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ABSTRACT 
 

Shales: Comprehensive Laboratory Characterization  

Eduardo D. Gramajo Silva 

 
Unconventional formations have become an increasingly important source of energy 

resources. Proper rock mechanic characterization is needed not only to identify the most 

promising areas for stimulation, but to increase our understanding of the sealing capabilities of 

cap-rock formations for carbon geological storage. However, shale assessment is challenging 

with current standard techniques. This research explores the index and rock mechanic properties 

of different shale specimens considered as source rocks for oil and gas (Eagle Ford, Wolfcamp, 

Jordanian, Mancos, Bakken, and Kimmeridge), and presents an in-depth analysis of tools and 

protocols to identify inherent biases.  

New test protocols proposed in this thesis provide robust and cost-effective measurement 

techniques to characterize shale formations in general; these include: 1) new energy methods 

computed from the area under the stress-strain curve or proposed boundary asymptotes (strength 

and stiffness) to assess brittle/ductile conditions in the field, 2) tensile strength analyses to 

determine anisotropy in shale formations, 3) Coda wave analysis to monitor pre-failure damage 

evolution during compression, and 4) a combination of index tests to anticipate the complicated 

geology or layered characteristics, which include high-resolution imaging, hardness, and scratch 

tests.  

Experimental results combined with extensive databases provide unprecedented information 

related to the mechanical behavior of shale formations needed for the enhanced design and 

analysis of geo-engineering applications. Calcareous shales display strong interlayer bonding and 
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lower compressive strength anisotropy than siliceous shales. Tensile strength anisotropy is more 

pronounced than in compressive strength and reflects bedding orientation and loading conditions 

that affect fracture propagation and ensuing failure surface topography. 
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at a respective depth of cut d. Figure modified from (Richard 1999; Dagrain 2001) ......... 104 

Figure 3.3. Alignment of the shale specimens inside the Triaxial cell used for mechanical 
compression measurements. Plugs oriented with respect to the location of the radial strain 
(Et1 and Et2) and the position of the axial strain (Ea1 and Ea2) measurements. The 
schematics show the alignment of the different bedding angles with continuous white lines 
(0o, 45º, and 90º). The horizontal black arrows indicate the orientation of the Et1 and Et2 
radial strain measurement system. The vertical black arrows display the measurement 
direction of the axial strain (Ea1 and Ea2) and axial load. .................................................. 105 

Figure 3.4. Scanning Electron Microscope images and Energy-Dispersive X-ray Spectroscopy 
chemical analysis of the Eagle Ford shale specimens. A) Clear boundary (white dashed line) 
between the two different layers inside the specimen. B) (Ca/Si/Al/C) layer. C) (S/Mg/Fe) 
layer. D) Dissolution and precipitation of high sulfate organic carbon (Carbon Bisulfide – 
Bitumen). E) Zoomed-in view of the blue circle area in Image B showing the Quartz crystals 
and Phyllosilicate minerals. F) Zoomed-in view of the area within the orange circle in Image 
C, which shows precipitations of CaCO3, MgCaCO3, and Pyrite. ...................................... 106 

Figure 3.5. Mineralogy composition and kerogen types of the six different shale specimens. Blue 
dots: published data from: (Gallois 1983; Abed and Amireh 1983; Shaw and Primmer 1991; 
Hornby 1998; Hamarneh 1998; Nygard and Gutierrez 2002; Mba and Prasad 2010; Sone 
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2012; Sarg 2012; Fishmana et al. 2012; Horton 2012; Vasin et al. 2013; Baumgardner et al. 
2014; Andrews 2014; Uvarova et al. 2014; Patrusheva et al. 2014; Chermak and Madeline 
2014; Roush 2015  Xu and Sonnenberg 2016; Wickard 2016; Lei, 2016; Yang and Zoback 
2016; Ayhan 2016; Kruichak et al. 2016; Kalteyer 2017; Zhao et al. 2017; Zhang et al. 
2017; Li 2017; Fu et al. 2017; Birgenheier et al. 2017; Puura et al. 2017; Olabode 2017; Liu 
2018; Bievenour 2018;  Gupta et al. 2018;  Rassouli 2018; Zhang and Sheng 2018; 
Kanitpanyacharoen and Miyagi, 2018; Sams 2018; Cavelan et al. 2019; Li et al. 2019; 
McGuinness 2019; Gaus et al. 2020; Peng et al. 2020). Red dots: study test results obtained 
with Energy-Dispersive X-ray Spectroscopy and X-Ray Powder Diffraction. Blue and green 
shaded areas: Kerogen - Type II and IIS. Pink shaded areas: Kerogen - Type III and IV. 
Purple shaded areas: Kerogen - Type II. Modified from (Compton 1991; Reid and McIntyre 
2001; Evenick and McClain 2013). ..................................................................................... 107 

Figure 3.6. Geological age of the studied shale formations. (Condon 2003; Donovan et al. 2012; 
Hussein et al. 2014-2015; Blomquist 2016; ICS 2016; Sonnenberg 2017; Lowery and Leckie 
2017; Abu-Mahfouz et al. 2019) ......................................................................................... 108 

Figure 3.7. Scratch test results and analyses. (A) Plot of the average force vs. length for a typical 
shale using the Eagle Ford specimen. Analyses of three different configurations, calcite 
laminae (top plot), silicate-clay matrix (middle plot), and interlayer system (bottom plot). 
Inset histograms next to each of the scratch plots show the range of force variations inside 
the specimens. (B) Results of intrinsic specific energy from the scratch tests vs. unconfined 
compressive strengths for different rock types. Experimental siliceous shales represented by 
the large yellow shapes; triangle - Kimmeridge, circle - Bakken, diamond - Mancos. 
Experimental calcareous shales represented by large red shapes; circle - Eagle Ford, square - 
Wolfcamp, triangle - Jordanian. Data points compiled from the literature of different rock 
formations represented with the small dots; blue dots - limestone, green dots - sandstones, 
purple dots - shales, orange dots - other types of rock specimens obtained from (Richard 
1999; Dagrain 2001; Van Parys et al. 2005; Richard et al. 2012; Musaed et al. 2014; Munoz 
et al. 2014). Standard deviations shown only for the experimental average values. Literature 
data points show the reported values without any reference to standard deviations. 
Experimental UCS results are unique values and therefore do not have a statistical deviation. 
The proportion of deviation is R2= ~0.85 obtained from the best fitting line of 
experimental/published UCS vs. ISES. ................................................................................ 109 

Figure 3.8. Axial stress vs. radial/axial strain results obtained from the Eagle Ford and Bakken 
specimens. The plots show the elastic modulus, peak stress-strain at failure, and the post-
failure behavior. Confining pressures Pc; purple line – 1 MPa, green line – 15 MPa, red line 
– 30 MPa, black line – 60 MPa, and blue line – 100 MPa. (A) Triaxial measurement of a 0o 
bedding angle Eagle Ford specimen. (B) Triaxial measurement of a 45o bedding angle Eagle 
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Ford specimen. (C) Triaxial measurement of a 90o bedding angle Eagle Ford specimen. (D) 
Triaxial measurement of a 90o bedding angle Bakken specimen. ....................................... 110 

Figure 3.9. Hoek and Brown failure envelopes for the different triaxial tests conducted with the 
Bakken and Eagle Ford shales. Summarized results of σ1 (principal stress at failure) vs. σ3 
(confining stress). The plots show the failure envelopes for the complete set of confinement 
pressures shown (1, 30, and, 60 MPa) and bedding angles (0º, 45o, and 90º). Red triangles: 
shale specimens with a 90o bedding angle. Yellow squares: shale specimens with a 0o 
bedding angle. Blue diamonds: shale specimens with a 45o bedding angle. The yellow Hoek 
and Brown failure envelope shows the best fit for the 0o bedding angle Bakken specimens. 
The blue Hoek and Brown failure envelope shows the best fit for the 45o bedding angle 
Bakken specimens. The red Hoek and Brown failure envelope shows the best fit for the 90o 
bedding angle Bakken specimens. The black Hoek and Brown failure envelope shows the 
best fit for the 0o, 45o, and 90o bedding angles of the Eagle Ford specimens. Experimental 
data points present the complete set of computed values and therefore do not have a 
statistical deviation or representative measurement uncertainty. The proportion of deviation 
is Eagle Ford - R2= ~0.99. Bakken 0o - R2= ~0.95. Bakken 45o - R2= ~0.63. Bakken 45o - 
R2= ~0.99 obtained from the best fitting line of experimental confinement vs. principal 
stress values. ........................................................................................................................ 111 

Figure 3.10. Grayscale optimized images of the post-failure residues and fracture patterns inside 
the Eagle Ford specimens. Thicker black lines highlight the fracture locations. Images show 
the change in axial (ΔH) and radial (ΔD) values for each specimen at the maximum peak 
stress, as indicated in the far-left column. The images represent all residues and fracture 
patterns at different confinement pressures (1, 10, 30, 60, and 100 MPa) and bedding angles 
(0º, 45o, and 90º). ................................................................................................................. 112 

Figure 3.11. Energy evolution analysis. Laboratory measured energy computed with the area 
under the stress strain curve. Red area: elastic energy obtained using the static Young’s 
modulus and peak stress values from the stress-strain curves using the inset equations. Blue 
area: measured inelastic energy obtained by subtracting the elastic from the total energy to 
failure. Simplified field analog energy method computed using the inset equation based on 
the stiffness (yellow line) and strength (gray line) asymptotes which can be obtained using 
the dynamic Young’s modulus from well-log data and peak stress values from scratch tests.
 ............................................................................................................................................. 113 

Figure 3.12. Measured inelastic energies vs. key rock mechanic parameters and total energies. 
Experimental siliceous shales represented by the large yellow shapes; triangle - 
Kimmeridge, circle - Bakken, diamond - Mancos. Experimental calcareous shales 
represented by the large red shapes; circle - Eagle Ford, square - Wolfcamp, triangle - 
Jordanian. Experimental shale results at different levels of confinement and bedding angles 
during triaxial tests. Small colored dots: total and inelastic energy values and rock mechanic 
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parameters for different shale specimens computed using stress-strain data points compiled 
from the literature (McLamore and Gray 1967; Niandou et al. 1997; Wong 1998; Popp and 
Salzer 2007; Corkuma and Martin 2007; Popp et al. 2008; Dewhurst et al. 2011; Sone 2012; 
Josh et al. 2012; Islam and Skalle 2013; Yuan et al. 2013; Li et al. 2013; Siegesmund et al. 
2014;  Zhang et al. 2014; Masri et al. 2014; Carey et al. 2015; Abdi et al. 2015; Holt et al. 
2015; Dewhurst et al. 2015; Li et al. 2015; Li et al. 2016; Wu et al. 2016; Yan et al. 2017; 
Ding et al. 2017; Hou et al. 2018; Jiang et al. 2018; Zhao et al. 2018; Kivi et al. 2018; Yin et 
al. 2018; Wu et al. 2018; Han et al. 2018; Lyu, et al. 2018; Herrmann et al. 2018; Wanga et 
al. 2019; Guo et al. 2019; Zhou et al. 2019; Wang et al. 2019; Zhao et al. 2019; Xian et al. 
2019; Fana et al. 2019; Hao et al. 2019; Guo et al. 2020; Yang et al. 2020). Light blue dots: 
literature data grouped by axial stress values between 0 and 100 MPa. Purple dots: literature 
data grouped by axial stress values between 100 and 200 MPa. Green dots: literature data 
grouped by axial stress values between 200 and 300 MPa. Orange dots: literature data 
grouped by axial stress values between 300 and 400 MPa. Gray dots: literature data grouped 
by axial stress values between 400 and 700 MPa. Dotted lines: log-log power fit using the 
inset equations matched with the color that corresponds to the axial stress groups. (A) 
Measured inelastic energy vs. static stiffness. The proportion of deviation is between R2= 
0.20 and 0.51 obtained from the best fitting line of stiffness, strength and eI values. (B) 
Measured inelastic energy vs. peak strain. The proportion of deviation is between R2= 0.53 
and 0.74 obtained from the best fitting line of peak strain, strength and eI values. The inset 
image presents the stress-strain curve and the strength and stiffness asymptotes. Literature 
and experimental data points present the complete set of computed values and therefore do 
not have a statistical deviation or representative measurement uncertainty. ....................... 114 

Figure 3.13. Proposed field inelastic energy approach vs. measured inelastic energy method. 
Experimental siliceous shales represented by the large yellow shapes; triangle - 
Kimmeridge, circle - Bakken, diamond - Mancos. Experimental calcareous shales 
represented by the large red shapes; circle - Eagle Ford, square - Wolfcamp, triangle - 
Jordanian. Experimental shale results at different levels of confinement and bedding angles 
during triaxial tests. Small colored dots: field inelastic and measured inelastic energy values 
for different shale specimens computed using stress-strain data points compiled from the 
literature (McLamore and Gray 1967; Niandou et al. 1997; Wong 1998; Popp and Salzer 
2007; Corkuma and Martin 2007; Popp et al. 2008; Dewhurst et al. 2011; Sone 2012; Josh et 
al. 2012; Islam and Skalle 2013; Yuan et al. 2013; Li et al. 2013; Siegesmund et al. 2014;  
Zhang et al. 2014; Masri et al. 2014; Carey et al. 2015; Abdi et al. 2015; Holt et al. 2015; 
Dewhurst et al. 2015; Li et al. 2015; Li et al. 2016; Wu et al. 2016; Yan et al. 2017; Ding et 
al. 2017; Hou et al. 2018; Jiang et al. 2018; Zhao et al. 2018; Kivi et al. 2018; Yin et al. 
2018; Wu et al. 2018; Han et al. 2018; Lyu, et al. 2018; Herrmann et al. 2018; Wanga et al. 
2019; Guo et al. 2019; Zhou et al. 2019; Wang et al. 2019; Zhao et al. 2019; Xian et al. 
2019; Fana et al. 2019; Hao et al. 2019; Guo et al. 2020; Yang et al. 2020). Light blue dots: 
literature data grouped by axial stress values between 0 and 100 MPa. Purple dots: literature 
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data grouped by axial stress values between 100 and 200 MPa. Green dots: literature data 
grouped by axial stress values between 200 and 300 MPa. Orange dots: literature data 
grouped by axial stress values between 300 and 400 MPa. Gray dots: literature data grouped 
by axial stress values between 400 and 700 MPa. Solid black lines: one to one log-log power 
fit. The proportion of deviation is R2= ~0.50 obtained from the best fitting line of eF and eI 
values. Literature and experimental data points present the complete set of computed values 
and therefore do not have a statistical deviation or representative measurement uncertainty.
 ............................................................................................................................................. 115 

Figure 3.14. Plots of frequently published brittleness indices equations and our brittleness 
inelastic energy method vs. the measured inelastic energy required for complete specimen 
failure. Red dots: literature and experimental brittleness evaluations using the specified inset 
equations. (A) The equation uses the empirical and normalized static elastic moduli from the 
dynamic elastic moduli acquired from the acoustic wave signals. (B) The equation uses the 
pre- and post-peak static elastic moduli values from the stress-strain curves. (C) The 
equation uses the silicate and carbonate mineralogy content. (D) The equation uses the 
porosity. (E) The equation uses the peak compressive and tensile strength values. (F) The 
equation uses computed inelastic and total energy values. Literature data obtained from 
(McLamore and Gray 1967; Niandou et al. 1997; Wong 1998; Popp and Salzer 2007; 
Corkuma and Martin 2007; Popp et al. 2008; Dewhurst et al. 2011; Sone 2012; Josh et al. 
2012; Islam and Skalle 2013; Yuan et al. 2013; Li et al. 2013; Siegesmund et al. 2014;  
Zhang et al. 2014; Masri et al. 2014; Carey et al. 2015; Abdi et al. 2015; Holt et al. 2015; 
Dewhurst et al. 2015; Li et al. 2015; Li et al. 2016; Wu et al. 2016; Yan et al. 2017; Ding et 
al. 2017; Hou et al. 2018; Jiang et al. 2018; Zhao et al. 2018; Kivi et al. 2018; Yin et al. 
2018; Wu et al. 2018; Han et al. 2018; Lyu, et al. 2018; Herrmann et al. 2018; Wanga et al. 
2019; Guo et al. 2019; Zhou et al. 2019; Wang et al. 2019; Zhao et al. 2019; Xian et al. 
2019; Fana et al. 2019; Hao et al. 2019; Guo et al. 2020; Yang et al. 2020). Literature and 
experimental data points present the complete set of computed values and therefore do not 
have a statistical deviation or representative measurement uncertainty. ............................. 116 

Figure 3.15. Confinement pressures required for brittle-ductile transitions with respect to the 
mineral composition. Colored dots: Experimental and literature data of the inelastic to total 
energy ratio to achieve rock failure. The inset color bar defines the range of brittleness. 
Literature data computed using stress-strain values from (McLamore and Gray 1967; 
Niandou et al. 1997; Wong 1998; Popp and Salzer 2007; Corkuma and Martin 2007; Popp et 
al. 2008; Dewhurst et al. 2011; Sone 2012; Josh et al. 2012; Islam and Skalle 2013; Yuan et 
al. 2013; Li et al. 2013; Siegesmund et al. 2014;  Zhang et al. 2014; Masri et al. 2014; Carey 
et al. 2015; Abdi et al. 2015; Holt et al. 2015; Dewhurst et al. 2015; Li et al. 2015; Li et al. 
2016; Wu et al. 2016; Yan et al. 2017; Ding et al. 2017; Hou et al. 2018; Jiang et al. 2018; 
Zhao et al. 2018; Kivi et al. 2018; Yin et al. 2018; Wu et al. 2018; Han et al. 2018; Lyu, et 
al. 2018; Herrmann et al. 2018; Wanga et al. 2019; Guo et al. 2019; Zhou et al. 2019; Wang 
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et al. 2019; Zhao et al. 2019; Xian et al. 2019; Fana et al. 2019; Hao et al. 2019; Guo et al. 
2020; Yang et al. 2020). (A) Ternary diagram of the rock mineralogy distribution and 
energy ratio for a confinement pressure range of 0-5 MPa. (B) Ternary diagram of the rock 
mineralogy distribution and energy ratio for a confinement pressure range of 5-10 MPa. (C) 
Ternary diagram of the rock mineralogy distribution and energy ratio for a confinement 
pressure range of 10-20 MPa. (D) Ternary diagram of the rock mineralogy distribution and 
energy ratio for a confinement pressure range of 20-40 MPa. (E) Ternary diagram of the 
rock mineralogy distribution and energy ratio for a confinement pressure range of 40-50 
MPa. (F) Ternary diagram of the rock mineralogy distribution and energy ratio for a 
confinement pressure range of 50-100 MPa. Points with brittleness energy ratios at ~0.5 
show the brittle-ductile transition points. Experimental data points present the complete set 
of computed values and therefore do not have a statistical deviation or representative 
measurement uncertainty. .................................................................................................... 117 

Figure 4.1. Tensile test measurement principles. Mohr-Coulomb circles and specimen failure 
envelope within the shear vs. normal stress plot. Red line: failure envelope with the 
respective friction angle φf or friction coefficient μ and the cohesion c intercept on the shear 
stress axis. Blue dotted line: unconfined compressive strength σC Mohr circle. Black half 
circle: Direct tensile strength Mohr circle developed under the testing conditions described 
in inset (A). Black line: Indirect tensile strength tension cut-off using the Brazilian 
measurement technique described in the schematic of inset (B). Inset images show the 
failure surface created: parallel to the loading condition in the Direct tensile measurements 
and perpendicular to the loading in the indirect measurements. Plug orientation associates 
with the location of the radial strain gauge (Et1) and the axial strain gauge (Ea1) 
measurement systems. Specimen location between the two flat platens (A) or curved platens 
(B). The platens of inset (B) have a radius of curvature 1.5 times larger than the specimen 
radius. The horizontal black arrows show the measurement orientation of the radial strain 
gauge Et1. The vertical black arrows indicate the direction of the axial tensile force (Tf) and 
the measurement orientation of the axial strain gauge Ea1. ................................................ 151 

Figure 4.2. Schematic drawings of the bedding angles and loading conditions used during the 
Brazilian tests on shale specimens. Plug orientation associates with the location of the radial 
strain gauge (Et1) and the axial strain gauge (Ea1) measurement systems. (A) Schematics 
show the alignment of the different bedding angles with the continuous white lines (0o, 45º, 
and 90º) and loading conditions parallel or perpendicular to the external axial force. The 
vertical black arrow displays the measurement direction of the axial tensile force (Tf). (B) 
Schematic shows the rosette strain gauges’ location glued on the back mid-width of the 
specimen surface. The horizontal black arrows show the measurement orientation of the 
radial strain gauge Et1. The vertical black arrows indicate the direction of the axial tensile 
force (Tf) and the measurement orientation of the axial strain gauge Ea1. ......................... 152 
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Figure 4.3. Scanning Electron Microscope images and Energy-Dispersive X-ray Spectroscopy 
chemical analysis of the Kimmeridge specimens. A) The white dashed line indicates the 
boundary between the two different layers inside the specimen. B) (Si/Al/Ca) layer. C) 
Halite and Silicate lamination (Na/Cl/Si/Al). D) Zoomed-in view of the area within the blue 
circle in Image B that shows the Quartz, Phyllosilicate, and Calcite minerals. E) Zoomed-in 
view of the orange circle area in Image C, which shows the Halite, Silicate, and 
Phyllosilicate minerals. ........................................................................................................ 153 

Figure 4.4. Computed average tensile strength values for the six different shale specimens. Blue 
dots: 0o-strike/90o-dip bedding angle specimens. Dark gray dots: 0o-strike/45o-dip bedding 
angle specimens. Orange dots: 90o-strike/90o-dip bedding angle specimens. Light gray dots: 
90o-strike/45o-dip bedding angle specimens. Yellow dots: 0o-dip bedding angle specimens. 
Inset schematic drawings show the bedding angles and loading conditions tested. These 
drawings are above the represented average tensile strength values and match the color of 
the data points. Inset values show the ± standard deviation (STD) for each loading condition 
and shale specimen. (A) Jordanian shale. (B) Eagle Ford shale. (C) Wolfcamp shale. (D) 
Kimmeridge shale. (E) Mancos shale. (F) Bakken shale. Blue dashed lines show the 
maximum average value of tensile strength. ....................................................................... 154 

Figure 4.5. A plot of the typical roughness profiles obtained from the failure surface of a shale 
specimen. This figure displays the typical results from the calcareous Eagle Ford shale at a 
90o-strike/90o-dip loading condition. Inset schematics show the direction of measurement in 
the "X" and "Y" positions of the specimens. The colored lines in the plot show the different 
measurements made in the same loading condition and measurement direction. The 
topographic plot shows a complete analysis of the 2D failure surface roughness. The color 
bar represents the height variation along the rock failure surface that ranges from Z= 0 to 2.3 
mm. The profilometer roughness profile has a standard deviation of ~6 μm in the calcareous 
Eagle Ford shale failure profiles. ......................................................................................... 155 

Figure 4.6. Computed values for the tensile strength and average strain ratio for the tested 
calcareous Eagle Ford shale and siliceous Mancos shale. Blue dots: 0o-strike/90o-dip 
bedding angle specimens. Dark gray dots: 0o-strike/45o-dip bedding angle specimens. 
Orange dots: 90o-strike/90o-dip bedding angle specimens. Light gray dots: 90o-strike/45o-dip 
bedding angle specimens. Yellow dots: 0o-dip bedding angle specimens. Inset schematic 
drawings show the bedding angles and loading conditions tested. These drawings are above 
the represented tensile strength values and match the color of the data points. Black dashed 
lines show the average tensile strength. STD represents the ± standard deviation. Blue 
dashed lines show the maximum average value of tensile strength. ................................... 156 

Figure 4.7. Plots of the average failure surface roughness profiles in the "X" direction for the 
different bedding angles and loading conditions. The inset values present the computed ratio 
of total vs. projected lengths. The roughness patterns form three groups that reflect the 
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bedding angle distribution: 1) 90o-strike/45o-dip and 0o-strike/90o-dip, 2) 0o-strike/45o-dip, 
and 3) 90o-strike/90o-dip and 0o-dip. Inset schematic drawings display a typical 
representation of the different bedding angles and loading conditions seen in the Eagle Ford 
shale specimens. Black lines in the inset schematic drawings show the general tensile 
fracture pattern. The profilometer roughness profile has a standard deviation of ~6 μm in the 
calcareous Eagle Ford shale failure profiles. ....................................................................... 157 

Figure 4.8. A comparative plot of the computed failure surface roughness ratio for the tested 
calcareous Eagle Ford shale and siliceous Mancos shale specimens. Blue dots: 0o-strike/90o-
dip bedding angle specimens. Dark gray dots: 0o-strike/45o-dip bedding angle specimens. 
Orange dots: 90o-strike/90o-dip bedding angle specimens. Light gray dots: 90o-strike/45o-dip 
bedding angle specimens. Yellow dots: 0o-dip bedding angle specimens. Inset schematic 
drawings show the bedding angle and loading conditions. These drawings are below the 
represented tensile strength and roughness values and match the color of the data points. 
STD represents the ± standard deviation. Blue dashed lines show the maximum average 
value of tensile strength and roughness. .............................................................................. 158 

Figure 4.9. Plots of the numerical model strain results vs. standard analytical equations. Plots 
show the “Y” and “X” components of the tensile strain in the “X” and “Y” directions, as 
represented by the red arrows in the schematic drawings. Schematic drawings show the 
specimen geometrical configurations and boundary conditions. Top Tf shows the total axial 
tensile force (0-9000 N) adjusted to the arc length and a bottom fixed position in the x, y, 
and z directions. Specimen dimensions: diameter (25.4 mm), thickness (18.8 mm), and α (10 
degrees). Dotted blue lines: numerical analysis. Red continuous lines: analytical evaluation. 
The bottom schematic drawing shows the mesh distribution used in the numerical 
evaluations. Each numerical test was run multiple times and resulted in low computation 
uncertainty. .......................................................................................................................... 159 

Figure 4.10. Experimental and numerical strain ratio distributions using the Eagle Ford 
parameters for the model. Blue lines: 0o-strike/90o-dip bedding angle specimens. Orange 
lines: 90o-strike/90o-dip bedding angle specimens. Schematic drawings show the bedding 
angles and loading conditions. Continuous lines: experimental strain ratio values measured 
using rosette strain gauges. Dashed lines: numerical strain ratio results. Inset schematic 
drawings show the bedding angle and loading conditions. These drawings match the color of 
the strain ratio curves. Each numerical test was run multiple times and resulted in low 
computation uncertainty. ..................................................................................................... 160 

Figure 5.1. Alignment of the shale specimens inside the Triaxial cell for ultrasonic measurements 
during compression tests. Plug orientation with respect to the location of the shear wave 
measurement directions (S1 and S2) and the compressive wave measurement direction (P). 
The schematics show the alignment of the different bedding angles with the continuous 
white lines (0o, 45º, and 90º). The horizontal black arrows indicate the orientation of the S1 
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and S2 shear wave measurement directions. The vertical black arrow shows the direction of 
measurement for the compressive wave (P) and axial load. ................................................ 184 

Figure 5.2. Example plot which displays the steps used to process the P-Wave and S-Wave 
signals to improve the tail region before applying the Coda Wave approach. These plots 
show a selected P-Wave signal for clarity. A) Raw signal from the triaxial cell. B) Smoothed 
signal with the initial high amplitude muted. C) Black line: exponential equation used to fit 
and amplify the signal tail, Red plot: smoothed signal. D) Blue line: original smoothed 
signal, Red plot: new signal with the corrected and gained amplitude where the tail and head 
have similar amplitude values. The signal plotted is for the calcareous Eagle Ford shale 
specimen with a 0˚ bedding angle distribution and 100 MPa of confining pressure. .......... 185 

Figure 5.3. Scanning Electron Microscope images and Energy-Dispersive X-ray Spectroscopy 
chemical analysis of the Mancos specimen. A) Clear boundary (white dashed line) between 
the two different layers inside the specimen. B) (Si/Ca/Mg) layer. C) Quartz lamination 
(Si/Al/Fe/C). D) Precipitated organic carbon. E) Zoomed-in view of the blue circle area in 
Image B showing the Quartz, Calcite, and Dolomite minerals. F) Zoomed-in view of the 
area within the orange circle in Image C, which shows the Phyllosilicates and Quartz 
crystals. ................................................................................................................................ 186 

Figure 5.4. Typical cascade plot of the wave signals vs. deviatoric stress. These plots show a 
subset of selected signals for clarity. During the loading and unloading cycle, signals were 
measured for a representative calcareous Eagle Ford shale specimen with a 0˚ bedding angle 
distribution. Red line shows the computed first arrival points. Inset plots show the zoomed-
in sections of the signal, which display the time-lag differences between waves at three 
different locations. ............................................................................................................... 187 

Figure 5.5. Typical first arrival points obtained using the Coda Wave Interferometry approach 
with an example of the time lag at three different locations between two signals. 
Comparison of two-wave signals (a and b) at different axial loads. Signal “a” continues red 
line calculated at 7 MPa. Signal “b” black dotted line computed at 21 MPa (Dai et al. 2013). 
Inset plots show the zoomed-in sections of the signal, which display the time-lag differences 
between waves at three different locations. ......................................................................... 188 

Figure 5.6. Typical plots of the P- and ΔS-wave signals vs. deviatoric stress for a representative 
Eagle Ford shale specimen with a 0˚ bedding angle. Colored dotted lines: Experimental 
ultrasonic wave velocity measurements using the Coda Wave Interferometry approach. 
Confining pressures: red dots – 1 MPa, blue dots – 15 MPa, green dots – 30 MPa, yellow 
dots – 60 MPa, and purple dots – 100 MPa. The black arrow indicates the loading direction 
for all analyses. A) P-wave velocity plot. B) ΔS-wave velocity plot. The measurement 
uncertainties are: ~55  m/s for VP and ~17 m/s  for VS. ....................................................... 189 
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Figure 5.7. P-wave and Axial Strain vs. Deviatoric Stress analyses for a representative Eagle 
Ford shale specimen with a 0˚ bedding angle and a 100 MPa confining pressure. Colored 
dotted lines: experimental ultrasonic P-wave velocity measurement using the Coda Wave 
Interferometry approach. Continuous black line: stress-strain triaxial compression results. 
The plot shows the different damage stages of the specimen. (a) Pore closure or seating 
effects. (b) Initiation point of crack propagation. (c) Initiation point of rapid deformation, 
crack alignment, and energy release. (d) Wave velocity point at peak stress values or failure. 
The measurement uncertainty is ~55  m/s for the ultrasonic VP. ......................................... 190 

Figure 5.8. The comparative plots of the P-wave signals vs. deviatoric stress for both the 
calcareous and siliceous shales. Measurements made in the Eagle Ford shale and Bakken 
shale specimens with a 0˚ bedding angle. Colored dotted lines: experimental ultrasonic wave 
velocity measurements using the Coda Wave Interferometry approach. Confining pressures: 
red dots - 0/1 MPa, green dots – 30 MPa, and yellow dots - 60 MPa. The black arrow 
indicates the loading direction for all analyses. (A) Results of the Eagle Ford specimen. (B) 
Results of the Bakken specimen. The measurement uncertainty is ~55  m/s for VP. .......... 191 

Figure 5.9. S1- and S2-wave velocities vs. deviatoric stresses at different confinement pressures 
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Chapter 1 - Introduction 
 
1.1 Motivation 

The motivation for this thesis is to provide practical and physics-based rock mechanic solutions 

to the global rise in energy demands, which will increase worldwide by around 50% between 

2018 and 2050 (Figure 1.1; EIA 2019). The rapidly expanding economies that create a better 

quality of life seen predominately in China and India will continue to drive these increased 

demands (Pasten and Santamarina 2012). Figure 1.2 shows that Asian countries will consume 

more than double the amount of global energy in comparison to the American, European, 

African and Middle Eastern regions by 2050 (EIA 2019). 

However, more importantly than the rise in energy demands are the projections that the end-

use and primary energy consumption will be fulfilled for at least the next 30 years by fossil fuels. 

These fuels include petroleum, natural gas, and coal that account for around 70 to 85% of the 

world’s energy sources as seen in Figure 1.3 (IPCC 2007; Lee 2011; EIA 2019; IEA 2019). 

