocks’ pore structure. As can be seen in Figure 2.1, Silurian samples exhibit 
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much larger, non-uniform pores. Therefore, during deviatoric loading, microfracture 

development between SWX and PPD could connect these larger pores, facilitating axial 

deformation, and making dilatant behavior less preferable, especially against higher radial 

stresses. Several samples exemplify similar behavior, where almost instantaneous axial 

shortening is noted near the PPD. The sample may not fail immediately after, but 

volumetric strain is dominated by axial shortening for the remainder of testing (Fig. 4.3).  

 

4.3.3 Using SWX as a Dynamic Indicator for Static Rock Failure Properties 

 

Comparisons of mechanical degradation indicate that samples must sustain larger 

stresses and strains to reach the PPD than SWX, however the potential utility of each testing 

method relies heavily on their ability to estimate rock failure properties. Figure 4.7 

compares effective axial stress at the PPD and SWX with peak effective axial stress for 

Berea and Silurian, respectively. Not only does SWX occur much earlier than the PPD, but 

the slope of linear fit for the principal stresses at SWX and PPD are fairly similar. For 

Berea, the PPD shows almost a linear fit with failure stress, whereas SWX deviates slightly. 

Silurian samples show more variability, with the PPD being closer to a linear relationship 

with failure stress than SWX. The variability in Silurian is likely due in part to axial collapse 

of larger vugs, which occurred at higher confining stresses. Overall, data suggests 

correlation between SWX and peak stress in both rock types, providing a unique link 

between simultaneously measured dynamic and static rock properties. 
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Table 4.1. Tested rock samples, confining stresses (σ3), the static Young’s Modulus (E50) 

and Poisson’s Ratio (ν50) at 50% of peak σ1, and axial stress (σ1) at SWX, PPD, and peak. 

** Denotes sample that did not exhibit a PPD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rock Type 

σ3 

(psi) 

E50  

(106 psi) ν50 

σ1  at 

SWX 

(psi) 

σ1  at 

PPD 

(psi) 

σ1   at 

Peak 

(psi) 

Silurian 

Dolomite 

100 3.03 0.13 4089 6980 6981 

100 3.78 0.13 6415 8406 9036 

500 2.96 0.13 6910 8555 8756 

500 3.35 0.13 6180 7685 7725 

1000 5.30 0.23 5128 ** 5948 

1000 5.27 0.17 11455 14964 15450 

1000 3.85 0.22 7877 10009 14040 

1500 2.17 0.07 8804 13141 16157 

1500 1.97 0.15 6313 8674 8948 

Berea 

Sandstone 

1 

0 2.21 0.53 2678 3467 7906 

500 2.45 0.36 5664 8697 12977 

1000 1.69 0.25 7075 10755 14213 

1000 2.34 0.35 7626 8252 11607 

1500 2.52 0.29 8833 14153 18325 

3000 2.98 0.24 16982 20813 24495 

Berea 

Sandstone 

2 

100 1.14 0.47 3370 4115 5946 

500 1.20 0.31 4860 5880 9220 

1000 1.74 0.34 5508 9028 11857 

1500 1.90 0.25 6589 11851 14367 

2000 2.22 0.25 8719 14174 17063 
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Fig. 4.1. Deviatoric stress vs strain plots for radial (orange), volumetric (gray), and axial 

(blue) strains. The black line indicates the Positive Point of Dilatancy (PPD) and the red 

line is the Shear Wave Crossover (SWX).  
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Fig. 4.2. Shear waveforms Sx and Sy as a function of deviatoric stress. The blue line 

represents the picked first arrival for each recorded waveform, the yellow and black lines 

represent the SWX and PPD, respectively. Note the SWX occurs as the Sx wave arrival times 

decrease. 
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Fig. 4.3 Comparison of volumetric strain (εv) (Top), dynamic shear moduli C44 and C55 

(Middle), and the resulting shear wave anisotropy (Bottom).  The left column shows Berea 

Sandstone, and the right is Silurian Dolomite. The shear wave crossover (SWX) and the 

Positive Point of Dilatancy (PPD) are shown with the red and black dashed lines, 

respectively.  
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Fig. 4.4. Effective axial stress at the PPD (empty), Peak (hashed), and SWX (filled) as a 

function of confining stress for (A) Berea Sandstone and (B) Silurian Dolomite. Squares 

and circles in A delineate Berea samples from different blocks. Data from Table 4.1. 