Natural gas has the fastest global growth rate at ~1.1% per year, and projections estimate this 

figure to rise to approximately 40% between 2019 and 2050 (EIA 2019). However, worldwide 

fossil fuel consumption will increase by around 40 to 60% particularly in China and India during 

the same time period (Figure 1.4; Bentley et al. 2007; EIA 2019). The current trading patterns of 

oil and coal are able to satisfy this growth in demand. However, the same is not true for natural 

gas – there will need to be a significant shift in both production and hydrocarbon export and 

import infrastructures to fulfill both the considerable energy demands in Asian countries and 

other fossil fuel extraction/production processes (Arent et al. 2011; Resch et al. 2008; World 

Energy Council 2016). 
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Nevertheless, the two critical questions are; where are the fossil fuels located and what are 

the most efficient production methods to satisfy the world’s energy consumption? Around 60% 

of the oil and 40% of the gas is currently extracted from conventional carbonate reservoirs, 

which are rapidly depleting (Figure 1.5; Ehrenberg and Nadeau 2005). The source rocks of these 

formations typically consist of tight shales and could help support the increased global energy 

requirements due to their large proven oil and gas reserves.  

Shale formations are formed by fine terrigenous sediments deposited in non-turbulent 

environments at the bottom of oceans or lakes and buried over millions of years. The mineral 

composition depends on the depositional environment, deposition rate, and organic matter 

oxidation during burial (McCarthy et al., 2011; Speigth 2013). 

But what do I consider as a shale formation? The term “shale formation” in this thesis refers 

to a fissile mudstone formed by silt and clay-size particles (Spears 1980; Blatt et al. 1996; 

Speigth 2013). These clay-size particles usually consist of clay or silicate mineral and may also 

contain other components such as organic particles and carbonates, iron oxides, and sulfide 

minerals. The ability of these particles to split into thin sheets along the bedding angles (fissile 

nature) can change due to bioturbation or uplift weathering (Hise, 1896; Moore, 1986; Speigth 

2013). Oxidation of organic matter from the plant debris that accumulates in the sediments 

during burial affects the shale and creates an either dark color source rock (organic-rich and low 

oxygen environment) or light color seal rock (organic-lean and high oxygen). These dark shale 

formations are the source rock for many oil and gas deposits around the world, at depths that 

vary from the near-surface to several thousand meters and formation thicknesses of tens to 

several hundred meters (Speigth 2013). 
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These unique factors result in the distinctive index properties and anisotropic mechanical 

behaviors seen in shale formations that are not present in conventional reservoirs. These 

characteristics also lead to the low permeability and small pore size distribution in tight shale 

formations. However, the pore distribution accounts for a large fraction of the total shale volume 

that can contain large amounts of trapped gas and oil. Efficient production outcomes and 

hydrocarbon recovery from these tight formations depend on technology-intensive horizontal 

drilling and hydraulic fracturing processes to create artificial flow paths within the rocks.  

Shale formations carry around 227 trillion cubic meters of unconventional natural gas and 

188 billion barrels of tight oil (BP 2015). China, Argentina, Algeria, the US, and Saudi Arabia 

(with ~17 trillion cubic meters of natural gas) contain the most extensive unconventional shale 

reserves (Figure 1.6; Stark et al. 2014). Projections report that these reserves could help secure 

supplies of natural gas and other fossil fuels and fulfill the world's energy requirements for 

around 125 years (EIA 2015; World Energy Council 2016; EIA 2019).  

However, the complicated geology or layered characteristic of these unconventional reserves, 

demands a detailed knowledge of index and rock mechanic properties to achieve maximum 

production outcomes. Some countries do not possess the necessary workforce and technological 

skills to support horizontal drilling or hydraulic fracturing, or the knowledge required to adapt 

existing conventional technologies to unconventional shale rock characterization (Stark et al. 

2014). These factors were major contributors to the shale revolution in the US that began with 

the discovery and production of the Barnett and Eagle Ford formations. This revolution 

transformed the production of shale gas and oil with around 16 to 18 thousand wells drilled in 

nine years and shifted the US from a significant importer to an exporter reducing the amount of 
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imported oil from 60 to 30%, and increased gas exports from 5 to 44% (EIA 2014; IHS CERA 

2014; Andreas 2015). 

The study of tight shale formations is of critical importance both globally and particularly to 

the Kingdom of Saudi Arabia due to the multiple potential unconventional reservoir locations 

(Figure 1.6-7; Manaar 2014). Thus, the purpose of this thesis is to understand and characterize 

shale formations in detail to not only highlight the best areas for stimulation and production, but 

to increase our understanding of the formations that act as cap-rocks for CO2 and nuclear waste 

storage. Research in this area has the potential to transform the economies and help meet the ever 

increasing world energy demands. 

1.2 Dissertation Organization 

This dissertation presents a comprehensive characterization of unconventional shale rock 

formations to understand better and characterize the shale formations and develop robust 

measurement techniques that combine rock mechanics, index, and anisotropic properties. The 

thesis presents five central chapters to achieve these outcomes.  

Chapter 2 investigates the effects of measured and calculated strains using gauges and Linear 

Variable Differential Transformers, LVDTs. The study reveals the impact of seating effects at 

the interfaces between the specimen and end-caps. Tested materials include standard aluminum, 

Eagle Ford shale, Berea sandstone, and Jubaila carbonate. 

Chapter 3 presents a comprehensive shale characterization study with an emphasis on 

brittleness. The research considers the anisotropic and elasto-plastic behavior of six shale 

specimens at different effective confining pressures and bedding orientations. The results of this 

research underlie proposed new energy models and measurement techniques for brittleness that 

appropriately reflect the physical properties of the rock through the complete stress-strain path. 
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Chapter 4 documents a study of tensile fractures and strength in shales. This study uses 

experimental and numerical methods to assess the shale geomechanic properties and explore the 

anisotropic effects on tensile strength and fracture propagation.  

Chapter 5 explores the development of damage in shale specimens subjected to triaxial 

loadings using ultrasonic P- and S-wave velocity measurements and the Coda Wave 

Interferometry approach. The new method offers results and tools relevant for engineering 

monitoring processes such as hydraulic fracturing, fault zone re-activation, and other rock or 

cemented material deformations.  

Chapter 6 suggests a new experimental method for rock strength measurements in shale rock 

formations. We present the experimental results in six different shales to show the new 

technique's advantages and limitations compared to advanced measurements. 

Finally, Chapter 7 summarizes the main conclusions and findings from this dissertation. 

 

Note to committee members: I developed the study described in Chapter 2 in collaboration 

with Ph.D. student Andika Perbawa. We include the published research here and in Perbawa's 

thesis. 
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Figure 1.1. World Energy Consumption. Historical and projected amount of British thermal units 
(BTU) consumed per year. Red area: energy consumption from non-OECD countries. Blue area: 
energy consumption from OECD countries. Figure modified from (EIA 2019) 
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Figure 1.2. Energy consumption by regions of the world and GDP. A) Energy consumption in  
non-OECD countries. Red area – Asia; Orange area – Middle East; Yellow area – Africa; Green 
area – America; Blue area – Europe. B) World gross domestic product per purchasing power 
parity for both non-OECD and OECD countries. Figure modified from (EIA 2019) 
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Figure 1.3. Primary and end-use world energy consumption by fuel type. A) Primary energy 
consumption between 2018 and the projected data for 2050. B) End-use energy consumption by 
fuel type for the different projected and historical data. Fuel type: red – nuclear; blue – natural 
gas; yellow –  electricity; orange – petroleum; green – renewables. Figure modified from (EIA 
2019) 
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Figure 1.4. World consumption of petroleum and natural gas. A) Historical and projected world 
petroleum consumption for both non-OECD and OECD countries. B) Historical and projected 
world natural gas consumption for both non-OECD and OECD countries. Figures modified from 
(EIA 2019) 

	

 
 
 
 
 
 
 
 
 
 
 

Quadrillion
BTU History Projection

Year

Petroleum 
Consumption(A)

Year

Quadrillion 
BTU

Natural Gas 
Consumption(B)

History Projection



	

	
	

43 

 
 
Figure 1.5. Location of the carbonate reservoirs around the world. Figure modified from 
(Ehrenberg and Nadeau 2005). 
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Figure 1.6. Location of the shale gas and tight oil unconventional reservoirs around the world. 
Purple area: planned unconventional extraction and production by 2020. Dark blue area: current 
extraction and production from unconventional shale reservoirs. Light blue area: potential new 
locations for extraction and production from unconventional shale reservoirs. Gray area: 
expansion of new conventional supplies of both gas and oil. Insets show the amount of shale gas, 
tight oil, conventional gas, and conventional oil per representative country. Figure modified from 
(World Energy Council 2016) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Current Unconventional Producer
Potential Unconventional Producer

Planned Unconventional Production in 2020
New Conventional Supplies

Current Unconventional Producer
Potential Unconventional Producer

Planned Unconventional Production in 2020 
New Conventional Supplies



	

	
	

45 

 
 
Figure 1.7. Prospective locations of shale gas and tight oil unconventional reservoirs in the 
Kingdom of Saudi Arabia. Orange area: Gas plays in the Middle East and North Africa region. 
Green area: Basins in the Middle East and North Africa region. Blue area: Oil plays in the 
Middle East and North Africa region. Yellow stars: current unconventional projects. Figure 
modified from (Manaar 2014; IMFORMED 2016) 
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Chapter 2 - Global-Local Strain Measurement in Triaxial Tests - Implications  
 
Note: the study presented in this chapter forms part of a collaborative effort with KAUST Ph.D. 

student Andika Perbawa and is also included in Perbawa’s dissertation. Reference: “Perbawa, A., 

Gramajo, E., Finkbeiner, T., and Santamarina, J.C. (2019). “Global vs. Local Strain 

Measurements in Triaxial Tests –  Implications. American Rock Mechanics Association, 

ARMA-2019-1717”. Currently under review in the Rock Mechanics Rock Engineering Journal. 

2.1 Introduction 

Accurate rock mechanic properties are critical during the analysis and design of geotechnical, 

petroleum, and mining processes. The underlying motivation of this chapter is to highlight the 

potential for erroneous measurement effects during advanced triaxial tests and to propose 

accurate methodologies that overcome these limitations. These effects could occur both during 

specimen preparation and standard triaxial procedures and may distort the outcomes and result in 

unrepresentative rock mechanic properties such as Poisson’s ratios, Biot’s αb-parameters, static 

stiffness, and peak strengths.  

Current best practice involves strain measurements conducted mid-height using strain gauges 

mounted directly on top of the rock specimen and that extend across at least ten grain diameters 

(ASTM D7012). However, common practice uses global deformation sensors mounted either on 

both endcaps across the entire length of the specimen or coupled on top of the jacket to measure 

deformations within the central zone along the specimen height. Table 2.1 lists strain and 

deformation sensors used in geomechanic laboratories.  

We first evaluate the different types of deformation sensors and the effect of placement 

during triaxial tests to compare the stress-strain curves and obtain the true behavior of the rock 

specimen prior to the analyses presented in the later chapters of this thesis. Previous published 
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research shows that measurements using cap-to-cap deformation sensors include seating effects 

due to topographic differences at the specimen-endcap interfaces and non-uniform strains along 

the specimen due to restrains at the interface (Baldi et al. 1988). In contrast, local measurements 

avoid the impact of unwanted deformations at the specimen-endcap interfaces and resulted in 

computed stiffness values between 15% to 45% higher than cap-to-cap measurements (Isah et al. 

2018; Yimsiri et al. 2005; Kung 2007; Xu et al. 2014; Xu 2017; Kumar et al. 2016).  

This study also assesses the: 1) Influence of the interface roughness on seating effects using 

an optical profilometer to characterize the contact surfaces for comparison of results with the 

standard ASTM method. 2) Localized deformation effects due to the height, area, and stress 

concentration in the asperities at the interface using analytical methods. 3) Complete 

compressive elasto-plastic deformation of the endcaps and aluminum stack using a numerical 

model that simulates the rough and polished surfaces seen in the experimental tests. and 4) 

Ultrasonic velocity data to gain an enhanced understanding of specimen-endcap contact effects. 

We use these results to quantitatively address seating effects and understand discrepancies in 

estimated static moduli obtained with local or global measurements and LVDT or strain gauge 

sensors. The study also compares the differences between these computed static moduli with the 

dynamic moduli obtained from wave propagation measurements. 

2.2 Experimental Studies 

We tested standard aluminum rods and three lithological different intact-rock specimens 

prepared from outcrop samples. Experimental details follow.  

2.2.1 Test Protocol 

All tests start with a detailed characterization of the specimen and endcaps surfaces using an 

optical profilometer. The chromatic confocal interferometer has a spot size of D= 7 μm and 
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provides a lateral resolution of Dx» 15 μm and vertical resolution of 0.2 μm. (NANOVEA Jr25). 

For comparison, we also gather topographic data using the standard procedure that involves a 

D=1 mm tip size and elevation data every Dx= 3 mm separation (ASTM D4543). 

Then, we mount two strain gauges diametrically opposite to each other at the mid-height of 

the specimen (installation details in ASTM D7012). We use linear or rosette type strain gauges 

in this study. The rosette gauges have a 3.18 mm length with a ±3!10−2 strain range and allow 

the simultaneous collection of axial and radial strain data for the accurate determination of 

Poisson’s ratio. The linear strain gauges are 3.18 and 12.7 mm long with a ±3!10−2 strain range. 

We test two different mounting types: gauges attached directly onto the specimen i.e., beneath 

the Viton sleeve (Figure 2.1A), and gauges bonded onto the Viton sleeve (Figure 2.1B). We also 

examine two installations for the LVDTs: cap-to-cap (Configuration A and B) and local 

(Configuration C in Figure 2.1).  

In addition to the local strain and global deformation measurements, we acquire ultrasonic 

transit times for all specimens during loading/unloading cycles. The instrumentation involves P-

wave crystals and two orthogonally polarized S-wave transducers. At each stress level, we gather 

and stack 512 signals to enhance the signal to noise ratio with minimal preconditioning.  

The loading sequence involves: (1) three loading/unloading cycles to 40 MPa at different 

strain rates (Figure 2.2); and (2) three loading/unloading cycles to 60 MPa. We repeat the last 

test at four confining stress levels: 0 MPa (unconfined), 10 MPa, 30 MPa and finally 60 MPa. 

The selected confining stress levels reflect field conditions encountered in infrastructure and geo-

energy applications. Load cycles allow us to investigate the effect of consecutive axial 

loading/unloading on both seating effects and stiffness, and the relationship between seating 

effects and axial deviatoric stress. 
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2.2.2 Standard Aluminum Specimen 

The experimental study starts with a standard aluminum specimen given its well-known 

properties (Table 2.2). We explore the impact on seating effects by testing the original 

specimen and after polishing the specimen end surfaces (ASTM D4543).  

2.2.3 Rock Specimens 

We extend the experimental study to rock specimens using the same test protocols described 

above. The selected specimens include lower Eagle Ford shale (Western Gulf outcrop, USA), 

late Upper Jurassic Jubaila carbonates (Riyadh outcrop, Saudi Arabia), and Berea sandstone 

(Waverly Group outcrop, USA). Table 2.2 summarizes specimen properties, peak axial stresses, 

and applied confining pressures.  

2.3 Experimental Results 

Experimental results obtained with the standard aluminum specimen isolate boundary effects for 

a well-known homogenous material. We present these results first, followed by data gathered 

with rock specimens. 

2.3.1 Local Strain vs. Global Deformation 

The stress-strain curves computed using cap-to-cap LVDTs deformation measurements show 

hysteresis. The computed stiffness E≈ 59 GPa is markedly below the reference Young’s modulus 

for aluminum E≈ 69 GPa (ASM Handbook 1990 - Figure 2 . 2), and deviations from linearity 
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are more pronounced at lower axial loads. Both polished and unpolished specimens exhibit 

seating effects on cap-to-cap LVDTs data, albeit with different degrees (Figure 2.3). 

Seating effects and hysteresis do not appear on strain data gathered with specimen-bonded 

strain gauges (Figure 2.3A). The measured stiffness agrees with the reference Young’s modulus 

for aluminum, and strain rates do not affect the measured Young’s modulus ("= 0.5!10−6 #−1, 

10−6 #−1 and 2!10−6 #−1 - Figure 2.2).  

Strains measured from the two diametrically opposite strain gauges’ plot on top of each other 

indicating equal strain levels on both sides and, therefore, no specimen bending (Figure 2.3). 

However, deformations measured with the two cap-to-cap LVDTs are different and imply cap 

tilting. Cap tilting effects are most pronounced in unconfined compression test data, i.e., low 

initial contact stress.  

Local strain and cap-to-cap deformation measurements with rock specimens show similar 

trends (relevant specimen characteristics listed in Table 2.2). Seating effects are apparent in all 

specimens when using cap-to-cap LVDTs deformation measurements (Figure 2.4). By contrast, 

local strain measurements do not show seating effects with the one exception of the Berea 

sandstone possibly due to local non-linearity’s associated with microcracks and grain debonding. 

Clearly, local strain measurements are most sensitive to such defects. 

2.3.2 Instrumentation on the Sleeve - Compliance  

Leakage and related experimental difficulties associated with strain gauges affixed to the rock 

specimen are overcome by mounting instruments on the sleeve (Note: this strategy applies to 

standard triaxial systems and is avoided in Hoek-cells). 
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We mounted “local LVDTs” on the specimen mid-height with a separation of 26 mm 

between clamps (Configuration  C  –  Figure 2.1). The local LVDTs data provide stiffness values 

near the standard Young’s modulus (E≈ 69 GPa) but exhibit some hysteresis probably due to 

slippage and compliance effects at the clamp-sleeve-specimen interface (Figure 2.5). 

Strain gauges mounted on the sleeve show more pronounced compliance issues: the 

measured strains are markedly smaller than the specimen strains and result in unreasonably high 

apparent stiffness (Figure 2.6B: the estimated Young’s modulus E≈ 419 GPa of the light green 

line is six times higher than the standard value of E≈ 69 GPa). Higher confining pressures 

reduce compliance effects (Figure 2.6). Nevertheless, mounting strain gauges -even long ones- 

on top of the sleeve is ill-advised. 

Specimen-bonded strain gauges are the best option for pre-peak strain measurements 

(Figures 2.5 and 2.6). However, strain gauges fixed directly on the specimen require properly 

sealed cables to avoid leakage. In our setup, we pierce a small hole through the Viton sleeve 

directly at the location where the cables attach to the strain gauges and fill the hole with both 

silicon sealant and polyurethane. This method is still prone to leaks; one-in-four of our 

specimens required resealing. Note: we maintained the experimental conditions after resealing 

and results continued to show similar values during multiple tests in the same specimens.  

2.3.3 Surface Roughness  

Surface topography gathered with the large D=1 mm tip (ASTM D4543) renders a smoother 

surface than the more accurate and higher resolution interferometer data (spot size D=7 μm). In 

fact, the large tip acts as a non-linear low-pass filter (Table 2.3 - see also Figures 2.7A-C). 

Circumferential profiles gathered at 5 and 10 mm radii on the aluminum specimen end face 

reveal the effect of polishing on surface topography:  the unpolished surfaces have a ~150 μm 
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elevation range compared to ~38 μm for the polished specimen surface (Figures 2.7). Note that 

both values exceed the maximum 25 μm range recommended in ASTM D4543.  

Endcaps have their own topography. Orthogonal radial profiles on the endcaps exhibit a 

clear concave geometry with the inner section ~14 μm higher than the perimeter (Figure 2.8). 

The following section explores implications on inferred stress-strain data. 

2.4 Analyses and Discussion 

2.4.1 Seating Effects and Surface Roughness 

Previous results show that the measured specimen and endcap topographies “h” are uneven 

along the perimeter and cause tilting, as hinted by the differential deformation measured with the 

diametrically opposite cap-to-cap LVDTs. Furthermore, asperities experience stress 

concentration  sasp=  s (As/Aasp) where the applied external stress s is amplified by the area 

ratio (As/Aasp) resulting in the localized deformation δ. Therefore, we evaluated the influence of 

the area covered by the asperities in both the local deformations and the complete stack strain 

values (aluminum specimen and interface asperities) based on the known equations of 

deformation and strain. 

d$%& = e	 ∙ *$%& =
s$%&
+ *$%& =

s
+
,%
,$%&

*$%& (2.1) 

where subscripts refer to asperities “asp” and specimen “s”. Then, the total strain ecomp 

computed from cap-to-cap LVDTs deformation measurements is 

e-./& =
d% + 1	d$%&
*% + *$%&

≈

s
+*% + 1	

s
+
,%
,$%&

*$%&

*%
=
s
+ 3 + 1
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*%
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s
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This first-order approximation captures the main parameters that determine seating effects, 

herein combined into the single j-factor. Experimental results show that the j-factor ranges 

between j= 1.7 and j= 2.5 in this study. However, these values depend on the range of area 

covered by the asperities and the original conditions of the specimen. Values extend from j= 1 

for a completely flat specimen and j= 10 for a very localized rough specimen. 

Finite element modeling allows us to simulate the complete deformation of the endcap-

specimen-endcap stack (COMSOL Multiphysics). The model parameters for elasto-plastic 

aluminum behavior are: elastic modulus E= 69 GPa, Poisson’s ratio ν= 0.33 and initial yield 

stress 5ys0= 276 MPa. Similarly, E= 113.8 GPa, ν= 0.34 and 5ys0= 880 MPa for the titanium 

endcaps (ASM Handbook 1990; Boyer et al. 1994). We use the von Mises yield criterion 5mises 

 67 = 8/9%:% − 87% ≤ = (2.3) 

and isotropic linear hardening where the yield stress 5ys follows  

 87% = 87%= + +9%.>?.&9-@&: (2.4) 

 +9%. =
3

3
+A9%.

− 3
+

 (2.5) 

where "BC is the effective plastic strain, DE#F the isotropic elastic modulus and DGE#F the post-

yield tangential modulus; for aluminum: DGE#F= 562 MPa (Thota et al. 2015); titanium: DGE#F= 

1.25 GPa (Ziaja 2009). During the numerical analysis, we imposd an axial force in the top-cap 

and constraind the bottom-cap in the x, y and z directions as seen in Figure 2.9. We also 

simulated two interface macro-topographies inspired by the measured surfaces (Figure 2.9): (1) 
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convex-aluminum surface on flat endcaps, and (2) concave endcaps against a flat aluminum 

surface (the flattened circular contact Dcontact= 10 mm avoids numerical instability). Both of them 

are spherical sectors of radius Rc and height hasp. Simulations consider three different [hasp,Rc] 

pairs: [80 Hm, 1000 mm], [40 Hm, 2000 mm], and [20 Hm, 4000 mm]. We selected these macro-

topographic planes because although the real surfaces are rough in the microscopic scale the 

gross geometry controls the contact points (Greenwood and Williamson 1966; Halliday 1955). 

Therefore, the contact behavior of a surface can be described in terms of two material properties: 

the deformation and elastic modulus, and two topographic parameters: the mean radius of the 

asperity summits and asperity heights (Greenwood and Williamson 1966; Abbott and Firestone 

1933).  

Results in Figure 2.9 show the seating effects on the stress-strain response computed from 

cap-to-cap deformation measurements. Clearly, convexity/concavity at interfaces has a 

pronounced effect on the inferred specimen response and its stiffness. Numerical results reveal a 

29% decrease in estimated stiffness for 20 HI concavity height, reaching as much as 50% 

stiffness reduction for 80 HI concavity height. For comparison, experimental results show 

~8% diminished elastic modulus for a measured concavity height of ~14 HI. 

2.4.2 Ultrasonic Velocity  

Ultrasonic data gathered during the triaxial tests also show the effect of specimen-endcap 

interfaces by hindering energy transmission. Figure 2.10 shows the received energy (normalized 

by the received energy at the highest deviatoric stress) as a function of deviatoric stress for both 

rough and polished aluminum specimens. The data reveal enhanced coupling and higher received 

energy at high axial stresses. In contrast, energy transmission drops by one (polished) to two 
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(rough) orders of magnitude at lower deviatoric stress levels. Clearly, wave transmission 

emerges as a sensitive indicator of the evolving specimen-endcap interfaces.  

We use coda wave analysis to accurately determine changes in first arrival times (Dai et al. 

2013). The stretching factor JCODA is proportional to the time shift of the first arrival time t 

between two signals a and b in a cascade: 

 OPQR, =
S>
>$
=

>$ − >T
>$

 (2.6) 

Figure 2.11A and 2.11B display cascades of P- and S-wave signatures acquired for the 

polished aluminum specimen (a subset of the signals is shown for clarity). We calculated the P- 

and S-wave first arrival points with the Coda Wave Interferometry steps listed below (Dai et al. 

2013): 1) select an initial reference signal using standard first arrival detection techniques, 2) 

establish a set of stretching factors, 3) resample the signals with the stretching factors and 

analyze the reference trace with the subsequent signals, 4) select the stretching factor, which 

displays the most significant amplitude and zero lag-shifts, 5) input a new reference signal at a 

later deviatoric stress value if the first selected reference wave does not match the later signals 

due to changes caused by rock damage, and 6) calculate the first arrival times. 

The red markers indicate first arrival times obtained from coda wave analysis where the 

signal at the highest deviatoric stress is used as the base trace. Figures 2.11C and 2.11D show the 

computed P- and S-wave velocities using the instantaneous specimen length, as a function of 

deviatoric stress during loading (red) and unloading (blue). While the transmitted acoustic 

energy changes with stress level (Figure 2.10), coda wave analysis recovers changes in travel 

time even for low deviatoric stresses. The data shows that propagation velocities increase with 
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axial deviatoric stress and not only adequately correlate with a power log-log fitting equation 

computed using the experimental data points of this research but also resemble a physical 

Hertzian-type power function: 

 U = V
8W
XY$

Z
 (2.7) 

where [ is the wave velocity at 1 MPa, and the \-exponent reflects the stress sensitivity. The 

low stress sensitivity of wave velocity in aluminum β= 0.003-to-0.007 is caused by changes in 

interatomic distance. On the other hand, rock specimens tend to exhibit higher stress sensitivity 

associated with inter-crystalline changes and closure of inter-grain gaps; our measurement results 

show: Eagle Ford shale β= 0.004-to-0.005, Jubaila carbonate β= 0.009-to-0.020, and Berea 

sandstone β= 0.032-to-0.044. In comparison, the stress sensitivity of the propagation velocity is 

much higher in fractured rocks and granular media where contact mechanics controls stiffness 

and the β-exponent can range from β≈ 0.2 -to- β > 0.5 (Cha et al. 2014). 

2.4.3 Impact on Static and Dynamic Moduli 

The static modulus is a low frequency measurement, where the wavelength is much longer than 

the specimen height λ>>L, and the duration of the measurement is much longer than any internal 

time scale in the system Tmeas>>Tint. Typically, the static modulus is obtained from uniaxial 

compression stress-strain data (ASTM D7012). On the other hand, the dynamic modulus results 

from high frequency measurements, and short wavelengths so that the perturbation may interact 

with internal time and spatial scales in the specimen (impulse response, ASTM E1876; ultrasonic 

ASTM E494; sonic resonance, ASTM E1875; resonance column, ASTM D4015; cyclic loading, 

ASTM D5311). Table 2.4 summarizes test conditions for commonly used dynamic techniques. 



	

	
	

59 

The dynamic modulus obtained with high-frequency wave propagation is typically higher 

than the static modulus because of: (1) ballistic wave propagation along high velocity pathways 

that avoid low velocity zones in heterogeneous media including grain debonding, and cavities 

(Zisman 1933; Ide 1936; Simmons and Brace 1965; Cheng 1981); (2) global-vs-local drainage 

conditions (Biot 1956; Dvorkin et al. 1995); and (3) strain level (Fjaer 2019). 

Figure 2.12 displays the static tangential modulus derived from strain gauge data (4 MPa 

deviatoric stress increment, strain level between 0.0005 and 0.0006), and the dynamic modulus 

computed from ultrasonic P- and S-wave velocities as a function of the deviatoric stress. Static 

and dynamic moduli follow the same loading trend with deviatoric stress sd, however, the 

dynamic modulus is higher than the quasi-static modulus, Edyn/Est³1 in both the aluminum and 

shale specimen. For completeness, we include the static modulus estimated from cap-to-cap 

LVDTs deformation measurements: this static modulus is significantly lower and exhibits a 

markedly higher stress sensitivity due to the non-linear seating effects discussed above. 

Figure 2.13 plots static Est and dynamic Edyn moduli compiled from the literature; the 

different symbols distinguish local and cap-to-cap instrumentations (empirical relations for 

Edyn/Est can be found in King 1983, Eissa and Kazi 1988, Christaras et al. 1994, Brautigam et al., 

1998, Mockovčhiaková and Pandula 2003, Soroush and Fahimifar 2003, and Brotons et al. 2014 

and 2016). The figure includes values obtained as part of this research (Data shown at 15 MPa 

axial deviatoric stress only). Differences between dynamic and static moduli reduce when local 

strain measurements are used; in fact, previously reported Edyn/Est ratios are due in part to 

inherent measurement biases. However, the ratio remains Edyn/Est³1.0 even when specimen-

bonded strain gauges are used; therefore, internal spatial and time scales, strain level and 

propagation phenomena do affect the stiffness measured using wave propagation techniques.  
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2.4.4 Impact on Biot’s αb-parameter  

Biot’s αb-parameter relates the applied total stress 5 and pore fluid pressure ]̂  to the effective 

stress 5_ (Biot 1941),  

 8_ = 8 − VTY& (2.8) 

Biot’s αb-parameter requires careful measurement of the skeleton à and the grain `b bulk 

moduli (Biot 1941): 

 VT = 3 −
c%

c/
 (2.9) 

Experimental results presented above show that cap-to-cap LVDTs deformation 

measurements lead to a lower skeleton bulk modulus à due to seating effects which result in 

higher αb-parameter values. 

 
= < VTe.-$e < VTfe.T$e < 3 (2.10) 

While local strain measurements avoid the seating effects on stiffness, compliance effects at 

specimen-endcap interfaces still affect the pore pressure generation. Therefore, accurate 

polishing of endcaps and specimen surfaces will play a critical role in the determination of the 

αb-parameter. 

2.5 Conclusions 

Surface roughness at the specimen-endcap interfaces causes high local deformation, tilting and 

even specimen bending due to the stress concentration created in the asperities. These seating 

effects affect the measurement of all mechanical properties, from stiffness and Poisson’s ratio to 

Biot’s poroelastic αb-parameter. Seating effects pronounced at low normal stresses (relative to 
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the specimen stiffness), that is, during early stages of confinement and deviatoric loading with 

non-elastic deformations up to ~20 MPa.  

Cap-to-cap LVDTs deformation measurements are particularly affected by seating effects. 

The measured stress-strain trends reflect significantly reduced stiffness up to ~50% and exhibit 

hysteresis. Measurement errors do not cancel when considering the average of diametrically 

opposite LVDT deformation measurements. The installation of deformation transducers over the 

sleeve results in compliance issues and biases measurements due to non-repetitive or constant 

analyses.  

Local strain measurements using specimen bonded strain gauges avoid seating effects. 

Sealing is critical and prone to leakage in standard triaxial configurations – one in four tested 

specimens still displayed this issue. Mounting strain gauges on sleeves is ill-advised due to 

compliance effects.  

Minimizing surface roughness limits the impact of seating effects by ~2 times. Polishing the 

specimen and endcaps may be important even when using specimen-bonded strain gauges. For 

example, compliance at the specimen-endcap interfaces affect pore pressure generation and the 

determination of Biot’s αb-parameter.  

High-resolution profilometer measurements of the complete 2D specimen surfaces or triaxial 

endcaps provide a direct, high-resolution assessment of the complete surface topography and its 

potential impact on triaxial test data. Small spot-size profilometer data identifies differences in 

surface roughness often missed with the large mechanical tips and related standard testing 

protocols currently used in practice that measure one direction profiles and not complete 

surfaces.  
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Surface roughness and the mismatch at specimen-endcap interfaces can greatly reduce the 

transmitted ultrasonic energy by around one to two orders of magnitude. Whilst this does not 

affect ultrasonic first arrivals per se, low energy transmission may impact the detectability of 

first arrivals and affect the computed modulus.  

Accurate measurements of deformation and strain in triaxial tests allow the study of 

important rock phenomena, such as differences between dynamic and static modulus, and the 

stress sensitivity of the dynamic modulus observed even in intact rock specimens.  

Therefore, this chapter shows the influence of the interface topography on seating and 

bending effects using high resolution tools and detailed evaluations of measurement devices 

under different conditions that are not possible using standard ASTM procedures. The research 

also shows the influence of interface topography on seating and bending effects with the 

combined use of experimental, analytical, and numerical methods in contrast to previously 

published methods. The results of this chapter clearly show the most accurate methods that will 

reduce the number of external uncertainties during triaxial tests. 
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Figure 2.1. Instrumentation. Configuration A: two specimen-bonded strain gauges. Configuration 
B: two strain gauges bonded on top of the Viton sleeve. Configurations A and B: cap-to-cap 
LVDTs. Configuration C: local LVDTs mounted on top of the Viton sleeve. 
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Figure 2.2. Aluminum specimen. (A) Loading history. (B) Stress-strain curves for an unpolished 
aluminum specimen. Green lines: strain measured with strain gauges. Blue lines: strain computed 
from cap-to-cap LVDT measurements. Stress-strain curves follow the same loading unloading 
paths regardless of strain rates. Seating effects readily seen in LVDT data. Dashed black line: 
standard aluminum Young’s modulus E= 69 GPa. 
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Figure 2.3. Stress-strain response for rough and polished aluminum specimens. Data gathered 
using cap-to-cap LVDTs and strain gauges SG. (A) Polished specimen with specimen-bonded 
strain gauges. (B) Rough specimen with strain gauges mounted on top of the Viton sleeve. Green 
lines: average strain measurements obtained using strain gauges. Orange and blue lines: average 
strain computed from cap-to-cap LVDT measurements. Pink box: seating effects. Dashed black 
line: standard aluminum Young’s modulus E= 69 GPa.	 	
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Figure 2.4. Stress-strain response of intact rock specimens (unconfined and dry). The orange 
lines correspond to the mean strain values derived from cap-to-cap LVDTs, and the green lines 
indicate the mean strain values obtained from strain gauges (SG) installed directly onto rock 
specimens. Strain gauge data lead to higher stiffness values and suggest that the real rock 
characteristics are due to the non-initial plastic deformations seen in the orange profiles. Results 
continued to show similar values during multiple tests and loading-unloading conditions in the 
same specimens.  
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Figure 2.5. Stress-strain curves measured for a polished aluminum specimen – LVDT installation 
effects. Green lines: average strain measured with specimen-bonded strain gauges. Orange and 
blue lines: average strain computed from cap-to-cap LVDT measurements. Red lines: average 
strain computed from local LVDTs mounted on the sleeve. Test at 0 MPa (A) and 60 MPa (B) 
confining pressures. Dashed black line: standard aluminum Young’s modulus E= 69 GPa. 
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Figure 2.6. Stress-strain curves measured for polished and rough aluminum specimens – Strain 
gauge installation effects. (A) Polished specimen. (B) Rough specimen. Green lines: average 
strain measurements with strain gauges mounted on the Viton sleeve. Orange and blue lines: 
average strain computed from cap-to-cap LVDT measurements. Darker green, blue and orange 
lines correspond to higher confining pressures. Dashed black line: standard aluminum Young’s 
modulus E= 69 GPa. 	
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Figure 2.7. Surface topography: Polished and rough aluminum specimens. Circumferential 
profiles of the (A) top and (B and C) bottom surfaces. Optical profilometer: rough surface (blue 
lines) and polished surface (orange lines). Measurements following ASTM D4543 standards 
shown as blue points. Sketches show measurement locations in light red color. (D) Stress-strain 
curves measured with cap-to-cap LVDTs for the polished (orange) and rough aluminum 
specimens (blue). The light green line shows specimen-bonded strain gauge measurements. The 
profilometer roughness profile has a standard deviation of ~13 μm in the aluminum specimen. 
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Figure 2.8. Triaxial endcaps surface profile – Optical profilometer. Top (A) and bottom (B) 
endcaps. Roughness measurements along two orthogonal paths (see sketches). The profilometer 
roughness profile has a standard deviation of ~11 μm in the endcaps.  
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Figure 2.9. Numerical and experimental stress-strain curves for the aluminum specimen. (A) 
Configuration-1:  flat or polished endcaps on top of an aluminum specimen with a convex 
surface; the depth of convexity varies between d=20 and 80 μm. (B) Configuration-2: flat or 
polished aluminum specimen below concave-shaped endcaps; the height of concavity varies 
between h=20 and 80 μm. Green dashed line: experimental results from specimen-bonded strain 
gauges. Blue and orange dashed lines: cap-to-cap LVDT measurements. Continuous lines: 
numerical results. Each numerical test was run multiple times and resulted in low computation 
uncertainty. Inset image: numerical boundary conditions. 
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Figure 2.10. Transmitted P-wave energy as a function of deviatoric stress in polished and rough 
aluminum specimens - Integral of the energy within the time window shown in red normalized 
by the maximum value at 60 MPa. Filled symbols correspond to the loading path while open 
symbols correspond to unloading.  
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Figure 2.11. Ultrasonic P- and S-wave data acquired with the polished aluminum specimen under 
unconfined conditions. Cascades of (A) P- and (B) S-wave signatures; red crosses indicate the 
first arrival times obtained through coda wave analysis. (C and D) Ultrasonic velocity as a 
function of deviatoric stress. Red points: loading. Blue points: unloading. P- and S-wave 
velocities follow a Hertzian-type power function. The measurement uncertainties are: ~55  m/s 
for VP and ~17 m/s for VS. The power log-log fitting equation not only correlates adequately with 
the experimental data points but also resembles a physical Hertzian-type power function with the 
proportion of deviation R2= ~0.97 obtained from the best fitting line of experimental VP and 
deviatoric stress values. 
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Figure 2.12. Static and dynamic stiffness for the polished aluminum and Eagle Ford shale 
specimens at 0 MPa confining pressure. The measurement uncertainties are: dynamic moduli - 
~0.3 GPa, static (local) moduli - ~3 GPa, and static (cap-to-cap) moduli - ~6 GPa.	Black squares: 
dynamic modulus from wave propagation. Green squares: static modulus calculated from 
specimen-bonded strain gauges. Orange squares: static modulus from cap-to-cap LVDTs.  
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Figure 2.13. Static versus dynamic Young's moduli. Colors: lithology or specimen type. Symbol 
shape: instrumentation (square= strain gauges; triangle= cap-to-cap polished specimens; 
diamond= cap-to-cap rough specimens). Large symbols show results gathered in this study at 15 
MPa deviatoric stress. Small symbols correspond to published data for various rock types (Fei et 
al. 2016; Sone and Zoback 2013; Elkatatny et al. 2018; Gong et al. 2019; Mockovčhiaková and 
Pandula 2003; Brotons et al. 2014, 2016).	 The measurement uncertainties depend on the 
measurement location and range from 0.1 to 0.5 GPa in the dynamic modulus and between 1 to 
10 GPa in the static modulus.	 Literature data points show the reported values without any 
reference to standard deviations. The proportion of deviation is R2= ~0.78 obtained from the best 
fitting line of experimental/published static vs. dynamic young’s modulus values. 
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Table 2.1. Overview of strain measurement devices used in published triaxial studies. 

 
 

Strain measurement 
Devices / Techniques 

Measurement 
Ranges and 
Resolutions 

Benefits / Limitations References 

Local measurements/techniques 

Strain Gauges 
0.3 – 150 mm range. 

Less than 1 µm 
resolution. 

-Flexible, submersible, 
-Requires complete sealing, not reusable, 
strain drifting, time intensive installation. 

(Howarth 1984; 
van Heerden 1987) 

Local Linear Variable 
Differential Transformer 

(LVDT) 

Up to 10 mm range. 
Less than 1 µm 

resolution. 

-Good resolution, stability, linear 
calibration, reusable, submersible 

-Costly, susceptible to jamming, slippage 
errors. 

(Atkinson 2000; 
Wild et al. 2017) 

Electro Level Inclinometer Resolution up to 1 µm. 

-Submersible, compatible with 
unconsolidated specimens. 

-Bulky, prone to tilting effects, hysteresis 
effects. 

 

(Jardine et 
al. 1984; Symes 

and Burland 1984) 

Hall Effect Local Strain 
Transducers 

4-6 mm range. 
Less than 0.1 

µm resolution. 

-Fixed or floating type 
-Difficulties in sensor alignment, and 

sensitive to lower pad rotations. 

(Clayton 
and Khatrush 

1986) 

Digital Image Correlation u
sing Digital Camera 

Ranges and resolutions 
dependent on camera 

specifications. 

-Straight forward operation 
-Edge effects, requires clear confining fluid 

and transparent pressured vessel. 

(Bhandari et al. 
2012; Li et al. 

2016) 

Local Strain Transducers- 
LST 

Up to 1.5 mm range. 
1 µm resolution. 

-Reusable 
-Non-linear calibration, slippage error due 

to clamping on the jacket. 
(Tatsuoka 1988) 

Proximity Sensors Up to 5 mm range. 
Up to 10 nm resolution. 

-Fixed/floating, high resolution 
-Expensive, advanced setup, mostly non-

submersible 

(Hird and Yung 
1989) 

Fiber Bragg Grating - FBG Up to 80 mm range. 
4.45 µm resolution. 

-Less expensive than Local Deformation 
Transducer - LDT 

-Bulky, and slippage error due to clamping 
on the jacket. 

(Xu 2017) 

Global measurements/techniques 

Cap-to-cap LVDT 
Up to 1 m range. 
Less than 1 µm 

resolution. 

-Submersible, easy to install, linear 
calibration, reusable 

-Prone to seating and bending effects. 

(Filho 1985; Tisato 
and Madonna 

2012) 
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Table 2.2. Specimen specifications, confining pressures and peak stresses used during the loading/unloading cycles. Note: all rock 
specimen come from outcrop samples. 

Specimen 
Length Diameter L:D Mass Estimated 

UCS**** 
Confining 
Pressure Peak Stress [MPa] 

[mm]** [mm]** ratio [gr]*** [MPa] [MPa] 1st cycle 2nd cycle 3rd cycle 

Aluminum 50.230 25.105 2.00:1 67.132 310* 0, 10, 30, 60 60 60 60 

Eagle Ford Shale 50.896 25.435 2.00:1 65.639 130-150 0 58 58 58 

Berea Sandstone 51.349 25.385 2.02:1 55.194 62-78 0 35 35 - 

Jubaila Carbonate 1 
(Packstone) 57.841 26.813 2.16:1 78.752 24-48 0 21 21 - 

Jubaila Carbonate 2 

(Wackestone) 
53.953 26.714 2.02:1 72.989 24-48 0 10 15 20 

 
Note: *(ASM Handbook, 1990) **Degree of uncertainty in length and diameter are equal to 5 µm. *** Degree of uncertainty in mass 
is equal to 0.5 mg. The average top and bottom surface roughness for the rock specimens is ~10 µm.****UCS= unconfined 
compressive strength. Other experimental values include the complete set of computed results and therefore do not display the 
associated statistical deviation or representative equipment uncertainty. 
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Table 2.3. Surface roughness for aluminum and rock specimens according to ASTM standard 
and profilometer measurements. 

 ASTM D4543 (1 mm tip) Profilometer (7 μm spot size) 

Specimen Max amplitude STD Max amplitude STD 
[μm] [μm]* [μm] [μm]* 

Aluminum 23 12 38 13 
Eagle Ford shale 11 5 20 6 
Jubaila carbonate 10 4 13 4 
Berea Sandstone 23 11 41 11 

Endcaps 21 11 34 11 
 

Note: *STD represents the ±standard deviation. 
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Table 2.4. Overview of dynamic measurement techniques to derive elastic moduli. 

Methods Frequency Range Measurements Excitation 

Impulse response 
ASTM E1876 

100 Hz - 50 kHz 
(depends on specimen 

stiffness and size) 
 

Fundamental resonant 
frequency 

Mechanically by a singular elastic 
strike with an impulse tool 

Ultrasonic 
ASTM E494 

1-20 MHz 
 Pulse transit time Low strain pulse using piezo 

transducers 

Sonic Resonance 
ASTM E1875 100-30000 Hz Resonant frequency 

Variable-frequency audio oscillator. A 
speaker of the tweeter type or a 

magnetic cutting head 
 

Resonance 
Column 

ASTM D4015 

0.1-300 Hz (for soils) 
(depends on specimen 

stiffness and size) 
 

Fundamental resonant 
frequency 

Flexural and longitudinal vibration 
using electromagnetic devices 

Cyclic Loading 
ASTM D5311 0.1-2 Hz Strain and phase shift Loading-unloading using tri/uniaxial 

compression device 
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Chapter 3 - Shale Brittleness  
 

3.1 Introduction 

Shale rocks have rapidly increased in importance due to the high potential for oil and gas 

production in these formations (EIA 2017). However, these rock formations require the 

mechanical processes of hydraulic fracturing to obtain effective production outcomes. This 

chapter builds on the knowledge of boundary effects in triaxial tests (presented in chapter 2) to 

characterize the rock mechanic properties of shale specimens. We evaluate the ability of 

advanced compressive rock measurements to both detect strength anisotropy using Hoek and 

Brown failure envelopes and the regions that require less pressure to induce failure and achieve 

open fractures known as “mechanic sweet spots”. These evaluations use specimens with different 

bedding angles and confinement pressures. 

To define these sweet spots, we use the brittleness index that is able to characterize the 

formation in detail and highlight the most promising areas for stimulation and production (Sayers 

1994; Slatt and Abousleiman 2011). However, there are over 21 equations that can compute this 

parameter in the published literature. These evaluations present a wide variety of equations that 

use elastic moduli, strength, strain, or index property data to obtain results. Yet, these standard 

evaluations of brittleness do not usually consider the influence of anisotropy in shale specimens 

or are challenging to obtain in field or laboratory conditions, which affects the accuracy of the 

final results. Typical brittleness measurements suggest that higher stiffness and peak stresses 

create larger brittleness values. However, increases in confinement pressures can lead to stiff and 

ductile rock behaviors in shales (Alassi et al. 2011). 

This chapter presents the evaluation of shale brittleness using compressive rock mechanic 

measurements. The study provides comprehensive laboratory analyses of six different shale 
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formations. The analyses include index property evaluations and rock mechanic measurements at 

different effective confining pressures and bedding orientations to develop a simpler and 

physics-based brittleness approach using the area under the stress-strain curve. However, the new 

approach still requires the use of advanced triaxial systems and complete stress-strain curves that 

can become challenging and costly when analyzing shale specimens. For this reason, the chapter 

further simplifies the new energy approach with the use of simple asymptotes that can be easily 

adapted to field conditions.  

Therefore, the results of the different experimental assessments combined with computed 

values from rock mechanic parameters and stress-strain curves of published references provide 

the sensitivity of the compressive measurements to detect anisotropic behaviors. These results 

also demonstrate the effectiveness of the new physics-based energy approach compared to 

current brittleness indices. 

3.2 Previous Studies 

Table 3.1 presents 21 commonly used methods to characterize brittleness in rock formations. 

These methods have differences in the underlying physics, definitions, and results. Common 

limitations of these approaches also include the difficulties in defining the brittle-ductile 

boundary between rock specimens with different peak or residual strengths and elastic moduli. In 

addition, the requirement to obtain complete stress-strain curves to calculate the critical 

parameters and the lack of consideration of the rock specimen response to different confining 

pressures further compounds these limitations. We divided the brittleness calculations into four 

different groups depending on the variables used in the analyses: Stress-Strain, Acoustic Wave 

Signals, Strength, and Index Properties. The Stress-Strain approach is sub-divided into five 

sections:  
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(1) The deformation equations which use either the elastic, inelastic, or residual strain values, 

and the axial loads at pre-or post-peak stages for the different confining pressures (Coates 

1966; Hucka and Das 1974; Andreev 1995; George 1995; Hajiabdolmajid et al. 2003; 

Holt et al. 2011).  

(2) The normalized stress equations which use the peak or residual strength values of the 

stress-strain curves (Bishop 1967; Yang et al. 2013; Yang et al. 2013). 

(3) The elastic moduli equations which incorporate stiffness values of the stress-strain curves 

before and after the peak stress (Tarasov and Potvin 2013). 

(4) The friction angle equation computed with the Mohr-Coulomb failure angles (Hucka and 

Das 1974).  

(5) The elastic-plastic ratio, which uses the area under the stress-strain curve and the elastic 

and inelastic strains (Baron et al. 1962; Hucka and Das 1974). This last method offers 

correct values for extended plastic deformations or stiffer rocks by contrast to the 

inherent limitations of the previously mentioned approaches. However, without the 

complete stress-strain curves, the calculations of the boundaries become complicated.  

The second group of brittleness measurements is the Acoustic Wave Signals. These approaches 

calculate the brittleness with empirically converted and normalized Poisson’s Ratios, Young’s 

Modulus, and density values, all obtained from well-log data (Mullen et al. 2007; Rickman et al. 

2008; Sun et al. 2013; Luan et al. 2014). In addition to the general limitations previously 

described, these methods do not apply to all shale formations due to empirical correlations that 

only apply to certain rock groups. The third brittleness group is the Strength approach an 

additional limitation of these methods is that they rely entirely on the material index values and 

do not consider the evolution of rock mechanics. This group has two sections:  
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(1) The compressive/tensile strength equations, which use the ratio of the two strengths 

and the rock density or an empirical linear regression of these values (Hucka and Das 

1974; Altindag 2002; Kahraman 2002; Gong and Zhao 2007; Yagiz 2009; Tarasov 

and Potvin 2013). 

(2) The indentation equations which use the force vs. penetration values or the amount of 

produced fines combined with the degree of strength (Honda and Sanada 1956; 

Protodyakonov 1962; Hucka and Das 1974; Morrow et al. 2000; Yagiz 2009).  

The fourth brittleness group is the Index Property approach. These techniques further 

limitations are that the mineralogy ratios do not always react to changes in depth, pressure, 

temperature, diagenesis, and total organic carbon TOC. We divide this evaluation into two 

sections:  

(1) The mineral composition which uses X-ray Diffraction XRD to obtain the mineral 

distribution and associated brittleness ratios (Wells 2004; Jarvie et al. 2007; Wang 

and Gale 2009; Jin et al. 2014a; Jin et al. 2014b). 

(2) The porosity calculations which use an empirically derived equation from the 

brittleness vs. porosity values of different rock formations (Jin et al. 2014b).  

3.3 Experimental Studies 

The experimental study falls as an energy based improvement to the Stress-Strain group. The 

development of these evaluations has two parts. The first section presents a comprehensive index 

characterization and a scratch test evaluation. The second section describes the rock mechanic 

measurements that incorporate triaxial compression tests. Experimental details follow. 
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3.3.1 Principles of the Triaxial and Scratch Tests 

Figure 3.1 describes the triaxial test principles in detail. The triaxial tests are divided in multiple 

settings: confined dry, confined saturated, and unconfined saturated. This study tested the shales 

under confined dry conditions due to the outcrop conditions of some specimens. The evaluations 

use a cylindrical rock specimen mounted between two end-caps. Confined triaxial tests follow 

initially an application of constant hydrostatic pressures on all directions Pc of an enclosed 

specimen within a Viton sleeve under dry conditions. Tests also implement an axial load Fc or 

axial displacement Δx to record the compressive rock mechanics behavior due to these external 

influences. The computed parameters are: failure plane angle βC= 45+φf/2, friction coefficient 

μ= tan(φf), cohesion c, deviatoric stress σd= σ1- σ3, confiment stress σ3=Pc/AS, axial stress σ1= 

Fc/AS, radial strain εR= Δv/V, and axial strain εZ= Δx/X under different confinement conditions 

using the Mohr-Coulomb failure envelopes. The normal stress σN, shear stress τ are computed as 

follow (Jaeger et al. 2007): 

!" =
$
% !$ + !' + $% !$ − !' )*+ %, (3.1) 

- = −$% !$ − !' +./%, = 0 + !"1 (3.2) 

Figure 3.2 describes the scratch tests principle in detail. This strength index measurement 

device uses a stiff system to impose a constant velocity V movement over a rock specimen using 

a sharp and tilted θcut= 15o Polycrystalline Diamond Compact PDC cutter with a constant 10 mm 

width w. The device measures the normal FN and the shear forces FS needed to scratch a 

specimen’s cross-sectional area with a depth of cut d that we set according to individual 

measurement requirements. However, we prevent small rock piece failures due to the use of 
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reasonable depths of cut that achieve a shearing of granular materials, constant cross sectional 

areas, and repeatable force patterns at the different depths. The normal forces also depend on the 

specific rock type interfacial friction angles ψ. The final outcomes of this measurement device 

are the continuous normal and shear force profiles along the complete length of the specimen 

that can be transformed to specific energies ESE (Richard 1999; Dagrain 2001; Richard et al. 

2012). 

2 = 3045 + 6 (3.3) 

7 = 89/2 (3.4) 

:; = <;<=> (3.5) 

:" = 7<;<=> 
(3.6) 

3.3.2 Index Property Characterization and Scratch Test Protocol 

To better understand the complicated geology or layered characteristics of these shales, we 

performed a comprehensive index characterization in all shale specimens, which includes: 

Scanning Electron Microscopy SEM for imaging, Energy Dispersive Spectroscopy EDS / X-ray 

Diffraction XRD for mineralogy, CHNS/O elemental analyzer for the total organic carbon, 

Mercury Injection Capillary Pressure MICP / Nitrogen Adsorption Technique N2 for pore size 

distribution, Helium Porosimeter for porosity, and scratch tests for force values. 

The microstructural composition in shale rocks plays an essential role in the matrix and 

bedding planes (Davidson 1999; Jarvie et al. 2007; Wang and Gale 2009). Previous research 
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confirms that preliminary mineral analyses of the shale specimens can show the heterogeneity 

distribution (Dawson 2000). We used the FEI-Magellan SEM and EDS systems to observe the 

mineralogy distribution inside our specimens. The tests involved three different thin sections for 

each shale formation. We ground and polished each thin section to obtain a smooth surface and 

avoid absorption or edge effects. We glued each of the specimens with double-sided carbon tape 

and secured these to the stubs with single-sided aluminum tape and a 5 nm iridium coating to 

avoid charging effects. The applied beam energy was 6.4 nA with a voltage of 7.5 hV. The 

energy and voltage parameters ensured the recovery of a large percentage of X-rays with firm 

energy peaks.  

We quantified the total amount and type of mineral distribution in each of our shale 

formations using the D8 Bruker Advanced XRD system. This method required multiple ground 

powder specimens for each representative region of the different shales. The measurements of 

the simple crystalline structures (silicates, carbonates, and pyrite) used an X-ray beam angle 

ranging from 20° to 90° with constant increments of 0.02° and a divergence slit of 0.5o. The 

difficult crystalline structures (phyllosilicates) required an angle range of 5° to 20° (Breeden and 

Shipman 2004). We calculated the experimental weights using Bragg’s law with the standard and 

specimen intensity peak values as inputs (Berry 1970; Chung 1974). 

The petrophysical index evaluations (kerogen type, TOC, pore size distribution, density, and 

porosity) helped to assess the hydrocarbon potential and expected hydraulic fracturing response 

of the rock formations. Therefore, we measured the TOC using the Flash 2000 elemental 

analyzer to derive the weighted percentage of C, H, N, S, and O as a function of the pyrolysis 

process. We used 2 mg of three different powder samples from each representative region of the 

selected shales to assess the complete inorganic and organic carbon. Calculations of the organic 
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carbon involved the subtraction of the measured inorganic carbon from the total value. We 

measured the inorganic carbon by dissolving the organic regions with three mols of HCl 

followed by multiple drying cycles at 60 ºC until no further reactions occurred between the rock 

powder and acid.  

Analysis of the porosity and grain density used a helium pycnometer for all the shale 

specimens with the bulk density as the measured input value. We calculated the pore size 

distribution using a combination of the Micrometrics AutoPore IV system for the MICP and the 

Micrometrics Accelerated Surface Area and Porosimeter – ASAP 2020 for the N2 technique. The 

combination of both techniques achieved a broader range of pore size distributions (2 nm – 200 

µm) (Bustin et al. 2008; Clarkson et al. 2013; Yang et al. 2013; Tian et al. 2013; Kuila and 

Prasad 2013a). The MICP measurements used two clean and ground specimens for each of the 

different shales studied with a particle distribution of ~0.84 mm due to the high intruding 

pressures required by the system. We cleaned the organic content from the specimens using 

alternate flushing cycles of toluene and acetone. The N2 adsorption method used multiple ground 

specimens with a grain size range of ~0.074 mm to reduce the required time for gas equilibrium 

and adsorption. We measured the pore size distribution analyses with the N2 adsorption method 

in conjunction with the BJH (Barrett, Joyner, and Halenda) model (Barrett et al. 1951).  

 
Sample preparation for the scratch tests involved cutting three rectangular rock surface 

sections into three different configurations: (1) matrix section (dark gray region), (2) laminae 

(light gray region), and (3) interlayered area (matrix and laminae regions). The test procedures 

included a flattening step to ensure equal surface measurements and a series of five scratches to 

obtain the average force results. In each of the scratches, the depth of cut increased by 0.02 mm 

until a final thickness of 0.10 mm.  
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3.3.3 Rock Mechanics Test Protocol 

The rock mechanic tests measured the anisotropic influence over the elastic linear/non-linear 

regions, plastic sections, and post-failure schemes of the different shale specimens. The tests 

started with a detailed sample preparation to create 2 to 5 plugs per shale formation depending on 

the amount of available rock sections with a 25 mm diameter and a length to width ratio of 2:1. 

We maintained constant densities of ±50 kg/m3 (ASTM D4543) in these comparative analyses. 

The specimen surfaces were prepared up to a relative flatness in accordance with the ASTM 

D4543. We mounted two rosette type strain gauges diametrically opposite each other at the 

specimen’s mid-height and beneath the Viton sleeve (installation details in ASTM D7012). The 

rosette gauges had a 3.18 mm length with a ±3?10−2 strain range that allowed the simultaneous 

collection of axial and radial strain data for the correct determination of Poisson’s ratio. The 

selected configuration also avoided the seating effects at the end-caps and specimen interfaces 

and prevented initial non-elastic deformations that created reduced static stiffness values 

(Perbawa et al. 2019). We also included cap-to-cap LVDTs to ensure accurate post-failure stress-

strain curve analyses. 

The loading sequence involved: (1) confining stress loading cycles up to 0/1 MPa 

(unconfined), 10 MPa, 30 MPa, 60 MPa, or 100 MPa depending on the failure analysis with a 

rate of ~20 kPa/sec; and (2) axial stress loading up to failure at a rate of ~10 kPa/sec. We 

repeated these tests for three different bedding angles: 0˚, 45˚, and 90˚. The selected confining 

stress levels reflect a depth that ranges from 0 to around 4 km and is representative of 

unconventional, geothermal, and carbon storage reservoir conditions. The chosen bedding angles 

illustrate the most critical layered distributions inside these reservoir formations. However, we 
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did not consider the effects of temperature with all the measurements conducted at room 

temperature. 

We mounted and aligned the rock bedding angles, the direction of major principal stress, and 

end-cap piezo-crystals to enhance the anisotropic comparison across all the specimens, as 

presented in Figure 3.3.  

3.3.4 Rock Specimens 

Tested rocks included specimens from the following shale formations: Muwaqqar Chalk Marl 

(referred to herein as Jordanian shale) Mancos, Bakken, Eagle Ford, Kimmeridge Clay, and 

Wolfcamp. Tables 3.2 to 3.5 summarizes the specimen properties. Appendix 1 includes a typical 

image of one specimen from each of the studied shale formations. 

3.4 Experimental Results 

3.4.1 Mineralogy and Petrophysical Properties 

The shale specimens present a complicated geology with a layered nature that may affect 

measurements of mechanical properties. Both regions contain a boundary between the 

laminations, as seen in the typical results of the Eagle Ford shale specimen (Figure 3.4). Table 

3.3 presents the SEM and EDS results for the different shales and shows the composition of the 

matrix and laminations. 

Figure 3.5 illustrates the mineral classification of the bulk shale specimens as ternary diagram 

distributions. We created a large database of shale mineral compositions with a total of ~1000 

data points gathered from (Gallois 1983; Abed and Amireh 1983; Shaw and Primmer 1991; 

Hornby 1998; Hamarneh 1998; Nygard and Gutierrez 2002; Mba and Prasad 2010; Sone 2012; 

Sarg 2012; Fishmana et al. 2012; Horton 2012; Vasin et al. 2013; Baumgardner et al. 2014; 
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Andrews 2014; Uvarova et al. 2014; Patrusheva et al. 2014; Chermak and Madeline 2014; Roush 

2015  Xu and Sonnenberg 2016; Wickard 2016; Lei, 2016; Yang and Zoback 2016; Ayhan 2016; 

Kruichak et al. 2016; Kalteyer 2017; Zhao et al. 2017; Zhang et al. 2017; Li 2017; Fu et al. 2017; 

Birgenheier et al. 2017; Puura et al. 2017; Olabode 2017; Liu 2018; Bievenour 2018;  Gupta et 

al. 2018;  Rassouli 2018; Zhang and Sheng 2018; Kanitpanyacharoen and Miyagi, 2018; Sams 

2018; Cavelan et al. 2019; Li et al. 2019; McGuinness 2019; Gaus et al. 2020; Peng et al. 2020). 

We used this database to compare the experimental results and to understand the different shale 

mineral distributions. Table 3.4 presents the dominant mineral composition and average 

distribution from both the experimental results and database values. The table also displays the 

experimental average TOC and accessible porosity results. Petrophysical analyses show that the 

experimental shale specimens display a predominately kerogen distribution of type II and IIS, the 

potential for oil generation, and a marine depositional environment. Our results agree well with 

the published data with the exception of the larger distributions seen in the Wolfcamp shale that 

covers both mineral regions. We evaluated the geological age and extended the formation 

description to better differentiate the studied shale specimens from other sections inside the same 

reservoir. This thesis evaluates shales from the Cenozoic, Mesozoic, and Paleozoic eras with the 

majority located in the Cretaceous period; however, each specimen has a different geological age 

as seen in Figure 3.6. 

3.4.2 Scratch Test Results 

Figure 3.7A presents the typical scratch test results, which show noticeable force histogram 

differences between the pure laminae and matrix regions of all specimens. However, the 

interlayer scratch test shows a force histogram peak value at ~125 N between the laminae and 

matrix sections and a larger range of forces ~75 N than individually analyzed sections of ~57 N. 
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This localized test suggests strong interlayer bonding between the laminae and matrix regions in 

the calcareous shales that are not evident in the siliceous specimens. Note: the experimental 

results also show that this test can detect the small presence of mechanical anisotropy in 

specimens with strong interlayer bonding. 

3.4.3 Compressive Triaxial Measurements 

Triaxial test measurements enabled stress-strain calculations, peak stress, and elastic moduli as a 

function of bedding angle, confinement, density, and porosity (Table 3.6). 

Experimental results show a correlation between increased rock strength, stiffness, and 

ductility that depend on confining pressures. However, the post peak analyses reveal that a 

sudden drop in axial load leads to brittle shear failure (material that breaks in the elastic region 

with a sudden strain softening) as seen in the calcareous shales (Eagle Ford, Wolfcamp, 

Jordanian) tested below 20 MPa of confining pressure. Confining values above 30 MPa produce 

brittle-ductile transitions or complete ductile behaviors in calcareous shales as seen in the 100 

MPa curve. This behavior refers to a material that presents large deformations without fracturing 

in the plastic region due to strain hardening (Figure 3.8). By contrast, siliceous shales require 

larger confinement values of above 60 MPa to achieve these transition points. As expected, these 

individual results suggest that the rock specimen mineralogy, porosity, and bedding angle 

distributions could have an effect on brittleness evaluations. However, we wanted to investigate 

if the new energy approach could capture these effects in one unique measurement.  

3.5 Analyses and Discussion 

3.5.1 Compressive Anisotropy 

The purpose of this section is to evaluate the accuracy of the triaxial measurements on the 

compressive mechanic anisotropy. We used the failure envelopes calculated from these triaxial 
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results at different confining pressures to detect changes in friction angles or cohesion values 

between bedding distributions. The shear vs. normal stress plot shows the unconfined 

compressive strength UCS values; however, the Hoek and Brown analyses provides a better fit to 

shale rocks due to the non-linear and plastic failure characteristic of these specimens at different 

confining pressures. We evaluate this failure criterion using equations 3.7 and 3.8, as seen in 

Figure 3.9 (Hoek and Brown 1980; Hoek et al. 2002).  