Berea Sandstone 

Silurian Dolomite 
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Fig. 4.5. Relationship between average dynamic shear moduli at the PPD (empty) and SWX 

(filled) and effective axial stress at failure for (A) Berea Sandstone, and (B) Silurian 

Dolomite. Squares and circles in A delineate Berea samples from different blocks. 

  

Berea Sandstone 

Silurian Dolomite 
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Fig 4.6 The percent shear wave anisotropy at the PPD as a function of the ratio of the 

effective axial stresses at the PPD and failure for Silurian (empty) and Berea (filled). Red 

dashed line represents the 1% shear wave anisotropy threshold used for the SWX. 
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Fig. 4.7. Relationship between the effective axial stress at the PPD (empty) and SWX 

(filled) and effective axial stress at failure for (A) Berea Sandstone, and (B) Silurian 

Dolomite. Squares and circles in A delineate Berea samples from different blocks. 

 

Silurian Dolomite 

Berea Sandstone 
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Chapter 5: Applications and Conclusions  

Chapter 5 discusses applications and conclusions from the study. Specifically 

presented are the impact of nonlinear elastic moduli on dynamic and static moduli 

transforms, and utility of SWX as an early indicator for failure and fracture-induced 

anisotropy. These applications, along with the overall conclusions from the paper provide 

a framework with which future researchers can undertake ultrasonic fracture and damage 

characterization.  

 

5.1 APPLICATIONS 

5.1.1 Nonlinear elastic moduli and impact on dynamic and static moduli transforms 

Nonlinearity of elastic moduli exhibited during testing is highly dependent on 

effective stress. Rock stress dependence makes defining single-valued elastic rock 

properties uncertain. Significant variations may arise both in static and dynamic cases, 

where changes of radial and axial stress combination may lead to discrepancies in moduli 

greater than 30%. Knowledge of in-situ stresses may reduce these uncertainties. Similarly, 

elastic moduli calculated from loading and unloading experiments involving creep differ 

significantly, indicating that stress loading path and resulting magnitude of strain also play 

a key role. For example, unloading curves often provide significantly higher elastic moduli 

than loading curves since they represent an almost purely elastic response rather than 

combined elastic and plastic deformation. Additionally, the small strains imparted through 

dynamic measurements often provide several times higher moduli than static 

measurements requiring much large strains.  Hence, stress path, creep, and magnitude of 
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strains should be taken into account in the development of dynamic and static elastic 

moduli transforms. 

5.1.2 Shear wave crossover as an early predictor for failure and fracture-induced 

anisotropy  

The PPD is commonly used during multistage testing in order to estimate the 

effective axial stress at failure using a single dilative rock sample at several radial stresses, 

with minimal sample disturbance [Alsalman et al 2015.]. Deviatoric loading tests show 

linkages between failure stresses with SWX and the PPD. Proposed linkages suggest 

utilization of shear wave crossover to detect the onset of stress induced microfracturing. 

Alsalman et al. [2015] utilize the PPD as a “pseudo-nondestructive” method for estimating 

failure stresses, however results show that significant shear wave anisotropy develops 

before the PPD, suggesting enough damage to alter wave travel. Additionally, SWX occurs 

before a sample reaches the PPD, which means stopping at SWX will to help preserve 

sample competence for subsequent loading cycles. Finally, utilizing shear wave crossover 

for estimating failure stresses, and its relationship with the PPD provides a bridge between 

static and dynamic measurements. The relationship could provide a dynamic means for 

validating traditional static tests, which would be a significant step toward enhancing the 

accuracy of correlating laboratory and in-situ geophysical measurements.  
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5.2 CONCLUSIONS 

 

 Simultaneous triaxial stress testing and ultrasonic wave propagation provide an 

effective means for characterizing stress-induced microfracturing in Berea Sandstone 

and Silurian Dolomite. 