	 !$	 =
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Where, σ1 principal stress at failure, σ3 confining stress, σC uniaxial compressive stress φf 

friction angle, and s - m failure envelope material constants. The calcareous specimens did not 

show any deviations between bedding angles and one unique Hoek and Brown failure envelope 

as seen in the Eagle Ford plot of Figure 3.9. The Mohr-Coulomb analyses of the calcareous 

shales also did not show major differences between the bedding angles, with friction coefficients 

of ~µ= 0.55 and cohesion values of ~c= 40 MPa. Consequently, the calcareous specimens do not 

show signs of large anisotropic behaviors in compressive tests with differences in cohesion 

values between bedding angles of ~9%, a finding which agrees with earlier studies of other high 

carbonates (>40%) rock formations (Paterson and Wong 2005; Zoback 2007; Mokhtari et al. 

2016). By contrast to the calcareous results, the siliceous specimens show anisotropic 

characteristics that depend on the bedding angles as observed by the presence of three distinct 

failure envelopes and the differences in cohesion values between bedding angles of ~48%, 

(Table 3.7).  
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Figure 3.10 presents the typical vertical compaction, radial dilation, and failure fracture 

patterns for all specimens that result from different confinement values and bedding angles. The 

failure patterns at low confinement values show multiple decentralized small blocks with 

splitting fractures. Intermediate confining pressures present large failure block sections with 

single shear fractures. High confinement failure leads to horizontal enlargements, vertical 

reductions, and interconnected small shear bands. These different observed deformations are a 

general feature of rock failure. However, the study shows that the range of confinement pressures 

needed to achieve these different types of damage depend on the mineral distributions. 

Calcareous specimens display plastic failures at smaller confinement pressures of ~30 MPa, 

which contrasts with the siliceous specimen’s pressures of >60 MPa. Porosity also has a 

significant effect on failure; larger porosities >5% promote a greater ductile/plastic behavior at 

lower confinement pressures independent of the mineral composition. 

3.5.2 Energy Approach to Brittleness 

The experimental results provide a basis for the development of a more robust and physics-

based approach to brittleness that considers the anisotropic behavior of shale rock formations. 

The proposed new energy approach considers the area under the triaxial stress-strain curve 

before the peak stress to compute the total energy (elastic and inelastic) needed for rock failure 

(Figure 3.11). Due to the strong association with the ductile response, we only use the inelastic 

region of the total energy. We calculate this inelastic region by the subtraction of the elastic 

section eE from the total energy. The elastic energy is considered in this research as the triangular 

area under the stress-strain curve before the peak deviatoric stress and computed using Eq. 3.9. 

as follows:  
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The inelastic and total energy display a good correlation that mainly depends on the variation 

of strain hardening/softening and elastic/plastic stiffness. However, we had to evaluate if these 

parameters independently controlled the evolution of inelastic energy and the accuracy of this 

process. This analysis not only includes the experimental results but also ~600 digitized stress-

strain curves and rock mechanic properties from multiple shale rock formations to ensure reliable 

results as seen in Figure 3.12 (McLamore and Gray 1967; Niandou et al. 1997; Wong 1998; 

Popp and Salzer 2007; Corkuma and Martin 2007; Popp et al. 2008; Dewhurst et al. 2011; Sone 

2012; Josh et al. 2012; Islam and Skalle 2013; Yuan et al. 2013; Li et al. 2013; Siegesmund et al. 

2014;  Zhang et al. 2014; Masri et al. 2014; Carey et al. 2015; Abdi et al. 2015; Holt et al. 2015; 

Dewhurst et al. 2015; Li et al. 2015; Li et al. 2016; Wu et al. 2016; Yan et al. 2017; Ding et al. 

2017; Hou et al. 2018; Jiang et al. 2018; Zhao et al. 2018; Kivi et al. 2018; Yin et al. 2018; Wu et 

al. 2018; Han et al. 2018; Lyu, et al. 2018; Herrmann et al. 2018; Wanga et al. 2019; Guo et al. 

2019; Zhou et al. 2019; Wang et al. 2019; Zhao et al. 2019; Xian et al. 2019; Fana et al. 2019; 

Hao et al. 2019; Guo et al. 2020; Yang et al. 2020).  

We used the digitized curves from the published literature to create a 3D plot and evaluated 

the measured inelastic energy against different rock mechanic parameters. The results show 

different clusters of strength that simultaneously evolve with stiffness, peak strain, and inelastic 

energy. Therefore, rock strength has a major impact on these critical parameters with increments 

of up to two orders of magnitude in stronger rocks depending on the strain value, or decrements 

of up to three orders of magnitude in stiffer rocks (Figure 3.12). The results also show that the 

strength and stiffness asymptotes had an influence in the inelastic energy evolution and could be 
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used to simplify the energy approach. However, we achieve a better fit when we include the peak 

strain due to the better deviations computed with R2= ~0.74 in contrast to R2= ~0.51 as seen in 

the stiffness results (Figure 3.12). Note: the peak strain is difficult to obtain with a simplified or 

field equivalent technique and was not included in the energy evaluation. The specimen mineral 

compositions could provide insights into this parameter due to the different brittle/ductile 

transition points at similar confining pressures; however, further investigation was beyond the 

scope of this study. 

For this reason, we decided to simplify the energy approach using selected boundary 

parameters for calculations of the required energy area. The first selected parameter is the 

dynamic elastic modulus Edyn obtained directly from well-log field analyses. The second 

parameter is the calculated strength values from scratch test results, which can also be obtained 

directly from field formations. To assess the effectiveness of the scratch measurements, we 

evaluated experimental UCS results and scratch test values together with ~460 digitized data 

points from the literature (Richard 1999; Dagrain 2001; Van Parys et al. 2005; Richard et al. 

2012; Musaed et al. 2014; Munoz et al. 2014). The combined results showed a good correlation 

between the scratch test intrinsic specific cutting energy ISES and the UCS values (Figure 3.7B). 

Correlations between these two parameters displayed standard deviations and some values 

outside the one to one fitting equations at larger UCS values, but showed an overall good linear 

fit. 

Therefore, the simplified approach uses an elastic scheme obtained using Eq. 3.10 based on 

the triangular area calculation as detailed earlier but in this case using the dynamic elastic moduli 

and strength asymptotes as seen in Figure 3.11. 
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The simplified field inelastic energy approach eF and laboratory inelastic energy method eI show 

a scatter log-log power fit; however, with a significant correlation for each selected rock strength 

group that almost approaches the one to one line (Figure 3.13). These analyses suggest that both 

methods work equally well to predict the energy needed to reach the point of rock failure even 

without the use of the critical peak strain asymptote. 

A comparison of the new energy approaches to the standard brittleness equations previously 

described (Stress-Strain, Acoustic Wave Signals, Strength, and Index Properties) confirms that 

the proposed energy methods result in precise characterizations of physics-based rock behaviors 

even if not perfect power log-log correlations were seen in the previous results (Figure 3.14). 

The new energy methods show a correlation between the amount of inelastic energy present 

during brittle or ductile failures and the brittleness index. These approaches can also detect the 

brittle/ductile transition points at different confinement and mineralogy values based on the 

inelastic to total energy ratios (Figure 3.15). Results show that the siliceous shales present lower 

amounts of inelastic energy ~2 times than those seen in calcareous specimens at the same 

confinement pressures. 

3.6 Conclusions 

Compressive triaxial tests showed that strength, strain, stiffness, and ductility are controlled 

by confining pressures independent of the shale mineral distributions.  

Damaged rocks showed multiple decentralized splitting fractures at low confinements, single 

shear failure bands at medium confining pressures, and interconnected small shears with larger 

deformations at larger confinement values. However, in contrast to previous studies it was found 
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that the range of confinement pressures required to induce these damages depend on the mineral 

compositions of the shales. Results suggest that plastic failures occur in calcareous specimens at 

~30 MPa and siliceous specimens at >60 MPa. Larger porosities >5% promote a greater 

ductile/plastic behavior. 

Calcareous shales display marked interlayer schemes with strong bonding between the matrix 

and laminae regions. This strong bonding results in smaller compressive strength deviations of 

~9%, no bulk anisotropy, absence of a plane of weakness, and no dependency on the bedding 

angles. However, the siliceous specimens show a clear anisotropic behavior and a strength 

difference of ~43% with one failure envelope per each bedding angle.  

Rock formations with larger porosity values amplify or decrease the strength anisotropy 

created by the shale mineral composition, as seen in the calcareous Jordanian shale with ~53% 

and siliceous Kimmeridge clay with ~16%. Therefore, the compressive rock mechanic 

evaluations display a low sensitivity to rock strength anisotropy. 

Nevertheless, the compressive non-linear failures show an inelastic energy development that 

accurately detects the ductile response for correct brittle-ductile transition points. The critical 

parameters that control inelastic energy are the stiffness, strength, and peak strain inside the shale 

specimens.  

Accurate correlations between the measured inelastic energy method (area under stress-strain 

curves) and the field inelastic energy approach (Edyn, scratch strength) show that the proposed 

energy methods can be applied to offer a more robust approach. This new approach captures the 

precise characterization of physics-based rock behaviors and the brittleness values in comparison 

to standard assessments.  
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However, due to the challenging evaluations of the peak strain asymptote associated with 

field equivalent techniques we were not able to improve the proposed field brittleness index. The 

mineral compositions may provide insights into the peak strain asymptote due to the different 

brittle/ductile transition points. 

Therefore, the new simplified field or laboratory energy methods have the potential to assist 

with the selection of the areas in the shale formations that require less energy to achieve failure 

and brittle open fractures. The correct identification of these sweet spots may lead to enhanced 

recovery of hydrocarbons.  
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Figure 3.1. Triaxial test measurement principles. Mohr-Coulomb circles and specimen failure 
envelope within the shear vs. normal stress plot. Red line: failure envelope with the respective 
friction angle f or friction coefficient μ and the cohesion c intercept on the shear stress axis. 
Blue line: two times the failure plane angle β of the specimen. Black half circles: Mohr circles 
developed at different confinment pressures. Inset image shows the triaxial system schematic 
end-caps, LVDT deformation measurement systems, and strain gauges SG. The loading 
conditions on the system are an axial principal stress σ1, and a constant confining pressure σ3. 
Zoomed-in sections shows the experimental fracture plane and normal stress σN due to generated 
shear failures.  
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Figure 3.2. Scratch test measurement principles. Black sketch: PDC cutter moving forward at a 
constant velocity V. The measurement uses a stiff system to only scratch the assigned depths and 
widths of cut to accurately measure the forces required for every cross sectional area. Light gray 
area: original rock surface, Dark gray area: cross-sectional area being scratched at a respective 
depth of cut d. Figure modified from (Richard 1999; Dagrain 2001) 
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Figure 3.3. Alignment of the shale specimens inside the Triaxial cell used for mechanical 
compression measurements. Plugs oriented with respect to the location of the radial strain (Et1 
and Et2) and the position of the axial strain (Ea1 and Ea2) measurements. The schematics show 
the alignment of the different bedding angles with continuous white lines (0o, 45º, and 90º). The 
horizontal black arrows indicate the orientation of the Et1 and Et2 radial strain measurement 
system. The vertical black arrows display the measurement direction of the axial strain (Ea1 and 
Ea2) and axial load.  
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Figure 3.4. Scanning Electron Microscope images and Energy-Dispersive X-ray Spectroscopy 
chemical analysis of the Eagle Ford shale specimens. A) Clear boundary (white dashed line) 
between the two different layers inside the specimen. B) (Ca/Si/Al/C) layer. C) (S/Mg/Fe) layer. 
D) Dissolution and precipitation of high sulfate organic carbon (Carbon Bisulfide – Bitumen). E) 
Zoomed-in view of the blue circle area in Image B showing the Quartz crystals and 
Phyllosilicate minerals. F) Zoomed-in view of the area within the orange circle in Image C, 
which shows precipitations of CaCO3, MgCaCO3, and Pyrite. 
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Figure 3.5. Mineralogy composition and kerogen types of the six different shale specimens. Blue 
dots: published data from: (Gallois 1983; Abed and Amireh 1983; Shaw and Primmer 1991; 
Hornby 1998; Hamarneh 1998; Nygard and Gutierrez 2002; Mba and Prasad 2010; Sone 2012; 
Sarg 2012; Fishmana et al. 2012; Horton 2012; Vasin et al. 2013; Baumgardner et al. 2014; 
Andrews 2014; Uvarova et al. 2014; Patrusheva et al. 2014; Chermak and Madeline 2014; Roush 
2015  Xu and Sonnenberg 2016; Wickard 2016; Lei, 2016; Yang and Zoback 2016; Ayhan 2016; 
Kruichak et al. 2016; Kalteyer 2017; Zhao et al. 2017; Zhang et al. 2017; Li 2017; Fu et al. 2017; 
Birgenheier et al. 2017; Puura et al. 2017; Olabode 2017; Liu 2018; Bievenour 2018;  Gupta et 
al. 2018;  Rassouli 2018; Zhang and Sheng 2018; Kanitpanyacharoen and Miyagi, 2018; Sams 
2018; Cavelan et al. 2019; Li et al. 2019; McGuinness 2019; Gaus et al. 2020; Peng et al. 2020). 
Red dots: study test results obtained with Energy-Dispersive X-ray Spectroscopy and X-Ray 
Powder Diffraction. Blue and green shaded areas: Kerogen - Type II and IIS. Pink shaded areas: 
Kerogen - Type III and IV. Purple shaded areas: Kerogen - Type II. Modified from (Compton 
1991; Reid and McIntyre 2001; Evenick and McClain 2013).  
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Figure 3.6. Geological age of the studied shale formations. (Condon 2003; Donovan et al. 2012; 
Hussein et al. 2014-2015; Blomquist 2016; ICS 2016; Sonnenberg 2017; Lowery and Leckie 
2017; Abu-Mahfouz et al. 2019) 
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Figure 3.7. Scratch test results and analyses. (A) Plot of the average force vs. length for a typical 
shale using the Eagle Ford specimen. Analyses of three different configurations, calcite laminae 
(top plot), silicate-clay matrix (middle plot), and interlayer system (bottom plot). Inset 
histograms next to each of the scratch plots show the range of force variations inside the 
specimens. (B) Results of intrinsic specific energy from the scratch tests vs. unconfined 
compressive strengths for different rock types. Experimental siliceous shales represented by the 
large yellow shapes; triangle - Kimmeridge, circle - Bakken, diamond - Mancos. Experimental 
calcareous shales represented by large red shapes; circle - Eagle Ford, square - Wolfcamp, 
triangle - Jordanian. Data points compiled from the literature of different rock formations 
represented with the small dots; blue dots - limestone, green dots - sandstones, purple dots - 
shales, orange dots - other types of rock specimens obtained from (Richard 1999; Dagrain 2001; 
Van Parys et al. 2005; Richard et al. 2012; Musaed et al. 2014; Munoz et al. 2014). Standard 
deviations shown only for the experimental average values. Literature data points show the 
reported values without any reference to standard deviations. Experimental UCS results are 
unique values and therefore do not have a statistical deviation. The proportion of deviation is R2= 
~0.85 obtained from the best fitting line of experimental/published UCS vs. ISES. 
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Figure 3.8. Axial stress vs. radial/axial strain results obtained from the Eagle Ford and Bakken 
specimens. The plots show the elastic modulus, peak stress-strain at failure, and the post-failure 
behavior. Confining pressures Pc; purple line – 1 MPa, green line – 15 MPa, red line – 30 MPa, 
black line – 60 MPa, and blue line – 100 MPa. (A) Triaxial measurement of a 0o bedding angle 
Eagle Ford specimen. (B) Triaxial measurement of a 45o bedding angle Eagle Ford specimen. 
(C) Triaxial measurement of a 90o bedding angle Eagle Ford specimen. (D) Triaxial 
measurement of a 90o bedding angle Bakken specimen. 
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Figure 3.9. Hoek and Brown failure envelopes for the different triaxial tests conducted with the 
Bakken and Eagle Ford shales. Summarized results of σ1 (principal stress at failure) vs. σ3 
(confining stress). The plots show the failure envelopes for the complete set of confinement 
pressures shown (1, 30, and, 60 MPa) and bedding angles (0º, 45o, and 90º). Red triangles: shale 
specimens with a 90o bedding angle. Yellow squares: shale specimens with a 0o bedding angle. 
Blue diamonds: shale specimens with a 45o bedding angle. The yellow Hoek and Brown failure 
envelope shows the best fit for the 0o bedding angle Bakken specimens. The blue Hoek and 
Brown failure envelope shows the best fit for the 45o bedding angle Bakken specimens. The red 
Hoek and Brown failure envelope shows the best fit for the 90o bedding angle Bakken 
specimens. The black Hoek and Brown failure envelope shows the best fit for the 0o, 45o, and 90o 
bedding angles of the Eagle Ford specimens. Experimental data points present the complete set 
of computed values and therefore do not have a statistical deviation or representative 
measurement uncertainty. The proportion of deviation is Eagle Ford - R2= ~0.99. Bakken 0o - 
R2= ~0.95. Bakken 45o - R2= ~0.63. Bakken 45o - R2= ~0.99 obtained from the best fitting line of 
experimental confinement vs. principal stress values. 
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Figure 3.10. Grayscale optimized images of the post-failure residues and fracture patterns inside 
the Eagle Ford specimens. Thicker black lines highlight the fracture locations. Images show the 
change in axial (	H) and radial (	D) values for each specimen at the maximum peak stress, as 
indicated in the far-left column. The images represent all residues and fracture patterns at 
different confinement pressures (1, 10, 30, 60, and 100 MPa) and bedding angles (0º, 45o, and 
90º).  
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Figure 3.11. Energy evolution analysis. Laboratory measured energy computed with the area 
under the stress strain curve. Red area: elastic energy obtained using the static Young’s modulus 
and peak stress values from the stress-strain curves using the inset equations. Blue area: 
measured inelastic energy obtained by subtracting the elastic from the total energy to failure. 
Simplified field analog energy method computed using the inset equation based on the stiffness 
(yellow line) and strength (gray line) asymptotes which can be obtained using the dynamic 
Young’s modulus from well-log data and peak stress values from scratch tests.  
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Figure 3.12. Measured inelastic energies vs. key rock mechanic parameters and total energies. 
Experimental siliceous shales represented by the large yellow shapes; triangle - Kimmeridge, 
circle - Bakken, diamond - Mancos. Experimental calcareous shales represented by the large red 
shapes; circle - Eagle Ford, square - Wolfcamp, triangle - Jordanian. Experimental shale results 
at different levels of confinement and bedding angles during triaxial tests. Small colored dots: 
total and inelastic energy values and rock mechanic parameters for different shale specimens 
computed using stress-strain data points compiled from the literature (McLamore and Gray 1967; 
Niandou et al. 1997; Wong 1998; Popp and Salzer 2007; Corkuma and Martin 2007; Popp et al. 
2008; Dewhurst et al. 2011; Sone 2012; Josh et al. 2012; Islam and Skalle 2013; Yuan et al. 
2013; Li et al. 2013; Siegesmund et al. 2014;  Zhang et al. 2014; Masri et al. 2014; Carey et al. 
2015; Abdi et al. 2015; Holt et al. 2015; Dewhurst et al. 2015; Li et al. 2015; Li et al. 2016; Wu 
et al. 2016; Yan et al. 2017; Ding et al. 2017; Hou et al. 2018; Jiang et al. 2018; Zhao et al. 2018; 
Kivi et al. 2018; Yin et al. 2018; Wu et al. 2018; Han et al. 2018; Lyu, et al. 2018; Herrmann et 
al. 2018; Wanga et al. 2019; Guo et al. 2019; Zhou et al. 2019; Wang et al. 2019; Zhao et al. 
2019; Xian et al. 2019; Fana et al. 2019; Hao et al. 2019; Guo et al. 2020; Yang et al. 2020). 
Light blue dots: literature data grouped by axial stress values between 0 and 100 MPa. Purple 
dots: literature data grouped by axial stress values between 100 and 200 MPa. Green dots: 
literature data grouped by axial stress values between 200 and 300 MPa. Orange dots: literature 
data grouped by axial stress values between 300 and 400 MPa. Gray dots: literature data grouped 
by axial stress values between 400 and 700 MPa. Dotted lines: log-log power fit using the inset 
equations matched with the color that corresponds to the axial stress groups. (A) Measured 
inelastic energy vs. static stiffness. The proportion of deviation is between R2= 0.20 and 0.51 
obtained from the best fitting line of stiffness, strength and eI values. (B) Measured inelastic 
energy vs. peak strain. The proportion of deviation is between R2= 0.53 and 0.74 obtained from 
the best fitting line of peak strain, strength and eI values. The inset image presents the stress-
strain curve and the strength and stiffness asymptotes. Literature and experimental data points 
present the complete set of computed values and therefore do not have a statistical deviation or 
representative measurement uncertainty.  
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Figure 3.13. Proposed field inelastic energy approach vs. measured inelastic energy method. 
Experimental siliceous shales represented by the large yellow shapes; triangle - Kimmeridge, 
circle - Bakken, diamond - Mancos. Experimental calcareous shales represented by the large red 
shapes; circle - Eagle Ford, square - Wolfcamp, triangle - Jordanian. Experimental shale results 
at different levels of confinement and bedding angles during triaxial tests. Small colored dots: 
field inelastic and measured inelastic energy values for different shale specimens computed using 
stress-strain data points compiled from the literature (McLamore and Gray 1967; Niandou et al. 
1997; Wong 1998; Popp and Salzer 2007; Corkuma and Martin 2007; Popp et al. 2008; 
Dewhurst et al. 2011; Sone 2012; Josh et al. 2012; Islam and Skalle 2013; Yuan et al. 2013; Li et 
al. 2013; Siegesmund et al. 2014;  Zhang et al. 2014; Masri et al. 2014; Carey et al. 2015; Abdi 
et al. 2015; Holt et al. 2015; Dewhurst et al. 2015; Li et al. 2015; Li et al. 2016; Wu et al. 2016; 
Yan et al. 2017; Ding et al. 2017; Hou et al. 2018; Jiang et al. 2018; Zhao et al. 2018; Kivi et al. 
2018; Yin et al. 2018; Wu et al. 2018; Han et al. 2018; Lyu, et al. 2018; Herrmann et al. 2018; 
Wanga et al. 2019; Guo et al. 2019; Zhou et al. 2019; Wang et al. 2019; Zhao et al. 2019; Xian et 
al. 2019; Fana et al. 2019; Hao et al. 2019; Guo et al. 2020; Yang et al. 2020). Light blue dots: 
literature data grouped by axial stress values between 0 and 100 MPa. Purple dots: literature data 
grouped by axial stress values between 100 and 200 MPa. Green dots: literature data grouped by 
axial stress values between 200 and 300 MPa. Orange dots: literature data grouped by axial stress 
values between 300 and 400 MPa. Gray dots: literature data grouped by axial stress values 
between 400 and 700 MPa. Solid black lines: one to one log-log power fit. The proportion of 
deviation is R2= ~0.50 obtained from the best fitting line of eF and eI values. Literature and 
experimental data points present the complete set of computed values and therefore do not have a 
statistical deviation or representative measurement uncertainty. 
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Figure 3.14. Plots of frequently published brittleness indices equations and our brittleness 
inelastic energy method vs. the measured inelastic energy required for complete specimen 
failure. Red dots: literature and experimental brittleness evaluations using the specified inset 
equations. (A) The equation uses the empirical and normalized static elastic moduli from the 
dynamic elastic moduli acquired from the acoustic wave signals. (B) The equation uses the pre- 
and post-peak static elastic moduli values from the stress-strain curves. (C) The equation uses the 
silicate and carbonate mineralogy content. (D) The equation uses the porosity. (E) The equation 
uses the peak compressive and tensile strength values. (F) The equation uses computed inelastic 
and total energy values. Literature data obtained from (McLamore and Gray 1967; Niandou et al. 
1997; Wong 1998; Popp and Salzer 2007; Corkuma and Martin 2007; Popp et al. 2008; 
Dewhurst et al. 2011; Sone 2012; Josh et al. 2012; Islam and Skalle 2013; Yuan et al. 2013; Li et 
al. 2013; Siegesmund et al. 2014;  Zhang et al. 2014; Masri et al. 2014; Carey et al. 2015; Abdi 
et al. 2015; Holt et al. 2015; Dewhurst et al. 2015; Li et al. 2015; Li et al. 2016; Wu et al. 2016; 
Yan et al. 2017; Ding et al. 2017; Hou et al. 2018; Jiang et al. 2018; Zhao et al. 2018; Kivi et al. 
2018; Yin et al. 2018; Wu et al. 2018; Han et al. 2018; Lyu, et al. 2018; Herrmann et al. 2018; 
Wanga et al. 2019; Guo et al. 2019; Zhou et al. 2019; Wang et al. 2019; Zhao et al. 2019; Xian et 
al. 2019; Fana et al. 2019; Hao et al. 2019; Guo et al. 2020; Yang et al. 2020). Literature and 
experimental data points present the complete set of computed values and therefore do not have a 
statistical deviation or representative measurement uncertainty. 
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Figure 3.15. Confinement pressures required for brittle-ductile transitions with respect to the 
mineral composition. Colored dots: Experimental and literature data of the inelastic to total 
energy ratio to achieve rock failure. The inset color bar defines the range of brittleness. 
Literature data computed using stress-strain values from (McLamore and Gray 1967; Niandou et 
al. 1997; Wong 1998; Popp and Salzer 2007; Corkuma and Martin 2007; Popp et al. 2008; 
Dewhurst et al. 2011; Sone 2012; Josh et al. 2012; Islam and Skalle 2013; Yuan et al. 2013; Li et 
al. 2013; Siegesmund et al. 2014;  Zhang et al. 2014; Masri et al. 2014; Carey et al. 2015; Abdi 
et al. 2015; Holt et al. 2015; Dewhurst et al. 2015; Li et al. 2015; Li et al. 2016; Wu et al. 2016; 
Yan et al. 2017; Ding et al. 2017; Hou et al. 2018; Jiang et al. 2018; Zhao et al. 2018; Kivi et al. 
2018; Yin et al. 2018; Wu et al. 2018; Han et al. 2018; Lyu, et al. 2018; Herrmann et al. 2018; 
Wanga et al. 2019; Guo et al. 2019; Zhou et al. 2019; Wang et al. 2019; Zhao et al. 2019; Xian et 
al. 2019; Fana et al. 2019; Hao et al. 2019; Guo et al. 2020; Yang et al. 2020). (A) Ternary 
diagram of the rock mineralogy distribution and energy ratio for a confinement pressure range of 
0-5 MPa. (B) Ternary diagram of the rock mineralogy distribution and energy ratio for a 
confinement pressure range of 5-10 MPa. (C) Ternary diagram of the rock mineralogy 
distribution and energy ratio for a confinement pressure range of 10-20 MPa. (D) Ternary 
diagram of the rock mineralogy distribution and energy ratio for a confinement pressure range of 
20-40 MPa. (E) Ternary diagram of the rock mineralogy distribution and energy ratio for a 
confinement pressure range of 40-50 MPa. (F) Ternary diagram of the rock mineralogy 
distribution and energy ratio for a confinement pressure range of 50-100 MPa. Points with 
brittleness energy ratios at ~0.5 show the brittle-ductile transition points. Experimental data 
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points present the complete set of computed values and therefore do not have a statistical 
deviation or representative measurement uncertainty. 
Table 3.1. Standard brittleness equations. 

Equation Variables Method Reference 

BI1 = εel/εtot 
Elastic strain (ԑel), Total 

strain (ԑtot) at failure 

Stress/Strain 
Deformation 

Coates 1966;  
Hucka and Das 1974;  
Holt et al. 2011 

 
BI2 = εinel*100 

 
Inelastic strain (ԑinel) 

Andreev 1995;  
George 1995 

BI3 = 
NO
P	Q	NR

P

NR
P  

Mobilized friction strain 
(ST
U), strain with residual 

cohesive strength (SVU) 
Hajiabdolmajid et al. 2003 

BI4 = Wel /Wtot 
Elastic area (Wel), Total 

area (Wtot) at failure 
Stress/Strain 

Elastic/Plastic Ratio 
Baron et al. 1962;  
Hucka and Das 1974 

 
BI5 = WP	Q	WXWP

 

 

Peak and Residual 
strength (Yp, Yr) 

Stress/Strain  
Stress Variation 

Bishop 1967;  
Yang et al. 2013;  
Yang et al. 2013 

BI\ = 	
] _̂
]^̀ = aUbcd − aU_`

aUbcd
 

BIe = 	
] f̂
]^̀ = aU_`

aUbcd
 

Elastic energy (]^̀ ) = 
post-peak elastic modulus 

(Epost), Excess energy 
] f̂  = initial elastic 
modulus (Epre), and 

Rupture energy (] _̂) = 
Epost-Epre 

Stress/Strain 
 Elastic Modulus Tarasov and Potvin 2013 

BIh = sin ∅T Internal friction angle 
(∅E) 

Stress/Strain 
Friction Angle Hucka and Das 1974 

 
BI9 =

l
m

noR	Q	l	
hQl + poRQq.s	

q.ltQ	q.s  
ESC = Edyn * (0.8-∅) 

ucV = 	 uvwx  

 
Porosity ∅, Dynamic 

Young Modulus (Edyn), 
Dynamic Poisson (vdyn), 

and Density (y) 

Wave Propagation 
Elastic Modulus 

Mullen et al. 2007; 
Rickman et al. 2008 

 
BI10 = np 

 
Luan et al. 2014 

 
BI11 = nzp  

 
Sun et al. 2013 

BIlm = 	
YV
Yd
= 	YV − YdYV + Yd

 

Compressive stress (YV), 
Tensile stress (Yd) and 

Density (y) 
Strength 

Compressive/Tensile 

Hucka and Das 1974;  
Altindag 2002;  
Kahraman 2002;  
Gong and Zhao 2007 

BIl{ = 	
YV	Yd
2  Altindag 2002;  

Tarasov and Potvin 2013 
 

BIls = 	0.198YV − 2.174	Yd +
0.913y − 3.807 [MPa kg/m3] 

 Yagiz 2009 

BIlt = 	
ÑPÖÜáà
â`  [N/mm] Penetration (Pe), Force 

(Fpemax) 
Strength 

Indentation 
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BIl\ = 	äãYV [MPa] Fines ratio (fr), UCS (YV) 
Protodyakonov 1962;  
Hucka and Das 1974;  
Morrow et al. 2000 

BIle = 	
åç − å
é  

Indentation tests, macro 
(I), micro (Iμ), Bulk 

modulus (K), 
Honda and Sanada 1956 

BIlh = 	
è

è + ê + êëí Quartz (Q) Calcite (C), 
Clay (Cla), Limestone 
(Lm), Dolomite (Dol), 

and TOC Index Properties 
Mineralogy 

Wells 2004;  
Jarvie et al. 2007 

BIlì = 	
è + îïë

è + ñó + îïë + êëí + òôê Wang and Gale 2009 

BImq = 	 ö̂Ñõ + ú̂ù

û̂bd
 

Silicate minerals (quartz, 
feldspar, and mica - 
WQFM), Carbonate 
minerals (calcite, 
dolomite - WCD) 

Jin et al. 2014a 

BIml = 	−1.8748∅ + 0.9679 Porosity (∅) Index Properties 
Porosity Jin et al. 2014b 
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Table 3.2. Specimen dimensions, mass, and extraction location. 
 

Shale 
Specimen 

Specimen 
Reference 

Length Diameter L:D Mass 
Extraction 

Depth ± 
STD 

[mm]* [mm]* ratio [gr]** [m]*** 
Eagle Ford E0-1 145.2 31.0 0.27 63.578 Outcrop 
Eagle Ford E0-2 176.6 33.8 0.27 64.044 Outcrop 
Eagle Ford E0-3 201.5 34.5 0.27 64.259 Outcrop 
Eagle Ford E0-4 245.5 36.3 0.27 65.047 Outcrop 
Eagle Ford E0-5 305.8 37.6 0.27 64.923 Outcrop 
Eagle Ford E45-1 134.4 36.4 0.27 63.710 Outcrop 
Eagle Ford E45-2 171.7 37.6 0.27 64.053 Outcrop 
Eagle Ford E45-3 196.7 39.6 0.27 64.575 Outcrop 
Eagle Ford E45-4 247.9 39.8 0.27 64.884 Outcrop 
Eagle Ford E45-5 308.5 40.0 0.27 63.773 Outcrop 
Eagle Ford E90-1 134.2 36.0 0.27 62.720 Outcrop 
Eagle Ford E90-2 152.9 39.7 0.27 62.765 Outcrop 
Eagle Ford E90-3 207.5 40.5 0.27 62.242 Outcrop 
Eagle Ford E90-4 260.5 41.3 0.27 63.503 Outcrop 
Eagle Ford E90-5 313.2 42.5 0.27 61.883 Outcrop 

Mancos M0-1 98.9 14.5 0.27 63.667 Outcrop 
Mancos M0-2 55.8 8.7 0.30 64.618 Outcrop 
Mancos M0-3 203.0 17.1 0.27 64.492 Outcrop 
Mancos M45-1 60.0 13.9 0.34 64.618 Outcrop 
Mancos M45-2 16.5 7.1 0.36 64.679 Outcrop 
Mancos M45-3 172.9 19.4 0.24 65.009 Outcrop 
Mancos M90-1 81.5 16.9 0.32 64.587 Outcrop 
Mancos M90-2 33.0 8.0 0.26 64.184 Outcrop 
Mancos M90-3 197.2 17.9 0.24 64.785 Outcrop 

Wolfcamp W0-1 88.8 65.5 0.25 67.778 Outcrop 
Wolfcamp W0-2 71.1 62.3 0.28 67.847 Outcrop 
Wolfcamp W0-3 428.2 69.4 0.30 67.864 Outcrop 
Wolfcamp W45-1 144.7 74.7 0.31 68.478 Outcrop 
Wolfcamp W45-2 85.0 51.1 0.31 68.384 Outcrop 
Wolfcamp W45-3 405.8 75.8 0.31 68.358 Outcrop 
Wolfcamp W90-1 116.9 74.0 0.33 68.087 Outcrop 
Wolfcamp W90-2 115.0 72.9 0.31 67.530 Outcrop 
Wolfcamp W90-3 406.2 74.2 0.31 66.893 Outcrop 

Jordan J0-1 8.3 3.0 0.27 34.535 140 
Jordan J0-2 22.5 2.3 0.25 32.594 140 
Jordan J45-1 38.8 4.1 0.16 39.583 142 
Jordan J45-2 27.2 3.8 0.27 31.494 142 
Jordan J90-1 10.4 3.7 0.20 34.291 140 
Jordan J90-2 8.3 2.5 0.19 32.119 140 
Bakken B0-1 172.5 47.8 0.26 66.215 3230.2 
Bakken B0-2 130.0 35.4 0.22 66.122 3230.2 
Bakken B0-3 334.4 53.2 0.36 66.489 3230.2 
Bakken B45-1 6.7 39.4 0.10 61.535 3230.1 
Bakken B45-2 14.6 9.4 - 61.466 3230.1 
Bakken B45-3 286.8 40.8 0.25 65.957 3230.7 
Bakken B90-1 236.2 29.6 0.34 62.946 3230.5 
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Bakken B90-2 80.0 26.5 0.26 64.422 3230.5 
Bakken B90-3 312.0 42.6 0.26 63.297 3230.6 

Kimmeridge K0-1 2.9 1.1 0.35 50.403 2350.8±0.9 
Kimmeridge K45-1 2.8 2.8 0.35 51.146 2350.8±0.9 
Kimmeridge K90-1 2.0 0.8 0.45 53.105 2350.8±0.9 

 
Note: *Degrees of uncertainty in the length and diameter measurements are equal to 5 µm. ** 
Degree of uncertainty in the mass measurement is equal to 0.5 mg. The average top and bottom 
surface roughness for all rock specimens is ~10 µm. ***Depth displayed in “m” where 
applicable. STD represents the ± standard deviation.  
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Table 3.3. Shale specimen matrix and lamination mineral composition computed through SEM 
and EDS analyses. 
 
 

Shale 
Specimen Matrix Mineral Composition Average Lamination Size ± 

STD 
Lamination Mineral 

Composition 

  [mm]**  

Eagle Ford 
Calcite with inclusions of 
quartz, phyllosilicates, and 

organic carbon. 
0.75±0.25 Calcite and dolomite with pyrite 

inclusions. 

Mancos Quartz with inclusions of 
calcite and dolomite. 1.5±0.5 

Quartz with phyllosilicates, 
pyrite, and organic carbon 

inclusions. 

Wolfcamp Calcite with quartz and 
organic carbon inclusions. Unclear distribution Calcite with quartz inclusions. 

Jordanian Calcite with silicate and 
organic carbon inclusions. 0.5±0.25 Apatite with calcite and silicate 

inclusions. 

Bakken 
Quartz with inclusions of 

phyllosilicates and organic 
carbon. 

Unclear distribution Quartz with inclusions of calcite 
and phyllosilicates. 

Kimmeridge 
Quartz with phyllosilicate, 

carbonate, and organic carbon 
inclusions. 

1±0.5 Halite and albite with quartz and 
phyllosilicate inclusions. 

 
Note: STD represents the ± standard deviation. *Degree of uncertainty in the lamination size 
measurement is equal to 5 µm. ** Lamination size displayed in “mm” where applicable. 
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Table 3.4. Summary of dominant mineral regions, mineral distributions, total organic carbon, and non-invaded porosity values in shale 
specimens. Values were obtained from experimental results and published literature. 

 

Shale Specimen Dominant Mineral Region Average Mineral Distribution 
Experimental ± STD 

Average Mineral Distribution 
Literature ± STD 

Average 
TOC± 
STD 

Average 
Non-

Invaded 
Porosity ± 

STD** 

 Literature Experimental 
Silica+ 
Others 
* [%] 

Carbonate 
[%] 

Clay 
[%] 

Silica+ 
Others
* [%] 

Carbonate 
[%] 

Clay 
[%] [%] [%] 

Eagle Ford Calcareous/Argillaceous Calcareous 18±13 67±16 15±7 18±11 59±22 23±19 6.7±0.7 0.7±0.4 
Mancos Siliceous/Argillaceous Siliceous 60±12 10±3 30±14 51±16 22±12 27±13 2.7±0.4 4.7±0.2 

Wolfcamp Siliceous/Calcareous Calcareous 4±2 94±4 2±4 42±20 29±26 29±17 12.1±0.4 0.4±0.2 
Jordanian Calcareous/Siliceous Calcareous 29±27 70±24 1±2 26±21 73±18 1±4 10.2±2.7 32.1±6.9 
Bakken Siliceous/Argillaceous Siliceous 47±10 20±6 33±12 51±19 19±22 31±21 4.7±1.7 4.0±2.3 

Kimmeridge Argillaceous/Siliceous Siliceous 56±13 4±3 40±13 35±19 16±20 49±15 0.2±0.1 15.0±2.2 
 
Note: STD represents the ± standard deviation. *+Others denote a small range (<3%) of sulfides, phosphates, oxides, or sulfate 
minerals. **Degree of uncertainty in the porosity measurement is equal to 0.05 %.
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Table 3.5. Shale specimens: detailed geological formation descriptions and locations. 
 

Shale 
Formation 

Basin and Sub-
Basin Member and Unit Geographic 

Location Reference 

Muwaqqar 
Chalk Marl 

Basin: Harrana 
 

Belqa Group 
Unit: Upper-Middle 

Central West 
Jordan Hussein et al. 2014;  

Hussein et al. 2015; 
 Abu-Mahfouz et al. 2019 Muwaqqar 

Chalk Marl 
Basin: Al Jafr 

 
Belqa Group 

Unit: Upper-Middle South West Jordan 

Wolfcamp Basin: Permian 
Sub-Basin: Delaware 

Wolfcamp Shale 
Unit: B-C 

Upper Mid-West 
New Mexico, USA Blomquist 2016 

Mancos Basin: Uinta Blue Gate Shale 
Unit: Upper-Lower 

Salt Lake, Utah, 
USA 

Condon 2003; 
DeReuil and Birgenheier 2018; 

Drake et al. 2019 

Bakken Basin: Williston Middle Montana and North 
Dakota, USA Sonnenberg 2017 

Kimmeridge Basin: Central North 
Sea 

Humber Group 
Unit: Central Scotland, UK North Sea Core CIC 

Eagle Ford Basin: Texas 
Maverick 

Lower Boquilla 
Unit: B1-B2 

Langtry, Southern 
Texas, USA 

Donovan et al. 2012;  
Lowery and Leckie, 2017 
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Table 3.6. Summary of compressive peak deviatoric stress, Young’s modulus, and Poisson’s 
ratio in shale specimens. Values were obtained from experimental results. 

 

Shale 
Specimen 

Specimen 
Reference 

Peak 
Deviatoric 

Stress  
(σ1-σ3) 

Young’s 
Modulus 

(E) 

Poisson’s 
Ratio 

(ν) 

Bedding 
Angle 

Confining 
Pressure 

(σ3) 

Non-
Invaded 
Porosity  

* 

Bulk 
Density 

** 

[MPa] [GPa] [ ] [deg] [MPa] [%] [kg/m3] 
Eagle Ford E0-1 145.2 31.0 0.27 0 1 0.39 2504 
Eagle Ford E0-2 176.6 33.8 0.27 0 15 0.24 2515 
Eagle Ford E0-3 201.5 34.5 0.27 0 30 0.76 2527 
Eagle Ford E0-4 245.5 36.3 0.27 0 60 0.40 2530 
Eagle Ford E0-5 305.8 37.6 0.27 0 100 0.50 2525 
Eagle Ford E45-1 134.4 36.4 0.27 45 1 0.08 2504 
Eagle Ford E45-2 171.7 37.6 0.27 45 15 0.87 2518 
Eagle Ford E45-3 196.7 39.6 0.27 45 30 0.64 2538 
Eagle Ford E45-4 247.9 39.8 0.27 45 60 0.63 2541 
Eagle Ford E45-5 308.5 40.0 0.27 45 100 0.24 2542 
Eagle Ford E90-1 134.2 36.0 0.27 90 1 1.23 2468 
Eagle Ford E90-2 152.9 39.7 0.27 90 15 0.57 2467 
Eagle Ford E90-3 207.5 40.5 0.27 90 30 1.13 2461 
Eagle Ford E90-4 260.5 41.3 0.27 90 60 0.48 2495 
Eagle Ford E90-5 313.2 42.5 0.27 90 100 0.39 2477 

Mancos M0-1 98.9 14.5 0.27 0 30 4.70 2525 
Mancos M0-2 55.8 8.7 0.30 0 0 4.64 2529 
Mancos M0-3 203.0 17.1 0.27 0 60 4.77 2522 
Mancos M45-1 60.0 13.9 0.34 45 30 4.72 2526 
Mancos M45-2 16.5 7.1 0.36 45 0 4.79 2525 
Mancos M45-3 172.9 19.4 0.24 45 60 4.36 2537 
Mancos M90-1 81.5 16.9 0.32 90 30 4.74 2524 
Mancos M90-2 33.0 8.0 0.26 90 0 4.85 2525 
Mancos M90-3 197.2 17.9 0.24 90 60 4.65 2532 

Wolfcamp W0-1 88.8 65.5 0.25 0 30 0.41 2669 
Wolfcamp W0-2 71.1 62.3 0.28 0 0 0.65 2660 
Wolfcamp W0-3 428.2 69.4 0.30 0 55 0.43 2666 
Wolfcamp W45-1 144.7 74.7 0.31 45 30 0.22 2672 
Wolfcamp W45-2 85.0 51.1 0.31 45 0 0.40 2669 
Wolfcamp W45-3 405.8 75.8 0.31 45 60 0.23 2672 
Wolfcamp W90-1 116.9 74.0 0.33 90 30 0.66 2657 
Wolfcamp W90-2 115.0 72.9 0.31 90 0 0.63 2666 
Wolfcamp W90-3 406.2 74.2 0.31 90 60 0.32 2666 

Jordan J0-1 8.3 3.0 0.27 0 30 37.17 1252 
Jordan J0-2 22.5 2.3 0.25 0 0 37.17 1265 
Jordan J45-1 38.8 4.1 0.16 45 30 25.63 1435 
Jordan J45-2 27.2 3.8 0.27 45 0 25.36 1445 
Jordan J90-1 10.4 3.7 0.20 90 30 37.43 1261 
Jordan J90-2 8.3 2.5 0.19 90 0 38.78 1247 
Bakken B0-1 172.5 47.8 0.26 0 30 1.64 2653 
Bakken B0-2 130.0 35.4 0.22 0 0 1.86 2645 
Bakken B0-3 334.4 53.2 0.36 0 60 1.64 2653 
Bakken B45-1 6.7 39.4 0.10 45 30 8.19 2433 
Bakken B45-2 14.6 9.4 - 45 0 8.11 2432 
Bakken B45-3 286.8 40.8 0.25 45 60 2.74 2618 
Bakken B90-1 236.2 29.6 0.34 90 30 4.17 2570 
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Bakken B90-2 80.0 26.5 0.26 90 0 4.21 2571 
Bakken B90-3 312.0 42.6 0.26 90 60 4.72 2554 

Kimmeridge K0-1 2.9 1.1 0.35 0 0 17.43 2118 
Kimmeridge K45-1 2.8 2.8 0.35 45 0 12.69 2036 
Kimmeridge K90-1 2.0 0.8 0.45 90 0 17.22 2124 

Note: *Degree of uncertainty in the porosity measurement is equal to 0.05 %. **Degree of 
uncertainty in the bulk density measurement is equal to 1.5 kg/m3. Other experimental values 
present the complete set of computed values and therefore do not have a statistical deviation or 
representative equipment uncertainty. 
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Table 3.7. Summary of cohesion and friction angles for each bedding angle measured from all 
shale specimens. 

 

Shale Specimen 
Cohesion 

(c) 

Friction 
Angle 
(φf) 

Bedding 
Angle 

[MPa] [deg] [deg] 
Eagle Ford 42 28.0 0 
Eagle Ford 40 29.0 45 
Eagle Ford 37 31.0 90 

Mancos 15 33.5 0 
Mancos 4 34.5 45 
Mancos 9 35.0 90 

Wolfcamp 15 49.0 0 
Wolfcamp 17 47.0 45 
Wolfcamp 22 45.0 90 

Bakken 18 41.0 0 
Bakken 3 44.0 45 
Bakken 31 39.0 90 
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Chapter 4 - Tensile Strength and Fracture Propagation in Anisotropic Shales 
 
4.1 Introduction 

Cost-effective extraction of hydrocarbons from shale formations require advanced rock mechanic 

analyses. In the previous chapters, we showed the negative boundary effects and suggested 

improvements to increase the precision of triaxial compressive tests; yet, not all mechanic 

processes occur under compressive methods. Shale formations require tensile failures to initiate 

hydraulic fractures. The induced fractures tend to propagate along the paths of the least energy 

needed for fracture propagation. Nevertheless, shale specimens present local heterogeneities as 

different rock mineral distributions, porosities, TOC, and layered or fissile characteristics that 

may alter the deformation patterns and affect the fracturing process. This results from the 

different energies required for fracture propagation through these regions. Thorough 

characterizations of tensile rock properties are critical for safe fracking developments and other 

geoengineering applications.  

Standard indirect tensile tests offer an insight into the basic parameters which control fracture 

propagation and tensile strength in isotropic specimens (McLamore and Gray 1967; Istvan et al. 

1997; Seto et al. 1997). However, we need to evaluate if these measurements are also applicable 

for evaluations of tensile properties in anisotropic shales.  

This chapter presents a comprehensive analysis of the tensile behavior of the six shale 

specimens described in chapter 3 using an instrumented Brazilian measurement technique. This 

technique imposes an axial force on a cylindrical rock specimen mounted between two curved 

platens which creates a perpendicular reaction that induces the tensile failure. To enhance the 

anisotropic comparison across all the specimens, we align the rock bedding angles with respect 
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to the direction of major principal stress using five different configurations and measure their 

deformations with strain gauges. 

These evaluations display the influence of mineral composition and porosity in the tensile 

strength of shales and the effects of bedding angles and bonded heterogeneities inside the 

specimen. The study also evaluates the fracture propagation and influence of failure topography  

on the specimen’s anisotropic behavior using an optical profilometer to observe potential 

roughness differences. 

Finally, we model the tensile behavior of shales to better understand the anisotropic influence 

of the bedding angles using an elasto-plastic analysis with a commercially available finite 

element software (COMSOL Multiphysics). This model follows the same loading and boundary 

conditions as the experimental tests and resembles the two interface regions with different 

lamination widths to provide further insights into the possible influence of layer thickness on the 

anisotropic behavior.  

4.2 Previous Studies 

An extensive literature review reveals a wide range of numerical and experimental studies that 

evaluate tensile strengths and fracture propagations in different rock formations. The 

publications examine these parameters under various testing conditions and include notched 

semicircular bending (Aliha et al. 2012a; Aliha et al. 2012b; Chong and Kuruppu 1984; Dai and 

Xia 2013; Kuruppu et al. 2014), cracked chevron bending (Kuruppu 1997), and Brazilian tests 

(Aliha et al. 2010; Aliha et al. 2012a; Aliha et al. 2012b; Zhou and Wang, 2016). The Brazilian 

test assesses the effect of pre-existing cracks, static and dynamic fracture toughness (Chen et al. 

2008; Zhou and Wang 2016), the influence of failure modes (Awaji and Sato 1978; Atkinson et 
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al. 1982), and the peak tensile strengths on rock specimens. However, many experimental studies 

use homogeneous materials and not layered anisotropic specimens, as presented in this study.  

A variety of numerical studies evaluate tensile parameters using simulations that include 

finite element, discrete element, or meshless methods (Cai 2013; Dai et al. 2015; Zhou and Wang 

2016). These analyses also use a wide range of modeling methods to evaluate fracture behaviors, 

which include discrete crack (Ingraffea and Saouma, 1985), extended finite element (Moes and 

Belytschko 2002; Chen et al. 2012), generalized finite element (Fries and Belytschko 2010), 

cohesive element (Zhou and Molinari 2004; Rabczuk et al. 2008a), element erosion (Belytschko 

and Lin 1987), and phantom-nodes (Rabczuk et al. 2008b). These numerical simulations use 

different types of continuous to assess the fracture behavior further and incorporate meshless 

analyses (Rabczuk and Belytschko 2007; Zhuang et al. 2012), dynamic (Borden et al. 2012; 

Zhou et al. 2015), cracking particle evaluations (Rabczuk and Belytschko 2004; Miehe et al. 

2010a), screened-Poisson’s equation models (Areias et al. 2016a), and re-meshing procedures 

(Areias and Rabczuk 2013). However, the techniques mentioned above require the 

implementation of a difficult numerical model that requires extensive experimental parameters 

such as fracture strength, toughness, topography, and specific material properties to reduce 

measurement uncertainties. 

4.3 Experimental Studies 

The experimental study has three parts. First, we provide a comprehensive index 

characterization detailed in chapter 3. The second section includes rock mechanics and fractures 

plane roughness measurements using Brazilian tensile tests and profilometer scans to understand 

the pressure required to initiate failure and the interaction between the fracture surface and 

proppants. The third section proposes a numerical model to evaluate the deformations in 
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heterogeneous systems, with an emphasis on layered/fissile rock formations. Experimental 

details follow. 

4.3.1 Principle of the Tensile Strength Tests 

Figure 4.1 describes the tensile strength principles in detail. The tensile tests are divided in direct 

and indirect measurements. This study uses the indirect Brazilian measurement technique which 

imposes an axial tensile forces Tf to a cylindrical rock specimen mounted between two curved 

platens. These axial forces create a perpendicular radial reaction that induce the tensile failure 

and gives us the tension cut-off in the Mohr-Coulomb plot in contrast to the parallel tensile 

rupture created in the direct measurements. We computed the shale specimen peak tensile 

strengths σt using the force results and Eq. 4.1, fitted for curved bearing platens as presented in 

(ASTM standard D3967-16).  

!"	 =
%. '(' ∗ *+
,"-.  (4.1) 

where “Tf” is the applied load (N), “th” the specimen thickness (mm), and “D” is the 

specimen diameter (mm). 

4.3.2 Rock Mechanics and Fracture Topography Test Protocol 

The tensile rock mechanic tests measured the anisotropic influence on the different shales tensile 

force and deformation values. The tests started with a detailed sample preparation to create 2 to 5 

plugs per shale formation studied depending on the amount of available rock sections with a 25 

mm diameter and a length to width ratio of 0.75:1 (ASTM standard D3967-16). We maintained 

constant densities of ±50 kg/m3 (ASTM D4543) in the comparative analyses. We mounted one 

strain gauge at the back mid-width surface of two selected specimens per each loading condition 

and bedding angle of the shales, as seen in Figure 4.2. We used rosette type strain gauges with a 
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3.18 mm length and a ±3/10−2 strain range that allowed the simultaneous collection of axial and 

radial strain data. The Brazilian tensile tests used a Wille-Geotechnik loading frame with an axial 

load cell capacity of 25 kN. We also developed and equipped the tensile frame with two steel 

bearing platens (Figure 4.1). The platens had a Rockwell hardness of 58 HRC and a radius of 

curvature of 19.05 mm as per ASTM standard D3967-16. This curvature offered a contact point 

with the specimen smaller than 15o or D/6, where D is the diameter of the specimen (ASTM 

standard D3967-16).  

The loading sequence involved an axial force up to failure at a rate of ~0.008 kN/sec as per 

standard procedures (ASTM D3967-16). However, we achieved quick unloading responses and 

smooth fracture planes by monitoring the loading mechanism at the point of failure. To enhance 

the anisotropic comparison across all the specimens, we mounted and aligned the rock bedding 

angles, the direction of major principal stress, and loading conditions, as presented in Figure 4.2. 

Loading conditions with respect to bedding angles where: 1) Parallel and perpendicular to the 

90o bedding angle specimens (0o-strike/90o-dip and 90o-strike/90o-dip). 2) Parallel to the 0o 

bedding angle specimens (0o-dip). 3) Parallel and perpendicular to the 45o bedding angle 

specimens (0o-strike/45o-dip and 90o-strike/45o-dip). The selected bedding angles reflected geo-

energy field conditions.  

We used an optical profilometer to scan the shales entire failure surface and characterize the 

roughness to better understand the influence of bedding angles and bonded regions inside the 

shales that could affect the evolution of strength. The chromatic confocal interferometer had a 

spot size of D= 7 μm, the lateral resolution of Dx» 15 μm, and a vertical resolution of 0.2 μm 

(NANOVEA, Jr25). We selected two to three failure surfaces per loading condition and shale 

formation. The selected formations were one calcareous (Eagle Ford) and one siliceous (Mancos) 
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shale. We then scanned the failure surfaces using five profiles in the “X” and “Y” directions and 

measured the complete 2D fracture roughness.  

4.3.3 Rock Specimens 

Shale rock formations tested are described in chapter 3. Table 4.1 summarizes specimen 

properties. 

4.4 Experimental Results 

4.4.1 Mineralogy and Petrophysical Properties 

Chapter 3 presents the results of the petrophysical properties and the two-region mineral 

composition, as seen in the typical results of the Kimmeridge shale specimen (Figure 4.3). 

4.4.2 Indirect Brazilian Tensile Measurements 

The Brazilian test results allowed the computation of tensile strengths and deformations as a 

function of bedding angle, loading condition, density, and porosity, as seen in Table 4.2 

Figure 4.4 shows the average differences in tensile strength due to rock specimen mineralogy 

and porosity. Calcareous shales show greater tensile strength, as seen in the Eagle Ford values of 

6.25 ± 1.13 MPa, and Wolfcamp results of 6.97 ± 1.54 MPa. By contrast, the siliceous shales 

display lower average strengths, seen in the Mancos results of 3.42 ± 0.68 MPa and Bakken 

values of 4.06 ± 1.06. However, when the porosity is larger than >5%, the tensile strength range 

decreases, as seen in the calcareous Jordanian results of 2.36 ± 1.09 MPa and the siliceous 

Kimmeridge values 1.09 ± 0.64 MPa.  

The tensile results are significantly smaller than the compressive strength of the shales. 

However, the tensile evaluations using different bedding angles, mineral compositions, and 

porosity values are relevant because they provide a first order approximation of the required 
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pressure increments or decrements in the compressive strength for failure in anisotropic 

formations.  

4.4.3 Fracture Surface Topography  

Shales tend to show a single curved failure plane without large gouge regions in the fracture or 

contact points. However, results of the five roughness profiles made along with the “X” and “Y” 

directions show that the bedding angles and loading conditions affect the overall failure pattern 

and roughness values, as seen in the typical profilometer plots of Figure 4.5. 

4.5 Analyses and Discussion 

4.5.1 Tensile Anisotropy 

Tensile strength results show larger overall standard deviations for the calcareous shales of 

~1 MPa that contrast with the siliceous specimen’s values of ~0.4 at each of the different 

bedding angles and loading conditions (Figure 4.4). Siliceous shales due to their poorly 

cemented lamination exhibit anisotropic behavior that display larger tensile strengths in the 

parallel loadings (0o-strike/90o-dip and 0o-strike/45o-dip) and smaller strengths in the 

perpendicular loadings (90o-strike/90o-dip and 90o-strike/45o-dip). On the other hand, the porosity 

values affect the calcareous shales due to their bonded lamination characteristic. The high 

porosity calcareous shales (Jordanian) show a anisotropic behavior that resembles the behavior 

seen in the siliceous specimen results as well as a lower standard deviation of ~0.2. The low 

porosity calcareous shales (Eagle Ford and Wolfcamp) present anisotropic behaviors in contrast 

to the small strength observations seen in the compressive analyses. These shales specimens 

show anisotropic behaviors with stronger reactions in the 90o-strike/45o-dip and smaller in the 0o-

strike/45o-dip loading directions. Well bonded laminae-matrix regions may produce these non-

standard behaviors. 
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The specimen tensile strain ratios do not depend on the Poisson’s ratio. The evaluations show 

larger axial and smaller radial deformations due to the influence of geometry on the layered and 

fissile nature of shale specimens (Figure 4.6). The tensile strain ratios not only depend on the 

strength but also on the fracture propagation, failure surface topography, and mineral distribution 

of the shale specimens.  

4.5.2 Fracture Surface Topography 

Results from roughness measurements show that these values influence the anisotropic behavior 

and affects fracture pattern evolution and peak tensile strengths. The computed average 

roughness profiles for both the siliceous and calcareous shales display a crescent moon 

topography in the "Y" direction. These profiles vary between bedding angles due to the impact of 

the actual vs. projected length ratios on the fracture surfaces. On the other hand, the failure 

topography in the "X" direction are different in each of the bedding angles. They show 

distinctive topographic patterns with differences in shape and in the values between the actual vs. 

projected length ratios Figure 4.7. Calcareous shales show fractures that follow non-linear 

propagation patterns in both directions with fractures that deviate from the projected vertical 

failure surface between 1.15 to 1.27 in the “X” direction and 1.14 to 1.30 in the “Y” direction. 

By contrast, the siliceous shales present smaller deviations from these projected vertical failure 

surfaces that range between 1.05 to 1.10 in the “X” direction and 1.06 to 1.14 in the “Y” 

direction. The "X" direction's unique patterns of the calcareous shales follow the computed peak 

tensile strengths and strain ratios of the different bedding angles.  

The surface topography and roughness values predict the bond strength. For this reason, we 

decided to analyze the complete 2D failure surface and observe how this parameter evolved with 

the mineral distributions. The bedding angle distributions affect the total failure surface in the 
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actual vs. projected topographic areas (Figure 4.8). However, the mineral composition of the 

different regions inside the shale specimens affect the degree of roughness both in the “X” and 

“Y” directions. The siliceous specimens present smoother surfaces that scarcely change between 

bedding angles with ratios between the actual vs. projected topographic areas of 1.11 to 1.13 due 

to weaker bonds between laminations easily overcome by the axial forces, which contrasts with 

the calcareous shales rougher ratios of 1.23 to 1.52 (Figure 4.8). Therefore, the roughness can 

reflect the strength heterogeneity and fracture propagation that depends not only on the bedding 

angle but also on the mineral distribution. These different failure surface topographies will 

significantly affect the fracking fluid and proppant invasion.  

4.5.3 Numerical Evaluation of Layered Specimens  

Finite element modeling allows us to simulate the complete deformation of the shale specimens 

using COMSOL Multiphysics software. We used the Eagle Ford specimen’s experimental results 

and values from the literature as model parameters for the elastoplastic behavior analyses. The 

parameters used for the calcite laminae were: elastic modulus E= 80 GPa, Poisson’s ratio ν= 

0.32, and density ρ= 2710 kg/m3 (CRYSTRAN 2012; Chopra and Castagna 2014). Similarly, we 

used E= 20 GPa, ν= 0.35, and density ρ= 1580 kg/m3 for the quartz and phyllosilicate matrix 

(Xu et al. 2016). The tensile analyses adopted the Drucker-Prager method matched to the Mohr-

Coulomb criterion (Eq. 4.2) to avoid numerical instabilities during plastic flow simulations at the 

yield surface corners.  

01 = 2' + 456% − 85 = 9 (4.2) 
 

This method approximates the Mohr-Coulomb criterion using a smoothing function based on 

the volumetric stress invariant I1 and the deviatoric stress invariant J2. The model also uses two 
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material constants αM and kM related to the Mohr-Coulomb coefficients that match the 

compressive meridian at π/3. 

2' =
%
: !"%% − !"'' ' + !"'' − !";; ' + !";; − !"%% ' + !"%'' + !"';' + !"%;' (4.3) 

6% = −;!< (4.4) 

85 = ' ;= >?@∅
; + @BC∅  (4.5) 

45 = '
;

@BC∅
; + @BC∅ (4.6) 

 

where σV is the volumetric stress, σt the tensile stress, c the cohesion; calcite laminae 50 MPa, 

matrix 32 MPa, φ the friction angle; calcite laminae 0.541 radians, matrix 0.418 radians. We also 

introduce the Rankine criterion to stop further elastic deformations when the principal stress σ1 

reaches the tension cut-off σTC. 

01 = !% − !*D = 9 (4.7) 

!*D < = >?@∅@BC∅ (4.8) 

 

We started the numerical simulation using a homogeneous specimen with a diameter of D= 

25.4 mm and a length of L= 18.8 mm to assess and compare the stress-strain results against those 

calculated with standard analytical equations (Timoshenko and Goodier 1951; Hondros 1959). 

During the numerical analysis, we imposed an axial force on the top section of the specimen and 

constrained the bottom area in the x, y and z directions. These regions were assigned to a 2D area 

of the specimen that covered the complete length and a 15 degree section of the diameter (Figure 
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4.9). The equations used to assess the strain results are based on a stress-strain relationship with 

plane stress conditions σz= 0 (Patel and Martin 2018). Figure 4.9 displays the correlations 

between the stress-strain results for both the analytical and numerical evaluations of 

homogeneous specimens. 

We also numerically simulated specimens with two interface regions (laminations). This 

assessment loaded axially the specimens and had a bottom fixed  The numerical assessments 

included the different bedding angle positions and loading conditions as seen in the experimental 

tests described earlier. Simulations consider three different lamination widths: 0.5 mm, 1.0 mm, 

and 1.5 mm. We evaluated the strain values in a square section of 3.18 mm x 3.18 mm at the 

back mid-center of the specimen surface as used in the experimental measurements. Simulations 

also included strain evaluations at shifted positions of ± 3 mm from the mid-center for the 0.5 

mm thickness lamination model.  

The numerical results with 1 mm layers show similar yet not identical values and trends to 

the experimental results due to high stress concentrations at the contact points and early damage 

during the numerical simulations (Figure 4.10). We also plot the numerical evaluation of 

specimens with 0.5 mm layers on top of the 1.5 mm layer specimens. The results show that the 

0o-strike/90o-dip had a larger variability compared to the 90o-strike/90o-dip loading condition due 

the effect of the stiffer layers in this last condition that prevent radial deformations. This loading 

conditions increase ~5.4% in comparison to only ~1% seen in the other settings. These results 

may explain the anisotropic behavior displayed by the low porosity and cemented calcareous 

shales, which lead to the considerable tensile strength in the perpendicular direction in contrast to 

the parallel. 
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4.6 Conclusions 

Tensile tests display the anisotropic behavior of shale specimens, unlike compressive tests. 

This technique better reflects the influence of porosity, mineral distribution and bedding angles 

on strength values. Results show decreases in strength of ~3 times in porous specimens >5%, ~2 

times in the siliceous in comparison to calcareous specimens, and up to 3 times depending on the 

loading direction. 