 Wave behavior in Berea sandstone subjected to isotropic and deviatoric compression 

exhibits similarities with regard to the presence of fractures (artificial, or shear-

induced), e.g., decreases of wave velocity up to 7.5%, high-frequency filtering of wave 

components, stress dependence of velocity and attenuation, and elastic anisotropy.  

 Fracture closure during isotropic compression contribute an additional 27% of axial 

shortening and anisotropic radial strains 30% higher and 17% lower than the intact 

sample in planes perpendicular and parallel to the fracture respectively. 

 Damage in Berea sandstone induced by increases of deviatoric stress cause dilatancy, 

decreases of static and dynamic elastic moduli, and divergence of perpendicularly 

oriented shear wave velocities from one another near the PPD, possibly due to 

developed sample anisotropy. 

 Experimental evidence highlights stress and strain dependence of static to dynamic 

transforms in fractured rocks  

 Changes in shear wave anisotropy, and specifically the SWX can be utilized for 

evaluating the timing and degree of mechanical degradation. 
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 The relationship between the stresses at the SWX, the PPD, and peak suggest linkages 

between these points and the evolution of damage. 

 The SWX and PPD both provide meaningful estimates of failure stress, however 

samples must be subjected to an average of 27% higher stresses, and 5% shear wave 

anisotropy to reach the PPD, making it less favorable for sample preservation.  

 Linking the dynamically measured SWX to static rock failure properties provides an 

additional avenue for developing accurate transforms for several rock types. 
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Appendix A. List of Symbols 

 

𝛽0 Vertical Shear Wave Velocity [ft/s] 

Cij Stiffness Components [psi] 

C44 Sy Dynamic Shear Modulus [psi] 

C55 Sx Dynamic Shear Modulus [psi] 

𝜀  Strain Tensor 

𝜀𝑖𝑗 Strain Components 

𝜀�̇�𝑧 Axial Strain Loading Rate [s-1] 

𝜀𝑉 Volumetric Strain 

Etan Tangent Young’s Modulus [psi] 

E50 Young’s Modulus at 0.5 × σ1F [psi] 

GPPD Shear Modulus at PPD [psi] 

GSWX Shear Modulus at SWX [psi] 

K Bulk Modulus [psi] 

𝐾∞𝐼𝑛𝑡 Intact Bulk Modulus (18,000 psi) [psi] 

Kst Static Bulk Modulus 

Kdyn Dynanmic Bulk Modulus 

PPD Positive Point of Dilatancy 

𝜌 Bulk Density [lb/ft3] 

𝜎 Stress Tensor 

𝜎𝑖𝑗 Principal Stress Component [psi] 

𝜎𝑚 Mean Stress [psi] 

𝜎1𝐹 Peak Effective Axial Stress [psi] 

𝜎1𝑃𝑃𝐷 Effective Axial Stress at PPD [psi] 

Q Quality Factor 

S Shear Wave Splitting 

SWX  Shear Wave Crossover 

Sx Shear Wave in X direction 

Sy Shear Wave in Y direction 

Sv Vertical Shear Wave Phase 

Sh Horizontal Shear Wave Phase 

Sh Horizontal Shear Wave Phase 

t Time [s] 

Vsh Sh Shear Wave Velocity [ft/s] 

𝛽0 Vertical Shear Wave Velocity [ft/s] 

Q Quality Factor 

u Wave Amplitude  

t Time [s] 

𝜏𝑖𝑗 Shear Stress Components [psi] 

𝜏 Wave Period [s] 

u Wave Amplitude  

Vsx Sx Shear Wave Velocity [ft/s] 

Vsy Sy Shear Wave Velocity [ft/s] 

Vp Compressional Wave Velocity 

Vsv Sv Shear Wave Velocity [ft/s] 

Vsh Sh Shear Wave Velocity [ft/s] 

νtan Tangent Poisson’s Ratio 

ν50 Poisson’s Ratio at 0.5 × σ1F 
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Appendix B. Recommendations for Best Practices 