The measured topography of the complete 2D failure surfaces also depends on the bedding 

angles, and mineral distribution of the specimens. This parameter impacts the bond strength 

heterogeneity, strain ratios and fracture shapes in both directions and either increases or 

decreases the crescent moon shape in the “Y” direction and creates distinctive failure patterns in 

the “X” direction. Results show larger deviations from a linear fracture in the calcareous shales 

with ratios of the actual vs. projected lengths between 1.14 to 1.30 in contrast to the siliceous 

specimens with values of around 1.05 to 1.14. The complete measured failure topography could 

also affect the proppant invasion due to the rougher or smoother conditions of the newly created 

hydraulic fracture. 

Therefore, the instrumented Brazilian tests together with numerical models provide large 

amounts of reliable data. These data points reflect the lateral deformations due to the laminated 

and fissile geometrical boundary characteristics and the influence of the lamination thickness. 

The combination of the experimental and numerical methods provides detailed anisotropic 

characteristics of shale formations and assists in the correct identification of efficient drilling and 

hydraulic fracturing locations. Accurate selection of these locations reduces the required 

pressures for failure and improves the fracture propagation and fluid/proppant invasion in shale 

formations. 
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Figure 4.1. Tensile test measurement principles. Mohr-Coulomb circles and specimen failure 
envelope within the shear vs. normal stress plot. Red line: failure envelope with the respective 
friction angle φf or friction coefficient μ and the cohesion c intercept on the shear stress axis. 
Blue dotted line: unconfined compressive strength σC Mohr circle. Black half circle: Direct 
tensile strength Mohr circle developed under the testing conditions described in inset (A). Black 
line: Indirect tensile strength tension cut-off using the Brazilian measurement technique 
described in the schematic of inset (B). Inset images show the failure surface created: parallel to 
the loading condition in the Direct tensile measurements and perpendicular to the loading in the 
indirect measurements. Plug orientation associates with the location of the radial strain gauge 
(Et1) and the axial strain gauge (Ea1) measurement systems. Specimen location between the two 
flat platens (A) or curved platens (B). The platens of inset (B) have a radius of curvature 1.5 
times larger than the specimen radius. The horizontal black arrows show the measurement 
orientation of the radial strain gauge Et1. The vertical black arrows indicate the direction of the 
axial tensile force (Tf) and the measurement orientation of the axial strain gauge Ea1. 

Ea1 - Axial 
strain

Et1 - Radial 
strain

Tf

r

1.5(r)

(B)

Tf

Ea1 - Axial 
strain

Et1 - Radial 
strain

(A)

0

100

200

300

-100 0 100 200 300 400 500

Sh
ea
r	S

tr
es
s	(
τ)

Normal	Stress	(σ)σt σc

μ = tan(φf)

Indirect 
Tensile 
Strength 

Direct 
Tensile 
Strength 

C

τ

σN



	
	

152 
	

 
Figure 4.2. Schematic drawings of the bedding angles and loading conditions used during the 
Brazilian tests on shale specimens. Plug orientation associates with the location of the radial 
strain gauge (Et1) and the axial strain gauge (Ea1) measurement systems. (A) Schematics show 
the alignment of the different bedding angles with the continuous white lines (0o, 45º, and 90º) 
and loading conditions parallel or perpendicular to the external axial force. The vertical black 
arrow displays the measurement direction of the axial tensile force (Tf). (B) Schematic shows the 
rosette strain gauges’ location glued on the back mid-width of the specimen surface. The 
horizontal black arrows show the measurement orientation of the radial strain gauge Et1. The 
vertical black arrows indicate the direction of the axial tensile force (Tf) and the measurement 
orientation of the axial strain gauge Ea1. 
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Figure 4.3. Scanning Electron Microscope images and Energy-Dispersive X-ray Spectroscopy 
chemical analysis of the Kimmeridge specimens. A) The white dashed line indicates the 
boundary between the two different layers inside the specimen. B) (Si/Al/Ca) layer. C) Halite 
and Silicate lamination (Na/Cl/Si/Al). D) Zoomed-in view of the area within the blue circle in 
Image B that shows the Quartz, Phyllosilicate, and Calcite minerals. E) Zoomed-in view of the 
orange circle area in Image C, which shows the Halite, Silicate, and Phyllosilicate minerals. 
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Figure 4.4. Computed average tensile strength values for the six different shale specimens. Blue 
dots: 0o-strike/90o-dip bedding angle specimens. Dark gray dots: 0o-strike/45o-dip bedding angle 
specimens. Orange dots: 90o-strike/90o-dip bedding angle specimens. Light gray dots: 90o-
strike/45o-dip bedding angle specimens. Yellow dots: 0o-dip bedding angle specimens. Inset 
schematic drawings show the bedding angles and loading conditions tested. These drawings are 
above the represented average tensile strength values and match the color of the data points. Inset 
values show the ± standard deviation (STD) for each loading condition and shale specimen. (A) 
Jordanian shale. (B) Eagle Ford shale. (C) Wolfcamp shale. (D) Kimmeridge shale. (E) Mancos 
shale. (F) Bakken shale. Blue dashed lines show the maximum average value of tensile strength. 
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Figure 4.5. A plot of the typical roughness profiles obtained from the failure surface of a shale 
specimen. This figure displays the typical results from the calcareous Eagle Ford shale at a 90o-
strike/90o-dip loading condition. Inset schematics show the direction of measurement in the "X" 
and "Y" positions of the specimens. The colored lines in the plot show the different 
measurements made in the same loading condition and measurement direction. The topographic 
plot shows a complete analysis of the 2D failure surface roughness. The color bar represents the 
height variation along the rock failure surface that ranges from Z= 0 to 2.3 mm. The profilometer 
roughness profile has a standard deviation of ~6 μm in the calcareous Eagle Ford shale failure 
profiles.  
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Figure 4.6. Computed values for the tensile strength and average strain ratio for the tested 
calcareous Eagle Ford shale and siliceous Mancos shale. Blue dots: 0o-strike/90o-dip bedding 
angle specimens. Dark gray dots: 0o-strike/45o-dip bedding angle specimens. Orange dots: 90o-
strike/90o-dip bedding angle specimens. Light gray dots: 90o-strike/45o-dip bedding angle 
specimens. Yellow dots: 0o-dip bedding angle specimens. Inset schematic drawings show the 
bedding angles and loading conditions tested. These drawings are above the represented tensile 
strength values and match the color of the data points. Black dashed lines show the average 
tensile strength. STD represents the ± standard deviation. Blue dashed lines show the maximum 
average value of tensile strength. 
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Figure 4.7. Plots of the average failure surface roughness profiles in the "X" direction for the 
different bedding angles and loading conditions. The inset values present the computed ratio of 
total vs. projected lengths. The roughness patterns form three groups that reflect the bedding 
angle distribution: 1) 90o-strike/45o-dip and 0o-strike/90o-dip, 2) 0o-strike/45o-dip, and 3) 90o-
strike/90o-dip and 0o-dip. Inset schematic drawings display a typical representation of the 
different bedding angles and loading conditions seen in the Eagle Ford shale specimens. Black 
lines in the inset schematic drawings show the general tensile fracture pattern. The profilometer 
roughness profile has a standard deviation of ~6 μm in the calcareous Eagle Ford shale failure 
profiles. 
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Figure 4.8. A comparative plot of the computed failure surface roughness ratio for the tested 
calcareous Eagle Ford shale and siliceous Mancos shale specimens. Blue dots: 0o-strike/90o-dip 
bedding angle specimens. Dark gray dots: 0o-strike/45o-dip bedding angle specimens. Orange 
dots: 90o-strike/90o-dip bedding angle specimens. Light gray dots: 90o-strike/45o-dip bedding 
angle specimens. Yellow dots: 0o-dip bedding angle specimens. Inset schematic drawings show 
the bedding angle and loading conditions. These drawings are below the represented tensile 
strength and roughness values and match the color of the data points. STD represents the ± 
standard deviation. Blue dashed lines show the maximum average value of tensile strength and 
roughness. 
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Figure 4.9. Plots of the numerical model strain results vs. standard analytical equations. Plots 
show the “Y” and “X” components of the tensile strain in the “X” and “Y” directions, as 
represented by the red arrows in the schematic drawings. Schematic drawings show the specimen 
geometrical configurations and boundary conditions. Top Tf shows the total axial tensile force 
(0-9000 N) adjusted to the arc length and a bottom fixed position in the x, y, and z directions. 
Specimen dimensions: diameter (25.4 mm), thickness (18.8 mm), and � (10 degrees). Dotted 
blue lines: numerical analysis. Red continuous lines: analytical evaluation. The bottom schematic 
drawing shows the mesh distribution used in the numerical evaluations. Each numerical test was 
run multiple times and resulted in low computation uncertainty. 
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Figure 4.10. Experimental and numerical strain ratio distributions using the Eagle Ford 
parameters for the model. Blue lines: 0o-strike/90o-dip bedding angle specimens. Orange lines: 
90o-strike/90o-dip bedding angle specimens. Schematic drawings show the bedding angles and 
loading conditions. Continuous lines: experimental strain ratio values measured using rosette 
strain gauges. Dashed lines: numerical strain ratio results. Inset schematic drawings show the 
bedding angle and loading conditions. These drawings match the color of the strain ratio curves. 
Each numerical test was run multiple times and resulted in low computation uncertainty. 
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Table 4.1. Specimen dimensions, mass, and extraction location. 
 

Shale 
Specimen 

Specimen 
Reference 

Length Diameter L:D Mass Extraction 
Location 

[mm]* [mm]* ratio [gr]** [m]*** 
Eagle Ford Ef0-90-1 18.86 25.24 0.75 22.871 Outcrop 
Eagle Ford Ef0-90-2 18.29 25.41 0.72 23.018 Outcrop 
Eagle Ford Ef0-90-3 19.22 25.32 0.76 24.211 Outcrop 
Eagle Ford Ef0-90-4 18.63 25.30 0.74 23.018 Outcrop 
Eagle Ford Ef0-90-5 18.39 25.38 0.72 23.233 Outcrop 
Eagle Ford Ef0-1 19.15 25.25 0.76 23.525 Outcrop 
Eagle Ford Ef0-2 19.39 25.40 0.76 23.923 Outcrop 
Eagle Ford Ef0-3 18.67 25.40 0.74 23.004 Outcrop 
Eagle Ford Ef0-4 19.04 25.38 0.75 23.655 Outcrop 
Eagle Ford Ef0-5 19.20 25.23 0.76 22.914 Outcrop 
Eagle Ford Ef0-45-1 19.32 25.30 0.76 24.129 Outcrop 
Eagle Ford Ef0-45-2 19.03 25.30 0.75 23.550 Outcrop 
Eagle Ford Ef0-45-3 18.55 25.32 0.73 22.673 Outcrop 
Eagle Ford Ef0-45-4 18.45 25.32 0.73 22.619 Outcrop 
Eagle Ford Ef90-45-1 18.79 25.32 0.74 23.116 Outcrop 
Eagle Ford Ef90-45-2 18.78 25.30 0.74 24.058 Outcrop 
Eagle Ford Ef90-45-3 18.41 25.31 0.73 23.428 Outcrop 
Eagle Ford Ef90-45-4 18.80 25.30 0.74 23.860 Outcrop 
Eagle Ford Ef90-45-5 18.31 25.30 0.72 22.544 Outcrop 
Eagle Ford Ef90-90-1 18.68 25.36 0.74 23.480 Outcrop 
Eagle Ford Ef90-90-2 18.84 25.29 0.74 23.570 Outcrop 
Eagle Ford Ef90-90-3 18.63 25.29 0.74 23.162 Outcrop 
Eagle Ford Ef90-90-4 18.84 25.14 0.75 22.449 Outcrop 
Eagle Ford Ef90-90-5 17.92 25.14 0.71 21.609 Outcrop 

Mancos M0-90-1 16.29 25.32 0.64 20.646 Outcrop 
Mancos M0-90-2 18.90 25.56 0.74 24.431 Outcrop 
Mancos M0-90-3 18.66 24.97 0.75 23.057 Outcrop 
Mancos M0-90-4 18.91 25.58 0.74 24.322 Outcrop 
Mancos M0-90-5 18.86 25.57 0.74 24.444 Outcrop 
Mancos M0-1 18.91 25.28 0.75 23.932 Outcrop 
Mancos M0-2 19.01 25.61 0.74 24.742 Outcrop 
Mancos M0-3 18.86 25.61 0.74 24.564 Outcrop 
Mancos M0-4 18.84 25.39 0.74 24.103 Outcrop 
Mancos M0-5 18.83 25.38 0.74 24.111 Outcrop 
Mancos M0-45-1 18.90 25.55 0.74 24.491 Outcrop 
Mancos M0-45-2 18.81 25.56 0.74 24.421 Outcrop 
Mancos M0-45-3 18.83 25.56 0.74 24.390 Outcrop 
Mancos M0-45-4 18.77 25.52 0.74 24.087 Outcrop 
Mancos M0-45-5 18.86 25.53 0.74 24.344 Outcrop 
Mancos M90-45-1 18.94 25.53 0.74 24.427 Outcrop 
Mancos M90-45-2 18.86 25.53 0.74 24.336 Outcrop 
Mancos M90-45-3 18.92 25.51 0.74 24.422 Outcrop 
Mancos M90-45-4 18.89 25.54 0.74 24.399 Outcrop 
Mancos M90-45-5 18.90 25.53 0.74 24.321 Outcrop 
Mancos M90-90-1 18.92 25.56 0.74 24.403 Outcrop 
Mancos M90-90-2 18.88 25.58 0.74 24.389 Outcrop 
Mancos M90-90-3 18.87 25.57 0.74 24.364 Outcrop 
Mancos M90-90-4 18.81 25.58 0.74 24.240 Outcrop 
Mancos M90-90-5 18.95 25.59 0.74 24.394 Outcrop 

Wolfcamp Wf0-90-1 15.12 25.34 0.60 20.147 Outcrop 
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Wolfcamp Wf0-90-2 18.93 24.93 0.76 24.546 Outcrop 
Wolfcamp Wf0-90-3 19.06 25.32 0.75 25.467 Outcrop 
Wolfcamp Wf0-90-4 19.01 25.32 0.75 25.493 Outcrop 
Wolfcamp Wf0-90-5 19.02 25.24 0.75 25.351 Outcrop 
Wolfcamp Wf0-1 18.96 25.39 0.75 25.538 Outcrop 
Wolfcamp Wf0-2 18.98 25.39 0.75 25.586 Outcrop 
Wolfcamp Wf0-3 18.96 25.39 0.75 25.540 Outcrop 
Wolfcamp Wf0-4 18.90 25.38 0.74 25.553 Outcrop 
Wolfcamp Wf0-5 18.97 25.36 0.75 25.429 Outcrop 
Wolfcamp Wf0-45-1 18.99 25.37 0.75 25.558 Outcrop 
Wolfcamp Wf0-45-2 18.89 25.37 0.74 25.459 Outcrop 
Wolfcamp Wf0-45-3 18.98 25.40 0.75 25.505 Outcrop 
Wolfcamp Wf0-45-4 19.00 25.39 0.75 25.604 Outcrop 
Wolfcamp Wf0-45-5 18.99 25.37 0.75 25.501 Outcrop 
Wolfcamp Wf90-45-1 18.91 25.38 0.75 25.423 Outcrop 
Wolfcamp Wf90-45-2 18.92 25.38 0.75 25.494 Outcrop 
Wolfcamp Wf90-45-3 18.97 25.37 0.75 25.519 Outcrop 
Wolfcamp Wf90-45-4 18.95 25.37 0.75 25.471 Outcrop 
Wolfcamp Wf90-45-5 18.95 25.38 0.75 25.502 Outcrop 
Wolfcamp Wf90-90-1 18.98 25.32 0.75 25.449 Outcrop 
Wolfcamp Wf90-90-3 18.97 25.33 0.75 25.477 Outcrop 
Wolfcamp Wf90-90-4 15.48 25.33 0.61 20.648 Outcrop 
Wolfcamp Wf90-90-5 19.00 25.32 0.75 25.486 Outcrop 

Jordan J0-90-1 19.09 25.38 0.75 13.676 140 
Jordan J0-1 16.79 25.42 0.66 12.530 140 
Jordan J0-2 15.91 25.68 0.62 11.817 140 
Jordan J0-3 15.67 25.44 0.62 11.603 140 
Jordan J0-45-1 16.80 25.27 0.66 10.481 140 
Jordan J0-45-2 15.21 25.32 0.60 9.354 140 
Jordan J90-45-1 20.49 25.30 0.81 12.887 140 
Jordan J90-90-1 17.91 24.84 0.72 12.415 140 
Jordan J90-90-2 19.38 24.40 0.79 13.022 140 
Bakken B0-90-1 20.39 25.11 0.81 25.715 3238.6 
Bakken B0-90-2 17.81 25.11 0.71 22.446 3238.6 
Bakken B0-90-3 17.68 25.12 0.70 22.135 3238.6 
Bakken B0-90-4 18.14 25.15 0.72 22.778 3238.6 
Bakken B0-90-5 18.47 25.12 0.74 23.389 3238.6 
Bakken B0-1 19.31 25.13 0.77 24.328 3238.8 
Bakken B0-2 18.34 25.12 0.73 23.136 3238.8 
Bakken B0-3 18.42 25.12 0.73 23.196 3238.8 
Bakken B0-4 18.93 25.12 0.75 23.889 3238.8 
Bakken B0-5 17.37 25.11 0.69 21.991 3238.8 
Bakken B0-45-1 17.37 25.17 0.69 21.598 3238.5 
Bakken B0-45-2 18.67 25.20 0.74 23.716 3238.5 
Bakken B0-45-3 17.72 25.20 0.70 22.476 3238.5 
Bakken B0-45-4 18.91 25.22 0.75 23.986 3238.5 
Bakken B0-45-5 17.65 25.22 0.70 22.492 3238.5 
Bakken B90-45-1 18.47 25.21 0.73 23.402 3238.5 
Bakken B90-45-2 18.17 25.20 0.72 23.063 3238.5 
Bakken B90-45-3 18.95 25.18 0.75 23.974 3238.3 
Bakken B90-45-4 17.97 25.18 0.71 22.799 3238.3 
Bakken B90-45-5 18.82 25.20 0.75 23.517 3238.3 
Bakken B90-90-1 19.36 25.14 0.77 24.361 3238.6 
Bakken B90-90-2 17.24 25.14 0.69 21.660 3238.6 
Bakken B90-90-3 17.56 25.15 0.70 22.312 3238.6 
Bakken B90-90-4 18.95 25.14 0.75 23.829 3238.6 
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Bakken B90-90-5 18.45 25.16 0.73 23.453 3238.6 
Kimmeridge Km0-90-1 18.92 25.47 0.74 19.434 2350.8±0.9 
Kimmeridge Km0-90-2 21.43 25.30 0.85 21.709 2350.8±0.9 
Kimmeridge Km0-1 18.86 25.71 0.73 19.119 2350.8±0.9 
Kimmeridge Km0-2 20.34 25.70 0.79 20.661 2350.8±0.9 
Kimmeridge Km0-3 19.69 25.43 0.77 20.522 2350.8±0.9 
Kimmeridge Km0-45-1 20.60 25.37 0.81 21.133 2350.8±0.9 
Kimmeridge Km0-45-2 15.14 25.42 0.60 15.239 2350.8±0.9 
Kimmeridge Km0-45-3 19.32 25.42 0.76 19.799 2350.8±0.9 
Kimmeridge Km90-45-1 20.06 25.30 0.79 20.704 2350.8±0.9 
Kimmeridge Km90-45-2 17.45 25.46 0.69 18.163 2350.8±0.9 
Kimmeridge Km90-90-1 19.13 25.46 0.75 19.567 2350.8±0.9 
Kimmeridge Km90-90-2 19.35 25.24 0.77 19.783 2350.8±0.9 

 
Note: *Degrees of uncertainty in the length and diameter measurements are equal to 5 μm. ** 
Degree of uncertainty in the mass measurement is equal to 0.5 mg. ***Depth displayed in “m” 
where applicable. STD represents the ± standard deviation. 
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Table 4.2. Tensile rock mechanic properties of the shale specimens (peak tensile strength and 
peak axial strain) as a function of bedding angles, loading conditions, porosity, and density. 

 

Shale 
Specimen 

Specimen 
Reference 

Peak 
Tensile 

Strength 
(σt) 

Peak 
Axial 

Tensile 
Strain 

Bedding 
Angle 

Loading 
Condition 

Non-
Invaded 
Porosity

* 

Bulk 
Density 

** 

[MPa] [ ] [degrees]  [%] [kg/m3] 
Eagle Ford Ef0-90-1 6.46 0.0032 90 Perpendicular 1.13 2424 
Eagle Ford Ef0-90-2 6.63 0.0029 90 Perpendicular 1.34 2482 
Eagle Ford Ef0-90-3 7.31 0.0061 90 Perpendicular 1.02 2502 
Eagle Ford Ef0-90-4 7.04 0.0020 90 Perpendicular 0.95 2458 
Eagle Ford Ef0-90-5 7.57 0.0012 90 Perpendicular 0.59 2497 
Eagle Ford Ef0-1 6.55 0.0036 0 Perpendicular 0.67 2453 
Eagle Ford Ef0-2 5.38 0.0034 0 Perpendicular 0.71 2435 
Eagle Ford Ef0-3 6.33 0.0042 0 Perpendicular 1.08 2432 
Eagle Ford Ef0-4 4.78 0.0026 0 Perpendicular 0.55 2456 
Eagle Ford Ef0-5 4.43 0.0027 0 Perpendicular 0.74 2428 
Eagle Ford Ef0-45-1 5.95 0.0036 45 Perpendicular 0.87 2484 
Eagle Ford Ef0-45-2 5.88 0.0023 45 Perpendicular 0.96 2462 
Eagle Ford Ef0-45-3 5.09 0.0035 45 Perpendicular 1.28 2427 
Eagle Ford Ef0-45-4 5.78 0.0030 45 Perpendicular 0.75 2435 
Eagle Ford Ef90-45-1 7.65 0.0030 45 Parallel 1.55 2443 
Eagle Ford Ef90-45-2 6.25 0.0020 45 Parallel 1.10 2548 
Eagle Ford Ef90-45-3 7.86 0.0026 45 Parallel 0.84 2529 
Eagle Ford Ef90-45-4 7.65 0.0010 45 Parallel 1.04 2525 
Eagle Ford Ef90-45-5 7.34 0.0015 45 Parallel 1.05 2449 
Eagle Ford Ef90-90-1 4.62 0.0032 90 Parallel 1.23 2488 
Eagle Ford Ef90-90-2 5.60 0.0034 90 Parallel 0.16 2490 
Eagle Ford Ef90-90-3 6.21 0.0035 90 Parallel 0.64 2475 
Eagle Ford Ef90-90-4 4.01 0.0028 90 Parallel 2.84 2400 
Eagle Ford Ef90-90-5 4.45 0.0031 90 Parallel 1.42 2429 

Mancos M0-90-1 4.08 0.0015 90 Perpendicular 5.76 2518 
Mancos M0-90-2 3.97 0.0015 90 Perpendicular 5.08 2520 
Mancos M0-90-3 4.02 0.0012 90 Perpendicular 5.00 2524 
Mancos M0-90-4 3.63 0.0015 90 Perpendicular 5.78 2504 
Mancos M0-90-5 4.28 0.0012 90 Perpendicular 4.99 2525 
Mancos M0-1 3.02 0.0017 0 Perpendicular 5.28 2522 
Mancos M0-2 3.19 0.0017 0 Perpendicular 5.11 2526 
Mancos M0-3 3.44 0.0006 0 Perpendicular 4.94 2530 
Mancos M0-4 3.19 0.0030 0 Perpendicular 5.01 2528 
Mancos M0-5 3.87 0.0014 0 Perpendicular 4.88 2532 
Mancos M0-45-1 3.90 0.0011 45 Perpendicular 4.77 2528 
Mancos M0-45-2 4.06 0.0011 45 Perpendicular 4.55 2530 
Mancos M0-45-3 4.49 0.0008 45 Perpendicular 4.57 2525 
Mancos M0-45-4 2.57 0.0013 45 Perpendicular 5.45 2509 
Mancos M0-45-5 3.88 0.0014 45 Perpendicular 4.97 2522 
Mancos M90-45-1 3.36 0.0012 45 Parallel 5.24 2520 
Mancos M90-45-2 3.88 0.0013 45 Parallel 5.07 2520 
Mancos M90-45-3 3.11 0.0026 45 Parallel 4.95 2526 
Mancos M90-45-4 3.65 0.0007 45 Parallel 4.92 2521 
Mancos M90-45-5 3.55 0.0018 45 Parallel 5.14 2515 
Mancos M90-90-1 2.26 0.0010 90 Parallel 5.31 2514 
Mancos M90-90-2 2.52 0.0031 90 Parallel 5.49 2514 
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Mancos M90-90-3 3.32 0.0006 90 Parallel 5.44 2515 
Mancos M90-90-4 1.96 0.0021 90 Parallel 5.70 2508 
Mancos M90-90-5 2.18 0.0023 90 Parallel 5.79 2502 

Wolfcamp Wf0-90-1 7.83 0.0026 90 Perpendicular 1.07 2643 
Wolfcamp Wf0-90-2 9.24 0.0005 90 Perpendicular 0.81 2656 
Wolfcamp Wf0-90-3 6.55 0.0010 90 Perpendicular 0.97 2655 
Wolfcamp Wf0-90-4 6.44 0.0017 90 Perpendicular 0.84 2663 
Wolfcamp Wf0-90-5 4.54 0.0001 90 Perpendicular 0.85 2665 
Wolfcamp Wf0-1 6.98 0.0007 0 Perpendicular 0.71 2661 
Wolfcamp Wf0-2 7.28 0.0019 0 Perpendicular 0.77 2664 
Wolfcamp Wf0-3 7.69 0.0036 0 Perpendicular 0.87 2661 
Wolfcamp Wf0-4 8.28 0.0024 0 Perpendicular 0.38 2672 
Wolfcamp Wf0-5 7.73 0.0026 0 Perpendicular 0.85 2655 
Wolfcamp Wf0-45-1 6.57 0.0012 45 Perpendicular 0.65 2662 
Wolfcamp Wf0-45-2 5.24 0.0013 45 Perpendicular 0.67 2666 
Wolfcamp Wf0-45-3 6.08 0.0021 45 Perpendicular 0.97 2653 
Wolfcamp Wf0-45-4 7.90 0.0017 45 Perpendicular 0.66 2663 
Wolfcamp Wf0-45-5 5.51 0.0019 45 Perpendicular 0.98 2657 
Wolfcamp Wf90-45-1 7.82 0.0035 45 Parallel 0.56 2659 
Wolfcamp Wf90-45-2 8.22 0.0010 45 Parallel 0.40 2665 
Wolfcamp Wf90-45-3 6.95 0.0009 45 Parallel 0.41 2661 
Wolfcamp Wf90-45-4 7.18 0.0021 45 Parallel 0.85 2659 
Wolfcamp Wf90-45-5 7.90 0.0021 45 Parallel 0.63 2660 
Wolfcamp Wf90-90-1 7.84 0.0039 90 Parallel 0.70 2664 
Wolfcamp Wf90-90-2 4.09 0.0022 90 Parallel 0.62 2665 
Wolfcamp Wf90-90-3 3.53 0.0015 90 Parallel 1.33 2646 
Wolfcamp Wf90-90-4 9.91 0.0046 90 Parallel 0.70 2664 

Jordan J0-90-1 4.97 0.0012 90 Perpendicular 25.72 1417 
Jordan J0-1 1.71 0.0017 0 Perpendicular 38.12 1471 
Jordan J0-2 1.31 0.0025 0 Perpendicular 38.84 1434 
Jordan J0-3 1.44 0.0005 0 Perpendicular 38.82 1457 
Jordan J0-45-1 2.53 0.0015 0 Perpendicular 38.44 1244 
Jordan J0-45-2 2.28 0.0018 0 Perpendicular 40.20 1222 
Jordan J90-45-1 2.26 0.0003 90 Parallel 38.27 1251 
Jordan J90-90-1 2.71 0.0013 90 Parallel 25.38 1431 
Jordan J90-90-2 2.01 0.0007 90 Parallel 25.00 1438 
Bakken B0-90-1 4.85 0.0011 90 Perpendicular 5.03 2547 
Bakken B0-90-2 4.75 0.0023 90 Perpendicular 5.07 2545 
Bakken B0-90-3 4.59 0.0005 90 Perpendicular 6.10 2525 
Bakken B0-90-4 5.31 0.0012 90 Perpendicular 5.89 2527 
Bakken B0-90-5 4.86 0.0013 90 Perpendicular 4.66 2555 
Bakken B0-1 5.74 0.0017 0 Perpendicular 5.47 2541 
Bakken B0-2 6.09 0.0004 0 Perpendicular 5.03 2547 
Bakken B0-3 6.15 0.0024 0 Perpendicular 5.24 2540 
Bakken B0-4 6.65 0.0020 0 Perpendicular 5.00 2548 
Bakken B0-5 5.63 0.0009 0 Perpendicular 4.53 2558 
Bakken B0-45-1 4.72 0.0046 45 Perpendicular 5.96 2499 
Bakken B0-45-2 5.14 0.0024 45 Perpendicular 4.98 2547 
Bakken B0-45-3 5.02 0.0004 45 Perpendicular 6.01 2543 
Bakken B0-45-4 4.88 0.0003 45 Perpendicular 5.09 2540 
Bakken B0-45-5 5.02 0.0025 45 Perpendicular 4.75 2551 
Bakken B90-45-1 4.50 0.0009 45 Parallel 4.99 2538 
Bakken B90-45-2 4.11 0.0017 45 Parallel 4.90 2545 
Bakken B90-45-3 2.88 0.0010 45 Parallel 4.92 2541 
Bakken B90-45-4 3.58 0.0015 45 Parallel 4.68 2547 
Bakken B90-45-5 3.85 0.0002 45 Parallel 6.52 2507 
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Bakken B90-90-1 2.59 0.0023 90 Parallel 5.47 2534 
Bakken B90-90-2 4.33 0.0022 90 Parallel 5.89 2531 
Bakken B90-90-3 6.43 0.0029 90 Parallel 4.88 2559 
Bakken B90-90-4 3.58 0.0037 90 Parallel 5.71 2534 
Bakken B90-90-5 3.27 0.0004 90 Parallel 4.70 2557 

Kimmeridge Km0-90-1 1.64 0.0009 90 Perpendicular 10.87 2017 
Kimmeridge Km0-90-2 0.62 0.0006 90 Perpendicular 17.09 2016 
Kimmeridge Km0-1 2.05 0.0008 0 Perpendicular 15.34 1952 
Kimmeridge Km0-2 2.13 0.0014 0 Perpendicular 14.44 1958 
Kimmeridge Km0-3 1.50 0.0023 0 Perpendicular 14.44 2053 
Kimmeridge Km0-45-1 0.36 0.0029 45 Perpendicular 19.47 2030 
Kimmeridge Km0-45-2 1.30 0.0020 45 Perpendicular 14.66 1983 
Kimmeridge Km0-45-3 0.52 0.0006 45 Perpendicular 18.14 2020 
Kimmeridge Km90-45-1 0.32 0.0040 45 Parallel 19.90 2054 
Kimmeridge Km90-45-2 1.19 0.0018 45 Parallel 13.30 2046 
Kimmeridge Km90-90-1 1.04 0.0005 90 Parallel 10.36 2009 
Kimmeridge Km90-90-2 0.47 0.0004 90 Parallel 15.80 2043 

Note: *Degree of uncertainty in the porosity measurement is equal to 0.05 %. **Degree of 
uncertainty in the bulk density measurement is equal to 1.5 kg/m3. Other experimental values 
represent the complete set of computed values and therefore do not have a statistical deviation or 
representative equipment uncertainty. 
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Chapter 5 - Monitoring Damage Evolution in Shales Using Wave Propagation 
 

5.1 Introduction 

As previously seen shale formations present ductile (strain hardening), brittle (strain softening) 

behaviors, and anisotropic characteristics that may result in the closure of hydraulically induced 

fractures. These characteristics affect the generated damage zones within the formation, impact 

the amount of hydrocarbon recovered, and therefore need to be quantified for correct rock 

characterizations.  

Acoustic Emission techniques (AE) are often used in the laboratory to show the evolution of 

damage inside rock specimens (Gibowicz 1988; Ono 2011). These methods detect the sound 

signals generated by the tensile cracks inside the rock specimens. However, the implementation 

of these techniques is often difficult in laboratory conditions not only due to the complicated 

numerical models required, but also due to the testing conditions and shale characteristics that 

may result in signal decay. In contrast, the ultrasonic wave velocities use externally generated 

signals to detect changes in rock properties and may be a straightforward laboratory method to 

detect the complete range of damage evolution inside the shale specimens.  

This chapter presents a comprehensive experimental analysis using non-destructive 

laboratory ultrasonic techniques to measure the wave propagation of the Eagle Ford, Wolfcamp, 

Mancos, and Bakken shale specimens with one P-wave crystal and two S-wave transducers  

during triaxial compressive measurements. 

Wave propagation measurements of shale specimens display changes in first arrival points, 

that often fall below the standard detection limits. However, previous research has shown that the 

Coda Wave approach is able to accurately detect the first arrival points despite small stress 

differences. This method when used correctly presents both the small-strain results and valuable 
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information on the effects of internal or boundary-imposed processes in shales that contrast to 

the non-observable changes in the stress-strain curves before major plastic deformations. This 

method not only indentifies the influence of confinement pressure, mineral composition and 

porosity in the initial velocities but also points to the potential reasons for the extensive velocity 

drops before failure.  

Therefore, this study uses the Coda Wave approach to evaluate the acquired P- and S-wave 

signals in the shale specimens to identify damage evolution and intrinsic anisotropic behaviors 

that result from their fissile characteristics. 

5.2 Previous Studies 

An extensive literature review reveals a large number of studies that investigate rock failure 

using laboratory Acoustic Emission techniques. These methods detect the formation of tensile 

microfractures that will theoretically merge to form a failure surface (Scholz 1968). Formation of 

microfractures change the rock’s elastic properties as well as velocity profiles, and attenuation 

spectra of ultrasonic waves that propagate through a specimen. These changes enable us to detect 

the onset of damage inside a rock specimen (Falls 1991) before it manifests itself on the outside 

measurable with strain gauges. Acoustic Emission techniques typically include the procedures 

below to evaluate rock damage: 1) deconvolution analyses of the inverse time-domain Fourier 

waveforms (Wadley and Scruby 1981; Ono 2000; Sause 2010), 2) moment tensor analyses using 

P-waves to obtain the source motion of the tensile and shear components (Grosse and Ohtsu 

2008), 3) 3D finite element analyses (Gary and Hamstad 1994; Hamstad et al. 1996; Guo et al. 

1998; Hamstad et al. 1998; Prosser et al. 1999; Hamstad et al. 2001), and 4) simultaneous 

iterative reconstruction techniques to obtain tomograms of the slowness values (Censor 1983).  
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However, the implementation of these acoustic emission techniques is difficult in laboratory 

conditions not only due to the complicated numerical models but also due to the requirement for 

a large number of sensors to be bonded to the specimen that can increase the possibility of 

leakage during tests at different confinements and reduce the enclosed vessel space. Also, the 

presence of continuous low amplitude signals that travel through the crystal lattice during plastic 

deformations in contrast to the short wave bursts seen during tensile failures affect the correct 

interpretation of the waves using Acoustic Emission techniques (Ono et al. 2005). These 

continuous signals also create instabilities due to the superimposed noise present during the 

already low frequencies generated throughout the Acoustic Emission analyses ~100 to 500 kHz 

(Beattie 2013). In addition, the specimen size (Ono 2000; Grosse and Ohtsu 2008; Ono 2011; 

Song et al. 2018), grain size or anisotropy (Lou et al. 2007; Song et al. 2018), and presence of 

compressive shear or dislocation glide failures in ductile specimens (Muránsky 2010), can also 

result in a decayed or reduced amount of Acoustic Emission signals and affect our final results. 

Our proposed ultrasonic wave velocity approach for the analyses of damage evolution in 

shale specimens overcomes the Acoustic Emission techniques inherent challenges using the 

Coda Wave Interferometry analyses. Previous studies have detailed the use of the Coda Wave 

Interferometry method to detect induced changes in different conditions and materials that 

include: conventional laboratory rock specimens (Gret 2004; Otheim 2011; Jie et al. 2015; 

Griffiths et al. 2018); volcano, earthquake, and rock mass formations (Snieder et al. 2002; Gret 

2004; Wang et al. 2008; Zhou et al. 2010; Lotti 2014; Olivier 2017); concrete structures 

(Shokouhi et al. 2010; Stahlera et al. 2011; Masera et al. 2011; Schurr et al. 2011; Schurra et al. 

2011; Payan et al. 2011; Naffa et al. 2012; Shokouhi and Niederleithinger 2012; Zhang et al. 

2013; Planès and Larose 2013; Hilloulin et al. 2014; Niederleithinger et al. 2014; Hilloulin et al. 
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2016; Serra et al. 2016; Zhang et al. 2016; Legland et al. 2017; Niederleithinger et al. 2018; 

Zhang et al. 2018); and soil samples (Wuttke et al. 2012; Dai et al. 2013; Papadopoulosa et al. 

2016). These analyses emphasize the correct determination of the wave signal first arrival points 

using the Coda Wave Interferometry approach and detect small velocity changes that often fall 

below detection limits in standard procedures (Snieder 2006). However, these measurements do 

not evaluate the complete post-yield specimen damage in shale rock specimens.  

5.3 Experimental Studies 

The study uses the results of a comprehensive index characterization detailed in chapter 3 

combined with the Coda Wave Interferometry approach first arrival times to detect the 

anisotropic effects on the evolution of damage in shale specimens. Experimental details follow. 

5.3.1 Ultrasonic P-Wave and S-Wave Velocities Test Protocol 

These measurements show that the signal travel times change during all the compressive tests 

(elastic, non-linear elastic, and plastic regime) due to external influences. In addition, they can 

also detect the anisotropic characteristics of the shale specimens due to differences between the 

S-wave signals emitted from opposite directions. 

The ultrasonic wave velocity analyses started with a detailed sample preparation that created 

2 to 5 plugs per shale formation depending on the amount of available rock sections with a 25 

mm diameter and a length to width ratio of 2:1. We maintained constant densities of ±50 kg/m3 

(ASTM D4543) in the comparative analyses and ensured that the specimen surfaces conserved 

the relative flatness described in ASTM D4543. Surface flatness is essential because roughness 

at the interfaces hinders energy transmissions by around two orders of magnitude and creates 

pronounced effects on the dynamic stiffness results (Perbawa et al. 2019). We mounted two 

strain gauges diametrically opposite each other at the specimen mid-height and beneath the Viton 
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sleeve (installation details in ASTM D7012). We used rosette type strain gauges in this study 

with a 3.18 mm length and a ±3/10−2 strain range that allowed the simultaneous collection of 

axial and radial strain data. The selected configuration avoided seating effects at the end-cap and 

specimen interfaces and prevented initial non-elastic deformations and smaller static stiffness 

values during the complete compressive tests (Perbawa et al. 2019).  

We acquired ultrasonic transit times at each stress level of ~1.7 MPa for all specimens during 

the loading cycles in addition to the local strain measurements. The instrumentation included one 

P-wave crystal and two orthogonally polarized S-wave transducers (S1 and S2). We gathered and 

stacked 512 signals to enhance the signal to noise ratio with minimal preconditioning at each 

stress level.  

The compressive loading sequence involved: (1) a confining stress loading cycle up to 0/1 

MPa (unconfined), 10 MPa, 30 MPa, 60 MPa, or 100 MPa dependent on the failure analysis and 

at a rate of ~20 kPa/sec; (2) axial stress loading up to failure at a rate of ~10 kPa/sec. We 

repeated these tests at 0˚, 45˚, or 90˚ bedding angles. The selected confining stress levels reflect a 

depth that ranges from 0 to around 4 km and is representative of unconventional, geothermal, 

and carbon storage reservoir conditions. The chosen bedding angles illustrate the most critical 

layered distributions inside these reservoir formations. However, we did not consider the effects 

of temperature with all the measurements conducted at room temperature. 

To enhance the anisotropic and comparative analyses using ultrasonic wave signals across all 

the specimens, we mounted and aligned the rock bedding angles, the direction of major principal 

stress, and end-cap piezo-crystals (Figure 5.1). 
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5.3.2 Coda Wave Interferometry Test Protocol  

The Coda Wave Interferometry approach requires initial processing steps of the complete P- and 

S-wave forms with an emphasis on the tail regions to achieve correct evaluations. We removed 

from the raw signals recovered from the triaxial system the first high amplitude sections resulting 

from electronic crosstalk Figure 5.2A-B. We also reduced the signals overall low-frequency 

noise using a 15-point moving average window over all the data points Figure 5.2B. Initial 

results showed that the signals tended to attenuate and lose energy over time due to differences in 

rock properties or wave scatterings. Therefore, we fitted each of the peaks in the signal to an 

exponential equation that amplified the tail and decreased the signal heads until both regions 

displayed similar amplitude values Figure 5.2C-D. 

We calculated the P- and S-wave first arrival points with the following Coda Wave 

Interferometry steps (Dai et al. 2013): 1) select an initial reference signal using standard first 

arrival detection techniques, 2) establish a set of stretching factors, 3) resample the signals with 

the stretching factors and analyze the reference trace with the subsequent signals, 4) select the 

stretching factor, which displays the most significant amplitude and zero lag-shift, 5) input a new 

reference signal at a later deviatoric stress value if the first selected reference wave does not 

match the later signals due to changes caused by rock damage, and 6) calculate the first arrival 

times.  

5.3.3 Rock Specimens 

Tested specimens come from the following USA shale source rock formations: Eagle Ford, 

Mancos, Wolfcamp, and Bakken shales, with further details provided in chapter 3 and Table 5.1. 
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5.4 Experimental Results 

5.4.1 Mineralogy and Petrophysical Properties 

Chapter 3 presents the results of the petrophysical properties and the two-region mineral 

composition, as seen in the typical results of the Mancos shale specimen (Figure 5.3). 

5.4.2 Ultrasonic Wave Velocities and the Coda Wave Interferometry Approach 

Ultrasonic data gathered during the triaxial tests allowed us to acquire the complete cascade of 

wave signals during the elastic linear/non-linear evolution and plastic behaviors of the 

compressive tests. Figure 5.4 displays a typical cascade of wave signatures from the shale 

specimens (a subset of the signals is shown for clarity). However, the detection of the first arrival 

points in the different wave signals can be challenging. The shale rock specimens present 

changes in first arrival points, which often fall below the detection limits (Figure 5.4). 

Consequently, we needed to evaluate if the Coda Wave approach had adequate sensitivity to 

detect first arrival points with small stress changes during compressive tests. Figure 5.5 shows 

the Coda Wave Interferometry approach sensitivity to detect first arrival points even with small 

deviations between signals at different deviatoric stresses (Dai et al. 2013). This approach uses 

signals in the elastic regime as the first base trace to compute the stretching factor F, which is 

proportional to the time shift of the first arrival time t between the base trace signal “a” and a 

subsequent signal “b” as seen in Figure 5.5: 

 G = H"
"I
= "I − "J

"I
 (5.1) 

The time for the first arrival t is identical in both signals, yet the time windows at three 

different signal sections show that the coda waves accumulate time shifts. This results from the 

fact that signals tended to attenuate and lose energy over time due to differences in rock 
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properties or wave scatterings. Thus, a certain event at time ta in signal “a” will appear as a 

stretched time tb in signal “b.”  

 "J = "I(% + G) (5.2) 

We used the moving reference signal method to detect rock behavior changes up to the 

failure point. This method uses different base signals "a" to compute the time lag Δt with the 

subsequent signal "b" due to different signals during damage (Snieder et al. 2002; Wuttke et al. 

2012; Dai et al. 2013; Santamarina and Fratta 2005). The stretching method also changes the 

frequency of the signals for that reason to avoid deviation in the results from reality we select the 

stretching factor, which displays the most significant amplitude and zero lag-shift in the signal. 

Figure 5.6 shows typical P- and ΔS-wave velocity plots as a function of deviatoric stress and 

confinement pressures using the first arrival times obtained earlier up to the point of rock failure. 

These ultrasonic wave velocity results allow us to compare the peak deviatoric strengths and 

static elastic moduli to the computed dynamic elastic moduli as a function of bedding angles, 

confining pressure, density, and porosity (Table 5.2). Results show significant differences 

between static elastic moduli values computed using LVDTs, strain gauges (SG), or Coda Wave 

Interferometry computed dynamic elastic moduli. The computed static moduli using LVDTs are 

smaller than the dynamic moduli by ~6 times in the siliceous and ~3 times in the calcareous 

shales. These values decrease to only ~2 in the siliceous and ~1.5 in the calcareous shales when 

using SG results. The stiffer calcareous specimens create larger initial seating effects or reduced 

contact points between the endcaps and specimens. However, these shales show larger strength 

values that allow a complete coupling at the interface and larger deformations that contrast to the 

more brittle behavior of the siliceous specimens at the same tested confinement values. 
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Therefore, the dynamic elastic moduli and key rock mechanical properties present similar 

trends; increases in confining pressures correlate with larger elastic moduli in contrast to porosity 

values. Note: both the mineral composition and depositional environment influence the porosity 

values. 

5.5 Analyses and Discussion 

5.5.1 Coda Wave Interferometry Approach for Damage Detection 

If we correctly apply the Coda Wave analysis the small-strain measurements using elastic 

waves offer valuable information on the effects of internal or boundary-imposed processes on 

shale specimens. Coda wave analysis can detect changes in travel times even for transmitted 

acoustic energy at low deviatoric stresses. The experimental data and typical results from the 

literature show that propagation velocities initially increase with axial deviatoric stress due to 

seating effects at the boundaries between the specimen and endcaps, initial crack formations, and 

internal porosity closure (Perbawa et al. 2019). However, the triaxial compressive damage in the 

specimens intensifies after these initial regions and the velocities increase with axial deviatoric 

stress up to the transition points. The velocities follow a power log-log fitting equation computed 

using the experimental data points of this research that also resembles a physical Hertzian-type 

power function as seen in chapter 2 (Eq. 2.7). After these transition points the velocities present 

drops up to failure. 

Table 5.3 displays the range of results for all shale specimens: The Eagle Ford shale has a  

β= 0.002-to-0.005 similar to the results seen in chapter 2, on the other hand the Wolfcamp shale 

has a β= 0.005-to-0.008, the Bakken shale a β= 0.003-to-0.008, and the Mancos shale a β= 

0.005-to-0.01. The calcareous shales have smaller stress sensitivity due to their cemented 

characteristics and low porosity values compared to the more disconnected and layered siliceous 
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features. These previous observations are inferred from earlier reports of higher stress sensitivity 

in fractured rocks and granular media where contact mechanics control stiffness, and the β-

exponent can range from β≈ 0.2 -to- β > 0.5 (Cha et al. 2014). The smaller stress sensitivity 

values seen in the shale specimens also confirm the small degree of change in first arrival times 

bellow standard detection limits. However, when computed using the Coda Wave Interferometry 

the first arrival times between signals can be detected due to the accuracy level of this method of 

approximately 1% between signals. 

Figure 5.7 plots the computed velocity values obtained using the Coda Wave Interferometry 

approach at each instantaneous deformation and stress level against the stress-strain curve. The 

figure highlights the methods sensitivity to identify the transition points not always visible in the 

stress-strain curves. The plot shows the potential elastic, plastic, and failure regions of the 

samples due to three major factors: 1) pore closure or seating effects, 2) initiation point of crack 

propagation and 3) rapid deformation and crack alignment. These results contrast to the non-

observable changes in the stress-strain curves before the major plastic deformations.  

Comparative analyses of the siliceous and calcareous shales show that stiffer rocks present 

greater initial velocities due to larger nonlinear deformations between the endcaps and 

specimens. We also observe the sensitivity to confinement pressure associated with the porosity 

or less bonded characteristics of the siliceous shales. However, more importantly the extensive 

and earlier velocity drops in the crack alignment region provides a hint of the brittle/ductile 

behavior in shale specimens. Larger velocity drops are suggestive of more ductile behaviors, as 

seen in the calcareous specimens (Figure 5.8). 
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5.5.2 Coda Wave Interferometry Approach for Anisotropy Evaluation 

Anisotropic behavior is crucial in the analysis of shale rock specimens due to their fissile and 

layered characteristics. We examine the sensitivity of the Coda Wave approach to detect 

differences in velocities between the shear wave signals (S1 and S2) that could show the 

influence of the shale intrinsic anisotropy. The results show the ability of this method to detect 

the anisotropic behavior: siliceous shales present double the amount of anisotropy with values of 

~5.5% between shear measurements in contrast to ~3.6% in the calcareous shales. The analyses 

also suggest that confinement pressures create reductions in the differences between the 

velocities recorded at the two shear signals (S1 and S2), as seen in Figure 5.9. Consequently, the 

anisotropy reduces at larger confinement values and presents a greater decrease in the calcareous 

shales of ~1% than the siliceous specimens with ~2.7%. 

The bedding angle also has an influence across all specimens. Results show larger 

fluctuations in the wave velocity values across all specimens for the 0 and 90-degree bedding 

angle conditions with a larger deviation between beddings in the siliceous shales.  

5.5.3 Static and Dynamic Moduli 

Finally, we decided to compare the differences in static and dynamic moduli between the shale 

specimens. The static modulus is a low-frequency measurement with a wavelength appreciably 

longer than the specimen height λ>>L, and a duration of measurement longer than any internal 

time scale in the system Tmeas>>Tint. The static modulus is typically obtained using triaxial 

compression stress-strain data (ASTM D7012). However, the dynamic modulus results from 

high-frequency measurements and short wavelengths that interact with the specimen’s internal 

time and spatial scales. Note measurement techniques include: impulse response ASTM E1876, 
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ultrasonic ASTM E494, sonic resonance ASTM E1875, resonance column ASTM D4015, and 

cyclic loading ASTM D5311.  

Figure 5.10 displays the static tangential modulus derived from strain gauge and LVDT data, 

and the dynamic modulus computed from ultrasonic P-wave velocities as a function of the 

deviatoric stress σd. Static and dynamic moduli follow the same loading trend with deviatoric 

stress; however, the dynamic modulus is higher than the static modulus, Edyn/Est³1, in all the 

shale specimens. This is partially due to seating effects, differences in strain levels, and from the 

wave propagations in dynamic measurements that follow high velocity pathways and avoid the 

low velocity zones present in heterogeneous systems. Figure 5.10 also plots the static Est and 

dynamic Edyn moduli compiled from the literature; the different symbols distinguish local and 

cap-to-cap instrumentations (King 1983, Eissa and Kazi 1988, Christaras et al. 1994, Brautigam 

et al., 1998, Mockovčhiaková and Pandula 2003, Soroush and Fahimifar 2003, and Brotons et al. 

2014 and 2016). 

5.6 Conclusions 

Coda Wave Interferometry enables us to detect the minute changes of around 1% in first arrival 

times between signals at different deviatoric stresses, even in shale rock formations that exhibit 

changes which often fall below the detection limits. This technique can also identify the triaxial 

compressive damage up to the failure point, not seen in the stress-strain curves. 

We identified three stages of damage in the shale specimens due to velocity differences using 

the Coda Wave Interferometry technique in contrast to the non-observed effects in standard 

compressive rock mechanic evaluations: 1) incremental rises in signal values due to pore closure, 

seating effects, and increased rock specimen coupling, 2) a stable section with either no change 



	
	

182 
	

or a minimal decrease in signal values due to the initiation of small micro-fractures, and 3) 

significant reductions in signal values due to macro-fracture generation.  

Fixed reference method cannot detect incremental signal variations due to entirely different 

later wave signals during damage induced effects. However, the moving reference signals can 

observe the time shift in wave signal intervals throughout the failure analyses. The number of 

wave signals and the moving reference range depend on the scale of damage; an extensive range 

will only show general trends rather than local events. 

The Coda Wave approach can not only detect the initial stress sensitivity to confinement but 

also the velocity drops in the macro-fracture regions which provide a hint of the brittle/ductile 

behavior inside the shale specimens. Massive velocity drops of ~8% show a more ductile rock 

behavior in contrast to a drop of ~1% in brittle rocks. Calcareous shales also show more ductile 

behaviors compared to the siliceous specimens. 

The analyses of layered or fissile specimens show differences in S1 and S2-wave velocities. 

These velocity variations can identify not only the smallest levels of in-plane anisotropy with 

differences in velocity of ~6% in calcareous shales and ~4% in siliceous specimens but also the 

effect of bedding angles and confinement pressures seen in the decrements of ~2% in anisotropy. 

These effects are significant when compared to the compressive rock mechanic evaluations 

which are not able to detect minute changes in strength anisotropy as seen in chapter 3.  

Surface roughness and the mismatch at specimen-endcap interfaces can reduce the initial 

transmitted ultrasonic energy. Nevertheless, the differences in internal time scales, strain levels, 

and propagation phenomena result in larger dynamic moduli by ~2 times in contrast to the static 

moduli measured using strain gauges. Specimens with larger stiffness values create greater 

standard deviations when acquired using static measurement systems with ~3 times more 
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deviations than the smaller moduli specimens. All rock strength groups display small deviations 

in dynamic moduli.  

Our results showed that the non-destructive Coda Wave approach can precisely detect the 

real damage evolution, anisotropic behavior, and possible brittle/ductile characteristics of the 

shale specimens with or without inducing complete plastic deformations. These results allow us 

to monitor the evolution of the shale specimens during compressive damage to assess the best 

fracturing processes that will induce critical damage in the reservoirs and improve production 

outcomes. 
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Figure 5.1. Alignment of the shale specimens inside the Triaxial cell for ultrasonic measurements 
during compression tests. Plug orientation with respect to the location of the shear wave 
measurement directions (S1 and S2) and the compressive wave measurement direction (P). The 
schematics show the alignment of the different bedding angles with the continuous white lines 
(0o, 45º, and 90º). The horizontal black arrows indicate the orientation of the S1 and S2 shear 
wave measurement directions. The vertical black arrow shows the direction of measurement for 
the compressive wave (P) and axial load. 
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Figure 5.2. Example plot which displays the steps used to process the P-Wave and S-Wave 
signals to improve the tail region before applying the Coda Wave approach. These plots show a 
selected P-Wave signal for clarity. A) Raw signal from the triaxial cell. B) Smoothed signal with 
the initial high amplitude muted. C) Black line: exponential equation used to fit and amplify the 
signal tail, Red plot: smoothed signal. D) Blue line: original smoothed signal, Red plot: new 
signal with the corrected and gained amplitude where the tail and head have similar amplitude 
values. The signal plotted is for the calcareous Eagle Ford shale specimen with a 0˚ bedding 
angle distribution and 100 MPa of confining pressure. 
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Figure 5.3. Scanning Electron Microscope images and Energy-Dispersive X-ray Spectroscopy 
chemical analysis of the Mancos specimen. A) Clear boundary (white dashed line) between the 
two different layers inside the specimen. B) (Si/Ca/Mg) layer. C) Quartz lamination 
(Si/Al/Fe/C). D) Precipitated organic carbon. E) Zoomed-in view of the blue circle area in Image 
B showing the Quartz, Calcite, and Dolomite minerals. F) Zoomed-in view of the area within the 
orange circle in Image C, which shows the Phyllosilicates and Quartz crystals.  
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Figure 5.4. Typical cascade plot of the wave signals vs. deviatoric stress. These plots show a 
subset of selected signals for clarity. During the loading and unloading cycle, signals were 
measured for a representative calcareous Eagle Ford shale specimen with a 0˚ bedding angle 
distribution. Red line shows the computed first arrival points. Inset plots show the zoomed-in 
sections of the signal, which display the time-lag differences between waves at three different 
locations. 
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Figure 5.5. Typical first arrival points obtained using the Coda Wave Interferometry approach 
with an example of the time lag at three different locations between two signals. Comparison of 
two-wave signals (a and b) at different axial loads. Signal “a” continues red line calculated at 7 
MPa. Signal “b” black dotted line computed at 21 MPa (Dai et al. 2013). Inset plots show the 
zoomed-in sections of the signal, which display the time-lag differences between waves at three 
different locations. 

! = #$
$%
= $%&$'

$%
																		$' = $%(*+ !)

-0.06

-0.03

0

0.03

0.06

.000032 .000042 .000052 .000062

Signal at 7  [MPa] 

-0.06

-0.03

0

0.03

0.06

-0.06

-0.03

0

0.03

0.06

-0.06

-0.03

0

0.03

0.06

Signal at 21 [MPa] 

Time, t [μs]

Am
pl

itu
de

, [
 ]

First arrival, t

30                                        40                                       50                                       60    



	
	

189 
	

 
Figure 5.6. Typical plots of the P- and �S-wave signals vs. deviatoric stress for a representative 
Eagle Ford shale specimen with a 0˚ bedding angle. Colored dotted lines: Experimental 
ultrasonic wave velocity measurements using the Coda Wave Interferometry approach. 
Confining pressures: red dots – 1 MPa, blue dots – 15 MPa, green dots – 30 MPa, yellow dots – 
60 MPa, and purple dots – 100 MPa. The black arrow indicates the loading direction for all 
analyses. A) P-wave velocity plot. B) �S-wave velocity plot. The measurement uncertainties 
are: ~55  m/s for VP and ~17 m/s  for VS. 
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Figure 5.7. P-wave and Axial Strain vs. Deviatoric Stress analyses for a representative Eagle 
Ford shale specimen with a 0˚ bedding angle and a 100 MPa confining pressure. Colored dotted 
lines: experimental ultrasonic P-wave velocity measurement using the Coda Wave 
Interferometry approach. Continuous black line: stress-strain triaxial compression results. The 
plot shows the different damage stages of the specimen. (a) Pore closure or seating effects. (b) 
Initiation point of crack propagation. (c) Initiation point of rapid deformation, crack alignment, 
and energy release. (d) Wave velocity point at peak stress values or failure. The measurement 
uncertainty is ~55  m/s for the ultrasonic VP. 
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Figure 5.8. The comparative plots of the P-wave signals vs. deviatoric stress for both the 
calcareous and siliceous shales. Measurements made in the Eagle Ford shale and Bakken shale 
specimens with a 0˚ bedding angle. Colored dotted lines: experimental ultrasonic wave velocity 
measurements using the Coda Wave Interferometry approach. Confining pressures: red dots - 0/1 
MPa, green dots – 30 MPa, and yellow dots - 60 MPa. The black arrow indicates the loading 
direction for all analyses. (A) Results of the Eagle Ford specimen. (B) Results of the Bakken 
specimen. The measurement uncertainty is ~55  m/s for VP.  
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Figure 5.9. S1- and S2-wave velocities vs. deviatoric stresses at different confinement pressures 
for a representative Eagle Ford shale specimen with a 0˚ bedding angle. Colored dotted lines: 
experimental ultrasonic S-wave velocity measurements using the Coda Wave Interferometry 
approach. Confining pressures: red dots – 1 MPa, blue dots – 15 MPa, green dots – 30 MPa, 
yellow dots – 60 MPa and purple dots – 100 MPa. The black arrow indicates the loading 
direction for all analyses. (A) Results of the ultrasonic S1-wave velocities. (B) Results of the 
ultrasonic S2-wave velocities. The measurement uncertainties are: ~17  m/s for VS1 and ~16  m/s 
for VS2. 
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Figure 5.10. Young’s static moduli computed using strain gauges vs. dynamic moduli computed 
using P-wave velocities with both measurements obtained during compressive tests. Colors 
represent the rock lithology or specimen formation. Symbol shape: instrumentation (square= 
strain gauges; triangle= cap-to-cap). Large symbols show the results gathered in this study. Small 
symbols correspond to published data for various rock types (Fei et al. 2016; Sone and Zoback 
2013; Elkatatny et al. 2018; Gong et al. 2019; Mockovčhiaková and Pandula 2003; Brotons et al. 
2014, 2016). Standard deviations shown only for the experimental average values. Literature 
data points show the reported values without any reference to standard deviations. The 
measurement uncertainties are between ~0.1 to 0.5 GPa for the Dynamic Modulus. The 
proportion of deviation is R2= ~0.81 obtained from the best fitting line of static and dynamic 
modulus values. 
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Table 5.1. Specimen dimensions, mass, and extraction locations. 
 

Shale 
Specimen 

Specimen 
Reference 

Length Diameter L:D Mass Extraction 
Location 

[mm]* [mm]* ratio [gr]** [m]*** 
Eagle Ford Ef0-1 50.71 25.25 2 63.578 Outcrop 
Eagle Ford Ef0-2 50.94 25.23 2 64.044 Outcrop 
Eagle Ford Ef0-3 50.91 25.22 2 64.259 Outcrop 
Eagle Ford Ef0-4 50.82 25.38 2 65.047 Outcrop 
Eagle Ford Ef0-5 50.66 25.42 2 64.923 Outcrop 
Eagle Ford Ef45-1 50.86 25.24 2 63.71 Outcrop 
Eagle Ford Ef45-2 50.85 25.24 2 64.053 Outcrop 
Eagle Ford Ef45-3 50.63 25.3 2 64.575 Outcrop 
Eagle Ford Ef45-4 50.82 25.29 2 64.884 Outcrop 
Eagle Ford Ef45-5 50.16 25.24 2 63.773 Outcrop 
Eagle Ford Ef90-1 50.92 25.21 2 62.72 Outcrop 
Eagle Ford Ef90-2 50.94 25.22 2 62.765 Outcrop 
Eagle Ford Ef90-3 50.93 25.14 2 62.242 Outcrop 
Eagle Ford Ef90-4 50.71 25.28 2 63.503 Outcrop 
Eagle Ford Ef90-5 50 25.22 2 61.883 Outcrop 

Mancos M0-1 50.65 25.18 2 63.667 Outcrop 
Mancos M0-2 50.63 25.35 2 64.618 Outcrop 
Mancos M0-3 50.73 25.33 2 64.492 Outcrop 
Mancos M45-1 50.61 25.37 2 64.618 Outcrop 
Mancos M45-2 50.64 25.38 2 64.679 Outcrop 
Mancos M45-3 50.56 25.41 2 65.009 Outcrop 
Mancos M90-1 50.73 25.34 2 64.587 Outcrop 
Mancos M90-2 50.35 25.35 2 64.184 Outcrop 
Mancos M90-3 50.71 25.35 2 64.785 Outcrop 

Wolfcamp Wf0-1 50.95 25.19 2 67.778 Outcrop 
Wolfcamp Wf0-2 51.04 25.23 2 67.847 Outcrop 
Wolfcamp Wf0-3 50.93 25.23 2 67.864 Outcrop 
Wolfcamp Wf45-1 50.71 25.37 2 68.478 Outcrop 
Wolfcamp Wf45-2 50.71 25.37 2 68.384 Outcrop 
Wolfcamp Wf45-3 50.67 25.36 2 68.358 Outcrop 
Wolfcamp Wf90-1 50.84 25.34 2 68.087 Outcrop 
Wolfcamp Wf90-2 50.27 25.33 2 67.53 Outcrop 
Wolfcamp Wf90-3 50.72 25.1 2 66.893 Outcrop 

Bakken B0-1 50.42 25.1 2 66.215 3230.2 
Bakken B0-2 50.48 25.1 2 66.122 3230.2 
Bakken B0-3 50.62 25.1 2 66.489 3230.2 
Bakken B45-1 50.94 25.1 2 61.535 3230.1 
Bakken B45-2 50.97 25.1 2 61.466 3230.1 
Bakken B45-3 50.75 25.1 2 65.957 3230.7 
Bakken B90-1 49.31 25.1 2 62.946 3230.5 
Bakken B90-2 50.47 25.1 2 64.422 3230.5 
Bakken B90-3 49.98 25.1 2 63.297 3230.6 

 
Note: *Degrees of uncertainty in the length and diameter measurements are equal to 5 µm. 
**Degree of uncertainty in the mass measurement is equal to 0.5 mg. The average top and 
bottom surface roughness for the rock specimens is ~10 µm. ***Depth displayed in “m” where 
applicable.  
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Table 5.2. Compressive rock mechanic properties and elastic moduli values for all shale 
specimens (peak deviatoric stress, static Young’s modulus (SG and LVDTs), dynamic Young’s 
modulus, and Poisson’s ratio) as a function of confining pressures, bedding angles, porosity, and 
density. 
 