B.1. SAMPLE PREPARATION AND LABORATORY MEASUREMENTS 

Triaxial stress testing requires careful sample preparation. Plug geometry and 

dimensions are two of the most important factors for reliable test results. Core plugs for 

were taken from large quarried blocks, a process which requires precise coring equipment 

and patience. Previous plugs were taken using older equipment, where the core barrel was 

not properly centered. The resulting plugs exhibited curved sides, which were unfit for 

testing. After proper coring, an endface grinder was utilized in order to ensure the sample 

had parallel and smooth ends. Tests involving samples with non-parallel ends showed 

inconsistent stress-strain results, including failure upon initial loading. Furthermore, non-

parallel samples do not load evenly, causing load cell readings to show negative numbers, 

which can cause significant damage to the testing apparatus if not rectified. Samples with 

non-parallel ends also tend to exhibit more noise in ultrasonic measurements. Increased 

noise is believed to be caused by poor coupling between the sample and endcaps, where 

wave energy can be lost in the gap between the two. In addition to sample geometry, final 

sample length must be 2 – 2.5 times the sample diameter, which was 1”. Accurate 

dimensions are important in order for the rock to develop a true shear plane that does not 

pass through the end of the sample, and is not altered by sample size.  

 Recommendations for laboratory testing focus on oscilloscope settings for 

ultrasonic measurements. As stress increases during testing, enhanced endcap coupling and 

sample compression increase the amplitude of ultrasonic waves. Therefore, the 

oscilloscope must be set such that the higher amplitude waveforms will be recorded 

throughout the anticipated stress range of the test. Oscilloscope setup is done typically after 

the sample has been seated and the appropriate confining stress has been imposed on the 

sample. At this stress, the waveforms should be barely discernable, and will become more 
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pronounced as stress increases. If the oscilloscope is setup prior to seating and confining 

the sample, the waveforms will likely grow beyond the recordable amplitude range during 

the test. Changing oscilloscope setting mid-test will be required, which may disrupt 

measurements. The same will occur after seating and confining if the initial waveforms 

occupy a large portion of the screen.  

 

B.2. IMPLEMENTING FIELD APPLICATIONS 

The long-term goal of the research pertains to upscaling and implementing these 

methods in the field. Although the measurement geometries differ between the laboratory 

and wellbore, the near wellbore region provides a unique environment to study the coupled 

mechanical and ultrasonic signature of fractured rock. Specifically, the complex stress 

regime around the wellbore, potential stress changes between drilling and logging, and long 

term changes due to production, may provide opportunities to evaluate the time-lapse 

changes in sonic rock properties. We may also impose artificial stress changes with packers 

or varying mud weight in the well, simultaneously running sonic logs at the different 

stresses. These scenarios would mimic our experiments, however significant 

instrumentation would be required to accurately measure stresses and strains in the 

subsurface.  

Successfully capturing the time-lapse coupled sonic and mechanical rock properties 

in the wellbore could provide significant value for evaluating the degree of natural 

fracturing in the subsurface. Since sonic tools measure a larger volume of rock, and the 

subsurface is laden with natural fractures on all scales, measuring a nonfractured rock is 

unlikely. Therefore, the sonic response to stress changes in the subsurface will depend on 

the abundance of fractures in the volume of investigation, with no baseline for comparison. 
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Stress-induced microfracturing may also be discernable in the subsurface, but is likely to 

be tensile if caused by increasing mud weight, rather than shear failure seen in our 

experiments.  

A better understanding of fracturing and measuring the degree of natural fracturing 

in the subsurface would be beneficial for hydraulic fracture design and predicting the long-

term behavior of fractured reservoirs. Specifically, hydraulic fracture spacing can be 

customized to target naturally fractured zones and increase stimulated reservoir volume. 

Additionally, predicting the behavior of a fractured formation to production induced stress 

changes is especially valuable when fractures are unpropped, and fracture permeability 

dominates flow. Therefore, the successful implementation of the research in the field may 

have significant impact on how fields are developed and longer-term production 

expectations.  
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