Specimen 
References 

Peak 
Deviatoric 
Strength 
(σ1-σ3) 

Static 
Young’s 
Modulus 
(Est) SG 
± STD 

Static 
Young’s 
Modulus 

(Est) 
LVDT ± 

STD 

Dynamic 
Young’s 
Modulus 
(Edyn) ± 

STD 

Poisson’s 
ratio (ν) 

Bedding 
Angle 

Confining 
Pressure 

(σ3) 

Non-
Invaded 
Porosity 

Bulk 
Density 

[MPa] [GPa] [GPa] [GPa] [ ] [deg.] [MPa] [%]* [kg/m3]
** 

Ef0-1 145.2 - 31.0±7.1 62.8±0.2 0.27 0 1 0.39 2504 
Ef0-2 176.6 - 33.8±7.1 64.2±0.2 0.27 0 15 0.24 2515 
Ef0-3 201.5 - 34.5±8.9 68.8±0.2 0.27 0 30 0.76 2527 
Ef0-4 245.5 - 36.3±6.6 69.6±0.2 0.27 0 60 0.40 2530 
Ef0-5 305.8 - 37.6±8 70.9±0.3 0.27 0 100 0.50 2525 

Ef45-1 134.4 - 36.4±3.5 60.4±0.1 0.27 45 1 0.08 2504 
Ef45-2 171.7 - 37.6±6.3 71.0±0.2 0.27 45 15 0.87 2518 
Ef45-3 196.7 - 39.6±6.8 72.7±0.2 0.27 45 30 0.64 2538 
Ef45-4 247.9 - 39.8±8.4 73.6±0.3 0.27 45 60 0.63 2541 
Ef45-5 308.5 - 40.0±5.5 74.3±0.2 0.27 45 100 0.24 2542 
Ef90-1 134.2 - 36.0±3.4 64.5±0.1 0.27 90 1 1.23 2468 
Ef90-2 152.9 - 39.7±3.2 65.1±0.1 0.27 90 15 0.57 2467 
Ef90-3 207.5 - 40.5±4.9 65.5±0.2 0.27 90 30 1.13 2461 
Ef90-4 260.5 - 41.3±9.4 67.9±0.2 0.27 90 60 0.48 2495 
Ef90-5 313.2 - 42.5±5 69.1±0.3 0.27 90 100 0.39 2477 
M0-1 98.9 14.5±1.6 5.1±0.9 32.4±0.1 0.27 0 30 4.70 2525 
M0-2 55.8 8.7±1.5 3.6±0.6 31.9±0.1 0.30 0 0 4.64 2529 
M0-3 203.0 17.1±3.5 6.6±0.2 41.1±0.1 0.27 0 60 4.77 2522 

M45-1 60.0 13.9±2 4.8±0.2 31.7±0.1 0.34 45 30 4.72 2526 
M45-2 16.5 7.1±1.3 - - 0.36 45 0 4.79 2525 
M45-3 172.9 19.4±4 7.3±0.4 43.3±0.2 0.24 45 60 4.36 2537 
M90-1 81.5 16.9±1.2 6.3±0.3 42.4±0.1 0.32 90 30 4.74 2524 
M90-2 33.0 8.0±1.2 3.2±0.4 33.4±0.1 0.26 90 0 4.85 2525 
M90-3 197.2 17.9±2.9 7.5±0.3 48.4±0.2 0.24 90 60 4.65 2532 
Wf0-1 88.8 65.5±27 10.3±3.1 103.7±0.3 0.25 0 30 0.41 2669 
Wf0-2 71.1 62.3±8.3 14.5±1.5 90.1±0.1 0.28 0 0 0.65 2660 
Wf0-3 428.2 69.4±11 26.1±5.8 107.9±0.4 0.30 0 60 0.43 2666 

Wf45-1 144.7 74.7±5.4 72.5±18 103.0±0.1 0.31 45 30 0.22 2672 
Wf45-2 85.0 51.1±11 20.5±1.9 105.3±0.1 0.31 45 0 0.40 2669 
Wf45-3 405.8 75.8±14 28.2±2.4 106.1±0.3 0.31 45 60 0.23 2672 
Wf90-1 116.9 74.0±7.7 20.3±3.4 107.8±0.1 0.33 90 30 0.66 2657 
Wf90-2 115.0 72.9±1.2 23.9±3.8 104.7±0.1 0.31 90 0 0.63 2666 
Wf90-3 406.2 74.2±9.1 28.8±4 109.6±0.3 0.31 90 60 0.32 2666 

B0-1 172.5 47.8±3.5 17.4±2.6 71.2±0.2 0.26 0 30 1.64 2653 
B0-2 130.0 35.4±3.6 14.3±1.6 57.3±0.1 0.22 0 0 1.86 2645 
B0-3 334.4 53.2±17 17.4±4.7 77.4±0.4 0.36 0 60 1.64 2653 

B45-1 6.7 39.4±11 - 42.9±0.1 0.10 45 30 8.19 2433 
B45-2 14.6 9.4±1.4 - - - 45 0 8.11 2432 
B45-3 286.8 40.8±3 16.2±2.8 69.4±0.3 0.25 45 60 2.74 2618 
B90-1 236.2 29.6±5 16±2.8 59.1±0.1 0.34 90 30 4.17 2570 
B90-2 80.0 26.5±2.8 13.4±0.7 49.2±0.1 0.26 90 0 4.21 2571 
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B90-3 312.0 42.6±5.1 18±2.7 69.5±0.2 0.26 90 60 4.72 2554 

Note: *Degree of uncertainty in the porosity measurement is equal to 0.05 %. **Degree of 
uncertainty in the bulk density measurement is equal to 1.5 kg/m3. Other experimental values 
represent the complete set of computed values and therefore do not have a statistical deviation or 
representative equipment uncertainty. STD represents the ± standard deviation. 
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Table 5.3. Propagation velocity exponents (α and β) and dynamic elastic moduli values for all 
shale specimens. 

 

Shale 
Specimen 

Specimen 
References 

Dynamic 
Young’s 
Modulus 

(Edyn) ± STD 

Alpha 
(α) 

Beta 
(β) 

[GPa]   
Eagle Ford Ef0-1 62.8±0.2 5034.1 0.002 
Eagle Ford Ef0-2 64.2±0.2 5107.1 0.003 
Eagle Ford Ef0-3 68.8±0.2 5306.2 0.004 
Eagle Ford Ef0-4 69.6±0.2 5339.7 0.004 
Eagle Ford Ef0-5 70.9±0.3 5378.9 0.004 
Eagle Ford Ef45-1 60.4±0.1 4942.6 0.002 
Eagle Ford Ef45-2 71.0±0.2 5370.5 0.003 
Eagle Ford Ef45-3 72.7±0.2 5411.1 0.003 
Eagle Ford Ef45-4 73.6±0.3 5421.9 0.003 
Eagle Ford Ef45-5 74.3±0.2 5481.8 0.005 
Eagle Ford Ef90-1 64.5±0.1 5147.8 0.002 
Eagle Ford Ef90-2 65.1±0.1 5214.9 0.003 
Eagle Ford Ef90-3 65.5±0.2 5268.1 0.003 
Eagle Ford Ef90-4 67.9±0.2 5305.4 0.004 
Eagle Ford Ef90-5 69.1±0.3 5377.8 0.005 

Mancos M0-1 32.4±0.1 3664.1 0.0100 
Mancos M0-2 31.9±0.1 3664.2 0.0080 
Mancos M0-3 41.1±0.1 4146.9 0.0090 
Mancos M45-1 31.7±0.1 3619.9 0.0080 
Mancos M45-2 - - - 
Mancos M45-3 43.3±0.2 4197.7 0.0060 
Mancos M90-1 42.4±0.1 4142.3 0.0050 
Mancos M90-2 33.4±0.1 3697.2 0.0070 
Mancos M90-3 48.4±0.2 4522.8 0.0100 

Wolfcamp Wf0-1 103.7±0.3 6322.7 0.0050 
Wolfcamp Wf0-2 90.1±0.1 5785.0 0.0012 
Wolfcamp Wf0-3 107.9±0.4 6764.6 0.0080 
Wolfcamp Wf45-1 103.0±0.1 6329.1 0.0020 
Wolfcamp Wf45-2 105.3±0.1 6204.6 0.0005 
Wolfcamp Wf45-3 106.1±0.3 6491.5 0.0070 
Wolfcamp Wf90-1 107.8±0.1 6483.5 0.0040 
Wolfcamp Wf90-2 104.7±0.1 6338.4 0.0030 
Wolfcamp Wf90-3 109.6±0.3 6800.0 0.0070 

Bakken B0-1 71.2±0.2 5256.8 0.0040 
Bakken B0-2 57.3±0.1 4723.2 0.0040 
Bakken B0-3 77.4±0.4 5528.0 0.0060 
Bakken B45-1 42.9±0.1 4238.7 0.0080 
Bakken B45-2 - - - 
Bakken B45-3 69.4±0.3 5208.9 0.0040 
Bakken B90-1 59.1±0.1 4844.5 0.0030 
Bakken B90-2 49.2±0.1 4421.7 0.0030 
Bakken B90-3 69.5±0.2 5295.5 0.0040 

Note: STD represents the ± standard deviation. 
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Table 5.4. Propagation velocity exponents (α and β) and dynamic shear moduli values for all 
shale specimens with the differences between S1 and S2 signals.  

 

Specimen 
References 

Dynamic 
Shear 1 

Modulus 
(G) ± STD 

Dynamic 
Shear 2 

Modulus 
(G) ± STD 

Alpha 
(α) 

Beta 
(β) 

Difference 
S1 and S2 

[GPa] [GPa]   [%] 
Ef0-1 21.0±0.05 20.2±0.05 2886.5 0.002 2.12% 
Ef0-2 21.7±0.04 20.7±0.04 2939.8 0.003 2.26% 
Ef0-3 21.9±0.03 21.3±0.03 2982.9 0.004 1.79% 
Ef0-4 22.9±0.05 21.7±0.03 3021.3 0.005 2.72% 
Ef0-5 23.5±0.06 22.0±0.05 3057.2 0.005 3.13% 

Ef45-1 21.8±0.04 21.5±0.04 2946.5 0.002 0.55% 
Ef45-2 22.8±0.04 21.4±0.04 2999.6 0.003 3.12% 
Ef45-3 23.9±0.02 22.9±0.03 3077.5 0.004 2.26% 
Ef45-4 24.8±0.04 22.9±0.04 3117.4 0.005 3.66% 
Ef45-5 24.8±0.06 23.0±0.05 3154.2 0.006 3.63% 
Ef90-1 21.6±0.02 19.5±0.03 2901.6 0.002 5.18% 
Ef90-2 21.7±0.02 19.5±0.03 2931.0 0.004 5.35% 
Ef90-3 21.9±0.04 19.7±0.04 2931.1 0.003 5.50% 
Ef90-4 22.2±0.05 20.9±0.05 3011.6 0.005 3.04% 
Ef90-5 22.5±0.06 20.9±0.06 3011.7 0.005 3.11% 
M0-1 13.0±0.04 13.5±0.07 2319.1 0.006 1.96% 
M0-2 8.6±0.02 12.2±0.03 2084.1 0.011 17.20% 
M0-3 16±0.07 15.6±0.07 2591.6 0.011 1.52% 

M45-1 14.7±0.03 15.8±0.03 2515.4 0.009 3.65% 
M45-2 - - - - - 
M45-3 15.6±0.08 16.2±0.08 2557.4 0.007 1.87% 
M90-1 16.9±0.06 14.4±0.08 2520.8 0.005 7.92% 
M90-2 - - - - - 
M90-3 18.1±0.09 18.1±0.1 2792.6 0.012 0.24% 
Wf0-1 26.4±0.07 28.3±0.17 3307.8 0.010 3.27% 
Wf0-2 22.9±0.04 28.2±0.1 3134.7 0.004 10.65% 
Wf0-3 30.8±0.08 28.8±0.1 3442.0 0.007 3.38% 

Wf45-1 31.2±0.06 29.3±0.5 3372.3 0.001 3.02% 
Wf45-2 29.8±0.15 26.3±0.2 3290.6 0.004 6.38% 
Wf45-3 32.8±0.04 30.3±0.09 3599.5 0.006 4.10% 
Wf90-1 31.6±0.06 29.0±0.04 3496.1 0.008 3.93% 
Wf90-2 31±0.06 29.2±0.09 3418.2 0.005 2.17% 
Wf90-3 31.9±0.1 29.7±0.09 3554.7 0.008 3.42% 

B0-1 27.2±0.04 25±0.04 3166.8 0.003 4.26% 
B0-2 23.1±0.04 22.2±0.3 2968.0 0.004 1.53% 
B0-3 27.3±0.08 26.1±0.06 3211.1 0.004 2.23% 

B45-1 16.1±0.02 - 2581.4 0.003 - 
B45-2 - - - - - 
B45-3 31.3±0.12 24.8±0.07 3319.3 0.005 11.63% 
B90-1 27±0.08 24.4±0.05 3221.4 0.005 5.03% 
B90-2 22.4±0.03 20.1±0.03 2901.6 0.003 5.25% 
B90-3 29.1±0.08 27.7±0.13 3557.5 0.005 7.02% 

Note: STD represents the ± standard deviation. 
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Chapter 6 - From Shale Index Properties to Advanced Rock Parameters 
 

6.1 Introduction 

The previous chapters have demonstrated the positive impact of compressive rock mechanic 

measurements to determine the strength, stiffness, and peak strain values to provide accurate 

characterizations of the subsurface behavior for geo-engineering and scientific applications. 

Shale formations require comprehensive evaluations of the anisotropic influence on compressive 

rock mechanic properties to improve the understanding of possible shear failures, wellbore 

instabilities, and other geomechanical complications during drilling or hydraulic fracturing 

processes. However, standard rock mechanic measurements often use established advanced 

procedures and calculations, which have not been significantly revised for shale rock 

characterizations. These advanced techniques as seen in the previous chapters tend to be high-

impact, destructive, not cost-effective, and present inherent biases as seating or bending effects 

that affect the resolution of the analyses, create equipment uncertainty, and require highly 

detailed sample preparation. These effects if not correctly considered could distort the measured 

values and result in unrepresentative rock properties (strength, stiffness and peak strain). There is 

a need for an effective and straightforward measurement method that can detect the widely-used 

unconfined compressive strength UCS evolution under anisotropic conditions.  

This chapter evaluates alternative solutions for constraining rock mechanic properties with an 

emphasis on UCS values using simple and low-impact index property techniques. The study 

presents the results of a comprehensive laboratory analysis of the six shale rock specimens 

described in chapter 3 and evaluates two index property measurements (scratch and Leeb 

hardness) and the standard UCS for a comparative analysis. 
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Due to the observed correlations of color with shale mineralogy and driven by pure curiosity, 

we further investigated the relationship of gray pixel intensity with other strength index tests 

using high-resolution images of the grooves generated during the scratch tests. However, our 

method did not use any physical correlation with strength or force but was based on statistical 

associations with current methodologies to improve the continuous data point acquisition. 

Therefore, the research explores the following three steps approach: 1) simple index 

measurements, 2) data processing and analyses followed by comparison with standard techniques 

to understand any discrepancies in estimated strengths, and 3) correlation of measurement results 

with compiled published rock specimen values.  

The newly proposed method has the potential to reduce costs by orders of magnitude 

(equipment and measurement time) and benefits from non-destructive (imaging techniques) or 

low-impact (indentation and scratching) methods to gain an enhanced understanding of the shale 

rock mechanic behaviors. 

6.2 Previous Studies 

The published literature contains a broad set of studies that use standard triaxial or unconfined 

compressive strength measurement techniques. These techniques require particularly challenging 

specimen preparation for shale rock specimens due to their layered and fissile nature. These tests 

are also difficult or almost impossible to carry out in field conditions due to the advanced and 

heavy testing equipment needed. Nevertheless, even if carried out in laboratory conditions, the 

standard compressive measurements are often influenced by seating effects due to uneven 

specimen-endcap interfaces and resulting non-uniform deformations (Baldi et al. 1988). The 

seating effects tend to be more pronounced during unconfined tests and generate tilting or 

bending properties that bias the final strength results (Perbawa 2019).  
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Previous research highlights the advantages of using index testing to derive UCS values due 

to lower costs and more flexible measurement conditions. Commonly used index measurement 

techniques are: Point Load (ISRM 1985; Kahraman 2001; Fener et al. 2005; Shalabi et al. 2007; 

Diamantis et al. 2009), Schmitt Hammer (Price et al. 1978; Kahraman 2001; Yilmaz and Sendir 

2002; Yasar and Erdoga 2004; Shalabi et al. 2007), and Shore Scleroscope (ISRM 1978; Yasar 

and Erdoga 2004; Shalabi et al. 2007). However, they are not fully portable, create considerable 

large impact energies that could destroy the softer rock specimens, or produce biased results 

during non-vertical measurements (Verwaal and Mulder 1993). Another frequently used index 

measurement device is the Equotip system, which measures Leeb hardness values (Verwaal and 

Mulder 1993; Asef 1995; Aoki and Matsukura 2008; Hujer et al. 2014). Common to all these 

techniques is that they use statistical regressions to compute the UCS and only present mean 

values (Mishra and Basu 2013). The statistical methods overestimate the low UCS and 

underestimate the high UCS values (Meulenkamp and Grima 1999; Suarez-Rivera et al. 2002). 

Therefore, the commonly used mean values do not compensate the absence of extensive and 

meaningful data points needed for geo-energy analysis and numerical simulations. However, if 

combined with trained neural networks and multiple experimental index parameters, predictions 

can be made to obtain more reliable UCS trends for rock formations (Morita 1994; Ceryan et al. 

2013; Tariq et al. 2019). Nevertheless, neural networks are frequently known to be opaque to 

human understanding, making them the equivalent of black-boxes as the calculations can 

sometimes become impossible to back-trace or analyze (Iyer et al. 2018; Yampolskiy 2019). 

Continuous scratch test measurements are a potential solution to the opaqueness (black-box) of 

neural network methods and offer high accuracy and resolution (Suarez-Rivera et al. 2002; 
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Richard 1999; Richard et al. 2012). However, this method is still considered a destructive 

technique due to the grooves generated during the force evaluations. 

6.3 Experimental Studies 

The study has three parts. First, is a comprehensive mineral and petrophysical index 

characterization of six shale specimens detailed in chapter 3. The second part focuses on the 

evaluation of standard UCS measurements as comparative analyses for all six shale specimens 

and two different index characterization techniques utilized to constrain compressive strengths. 

These include: Scratch tests to analyze force distributions along the shale sections and compare 

with the Equotip Leeb hardness measurements. The third part is also driven by curiosity and 

presents the evaluation of high-resolution images of shale rock sections to extract the surface 

grayscale profiles and conduct a comparative analysis with the scratch test results. This section 

also includes a comparative assessment with the experimental values and collected data points 

from the literature. 

6.3.1 Principles of the UCS, Scratch, and Hardness Tests 

Figure 6.1 describes the unconfined compressive strength UCS test principles in detail. These 

tests state that the principle stress σ1> 0 and the radial stresses are equal and zero σ2= σ3= 0. The 

unconfined compressive strength measurement tests the specimens under unconfined dry 

conditions. The specimens are cylindrical rock sections mounted between two end-caps. 

Applying an axial load Fc or axial displacement Δx the following parameters are measured or 

computed: failure plane angle βC= 45+φf/2, deviatoric stress σd= σ1, axial stress σ1= Fc/AS, radial 

strain εR= Δv/V, and axial strain εZ= Δx/X. The normal stress σN, shear stress τ are computed as 

follows (Jaeger et al. 2007): 
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!N = !% >?@ 'O (6.1) 

P = −%' !% @BC'O = = (6.2) 

Chapter 3 and Figure 6.2 describe the scratch test principle in detail. Figure 6.3 describes the 

Leeb Hardness measurement principle in detail. The Equotip system measures the spring induced 

velocity of impact (Vi) and the velocity of rebound (Vr) created by a small ball indenter of 

tungsten carbide, with a diameter of D= 3 mm against a rock surface (Aoki and Matsukura 

2008). The velocities depended on the surface ductility. The Leeb hardness HL values are 

computed as follows: 

QR = ST
SU
V%999 (6.3) 

The system has a measuring accuracy of ± 4 HL, impact energy of 11.5 Nmm, and an indentation 

size between 0.35 and 0.54 mm. 

6.3.2 UCS, Scratch, and Hardness Tests Protocol 

The rock mechanic analyses start with the evaluation of standard UCS values in different 

cylindrical intact-rock specimens. We prepared three plugs per shale formation with a 25 mm 

diameter and a length to width ratio of 2:1. The three different bedding angles used were: 0˚, 45˚, 

and 90˚ one per each rock formation tested, as seen in Figure 6.4. The selected bedding angles 

reflected geo-energy field conditions. We maintained constant densities of ±50 kg/m3 (ASTM 

D4543) in the comparative analyses. The specimen surfaces conserved a relative flatness defined 

by the ASTM D4543. Surface flatness in the rock specimens is essential to reduce seating, 

tilting, or bending effects, which are more pronounced during unconfined tests and which may 
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bias our final strength results (Perbawa et al. 2019). We mounted two strain gauges diametrically 

opposite each other at the specimen’s mid-height and beneath the Viton sleeve (installation 

details in ASTM D7012). We used rosette type strain gauges with a 3.18 mm length and a 

±3/10−2 strain range. This configuration avoids non-elastic deformations during the complete 

compressive tests (Perbawa et al. 2019). The loading sequence involved an axial stress up to 

failure at a rate of ~10 kPa/sec.  

We then assessed the strength using the Leeb hardness (HL) values with the Equotip system 

(standard probe-type D, Proceq-SA 2017). Sample preparation for the hardness tests involved 

carving either rectangular specimen sections (2 x 9 x 15 cm) or 1/2, 2/3, or 1/4 of a core 

specimen (Figure 6.4). The surfaces were initially dried, cleaned, checked for smoothness levels, 

and polished if necessary to avoid external effects that could bias our results. The specimens met 

the suggested values for mass (>0.05 kg) and thickness (>3 mm) when tested under the condition 

of a coupled system that consisted of a large and heavy slab of rock. The measurements followed 

a mesh type pattern with a 5 x 5 mm matrix distribution on the surface of the selected specimens 

(Figure 6.4). This choice satisfied the system conditions of a 5 mm distance between 

measurements and the sample edge and 3 mm between indentations. We reduced the area of 

analysis of the core section specimens to avoid edge effects due to thickness differences around 

the sidewalls curved geometry. 

We then conducted the scratch tests profiles using a Wombat apparatus developed by Epslog 

SA. The system used a load cell with an accuracy of ± 1 N to detect the forces needed to scratch 

the specimen’s cross-sectional areas. Our test protocol included incremental depths of cut from 

0.02 mm up to 0.1 mm. We selected these depths of cut to avoid chipping where the system 

creates small fractures instead of shear failure modes with granular residues (Richard 1999; 
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Richard et al. 2012). This phenomenon affects the computation of forces due to changes in the 

cross-sectional areas during the failure of small rock fragments. The specimens used for this test 

were the same as those prepared for the Leeb hardness analysis to achieve comparative results. 

We divided the scratch test analyses into three different configurations: (1) matrix section (dark 

gray region), (2) laminae (light gray region), and (3) interlayered area (matrix and laminae 

regions), as seen in Figure 6.4.  

The scratch test procedures included a flattening step to ensure equal surface levels for 

precise force measurements, followed by a series of five scratches to obtain the average force 

results at different depths of cut (0.02, 0.04, 0.06, 0.08, and 0.1 mm). The force signals received 

have a spatial resolution with a length scale of LM= 0.2 mm, which covers the heterogeneity 

length scale LH= ~1 mm of the shale specimen, 2LM<LH.  

6.3.3 Grayscale Imaging Test Protocol 

We obtained high-resolution optical images of the grooves generated during the scratch test 

measurements. The image acquisition steps followed the same conditions in all the studied shale 

specimens to avoid bias in the comparative analyses. We processed the pictures using an open-

source scientific image processing software (Fiji) developed under the ImageJ platform 

(Schindelin et al. 2012). First, we cropped the grooved section and converted it from the original 

image format to an 8-bit grayscale picture with 256 shades of gray to avoid color fluctuation 

disturbances. The new images were analyzed using the plot profile plugin of the image 

processing software, which displayed a two-dimensional plot of the pixel intensity along a 

selected line. We used the mean value of multiple lines inside the grooved region, averaged 

using a 6-point moving window to reduce the small amount of noise. 
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6.3.4 Rock Specimens 

Shale rock formations tested are described in chapter 3. Table 6.1 summarizes specimen 

properties. 

6.4 Experimental Results 

6.4.1 Mineralogy and Petrophysical Properties 

Chapter 3 presents the results of the petrophysical properties and the two-region mineral 

composition, as seen in the typical results of the Wolfcamp shale specimen (Figure 6.5). 

6.4.2 Unconfined Compressive Strength 

These tests provide the stress-strain data points required to compute the UCS values, as seen in 

Table 6.2. Results show that the rock bedding angle and mineral composition affects the UCS 

values. Shale rock specimens with a dominant calcareous composition display strong bonding 

between the matrix and laminae regions. This strong bonding results in small UCS deviations of 

~11%. Siliceous specimens show an anisotropic behavior and a significant UCS difference of 

~50%. However, the rock formations with larger porosity values amplify the UCS variations, as 

seen in the calcareous Jordanian shale with ~57% and siliceous Kimmeridge shale with ~16%. 

Siliceous shales are consistently weaker when bedding dips at a 45o angle. This is in contrast to 

the calcareous specimen’s irregular behavior with weaker 0o or 90o bedding angles. 

6.4.3 Scratch and Hardness Analyses 

Figure 6.6 presents the typical results of the scratch test analyses. The average results show 

noticeable force histogram differences between the pure laminae with a peak at ~95 N and the 

matrix region with a peak at ~160 N. However, the interlayer test displays a force histogram that 

lies between the laminae and matrix sections at ~125 N. Figure 6.7 shows the similar patterns 

and good repeatability of the scratch tests between different depths of cut that only differ due to 
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the greater force needed to scratch deeper sections of rock. This figure also shows that the 

smaller and larger depths of cut follow an incremental linear trend when compared to each other. 

Figure 6.8 shows that the hardness values also detect the changes between layers. The inset 

histograms show the difference in peak values for the matrix and laminae. Similar to the scratch 

results, the hardness values detect the strong bonding or cementation between regions in the 

calcareous shales. The well-cemented laminae and matrix regions in calcareous shales can be 

seen in the compact hardness distributions of ~40 to 70 HL, the reduced separation between 

major peaks of only ~5 HL, and the interbedded set of hardness values between areas, as seen in 

the histogram of Figure 6.8. By contrast, the siliceous shales present broader hardness 

distributions of ~110 HL and smaller zones with correlated hardness values that create clear 

separations between major peaks due to their more anisotropic characteristics (Figure 6.8). Local 

index measurements can detect variations between layered regions even in specimens with strong 

bonding between regions that contrast to the standard UCS tests. These index measurements also 

improve the evaluations resolution and provide a continuous analysis at every 0.4 mm of 

distance in the scratch tests and 0.3 mm in the individual point analyses of the Hardness tests, not 

possible when using UCS tests. 

6.4.4 Profiles with High-Resolution Images 

Surprisingly, the images gathered after the scratch measurements show a detailed and continuous 

profile of gray intensities along the specimen’s complete lengths with pixel-size resolution of 

~0.5 mm. The resultant profiles present an almost similar path as captured by the scratch tests 

along the complete sections of the calcareous (Figure 6.9) and siliceous shales (Figure 6.10).  



	

	
	

213 

6.5 Analyses and Discussion 

6.5.1 Scratch and UCS Correlations 

The scratch and hardness results do not provide direct measurements of strength. However, if 

correctly analyzed, the scratch test force distributions can provide us with intrinsic specific 

energies correlated to strength values (Richard 1999; Dagrain 2001; Suarez-Rivera et al. 2002; 

Richard et al. 2012). To obtain these correlations, we computed the specific energy ESE using the 

following normalized equation expressed in MPa:  

WXW =
0X − 0X9
YZ  (6.4) 

where FS is shear force, FSO is the initial shear force needed at a 0 mm depth of cut, w the 

width of the groove (10 mm), and d the depth of cut. We then calculated the normalized intrinsic 

specific energy ISES expressed in MPa : 

6XWX =
WXW

% + U4X
Z
Y

 (6.5) 

where αS is the inverse tangential value of the cutting line slope (ratio of vertical to 

horizontal forces acting on the cutting face), and i a factor that characterizes the groove geometry 

where i= 2 in this study due to grooves created with both sidewalls. The calculated scratch 

intrinsic specific energies were length averaged and correlated to standard UCS values, as seen 

in Figure 6.11. These analyses also included ~460 digitized data points to assess the 

effectiveness of this index parameter on different rock specimens from published literature 

(Richard 1999; Dagrain 2001; Van Parys et al. 2005; Richard et al. 2012; Musaed et al. 2014; 

Munoz et al. 2014). The plot showed standard deviations and some values outside the one to one 
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fitting line, with a better fit at larger UCS values with differences of ~2.5 times less than at 

smaller UCS results; however, all results display an overall good linear fit. 

This technique not only captures the evolution of strength but also displays the anisotropic 

influence of the laminations. Larger deviations occur in the more anisotropic siliceous shales and 

contrast to the results seen in calcareous specimens. 

6.5.2 UCS Values Computed with Hardness and High-Resolution Images 

The positive results between the continuous scratch tests and standard UCS values enabled us to 

infer a complete strength profile along the rock specimens. However, this technique still can 

damage the specimens and requires specialized equipment and knowledge.  

Therefore, due to the observed correlations of color with shale mineralogy and driven by 

pure curiosity, we further investigated the relationship of gray pixel intensity using high-

resolution images of the grooves generated during the scratch tests.  

However, the gray intensities needed to be correlated with a reliable parameter to achieve 

strength results. We assessed the reliability of the low impact Leeb hardness values against the 

scratch test energies to determine its potential as a correlation tool with the gray values of the 

acquired images. Table 6.3 presents the experimental average values for scratch and hardness 

tests. We also included ~540 digitized data points to assess this index parameter's effectiveness 

on different rock specimens from the published literature (Verwaal and Mulder 1993; 

Meulenkamp and Grima 1999; Kawasaki et al. 2002; Aoki and Matsukura, 2008; Daniels et al. 

2012; Hujer et al. 2014; Lee et al. 2014). Figure 6.12 displays these analyses results and shows a 

power log fitting between the hardness and intrinsic specific energy (Eq. 6.6). We selected a 

power log-log fit between these measurements due to the observed differences of around one 



	

	
	

215 

order of magnitude in the results, with the scratch test values that ranged between 10 to 100 and 

the hardness results between 100 to 1000. 

6XWX = 6 ·%9[\(QR)'.' (6.6) 

The plots show that the hardness analyses provide an adequate fit for all experimental shale 

results and literature data. These results informed the decisison to correlate the gray intensity 

values with the Leeb hardness results using a second-degree polynomial fit per each specific 

shale specimen. This was possible only after acquiring a large set of data points in each region of 

the shales that display a different gray value. These new profiles were then transformed from 

Leeb hardness to scratch energies using the fitting equation (Eq. 12). Figure 6.13 shows the 

resulting profiles obtained with this new proposed technique for both the calcareous and 

siliceous shales. Interestingly, the results show that the correlated gray values have very similar 

results to the scratch force profiles with small deviations seen between the shale specimens as 

follows: Eagle Ford ~8%, Wolfcamp ~3%, Mancos ~9%, and Bakken ~3%. Therefore, after we 

acquired sufficient data for a singular shale specimen we could process continuous strength 

profiles using the correlated gray images. 

6.6 Conclusions 

Contrary to standard UCS measurement protocols, scratch and hardness tests allow the detection 

of changes between layers even for the well bonded calcareous specimens due to the capability 

of these devices to obtain continuous measurements and acquire sub-millimeter data points.  

Scratch test results allow the computation of intrinsic specific energy values that correlate to 

UCS results through linear fittings due to averaged length values. The results show an adequate 

correlation to the one to one linear fit.  



	

	
	

216 

The hardness test values present power log-log fits to the intrinsic specific energies instead of 

linear fits due to the differences in the range of values that each measurement creates. 

Interestingly, this parameter also shows a good correlation to the image gray values using a 

second degree polynomial fit for each specific shale specimen. 

The high-resolution images allow continuous profiles of gray values with pixel-sized 

resolutions in the complete shale sections. Remarkably, these profiles follow similar trends as the 

strength plots seen during the scratch tests with differences of only ~6%. 

The index tests avoid the complicated sample preparations needed in the advanced systems, 

and provide cost-effective, low impact and non-destructive protocols for the analysis of 

continuous strength measurements. The results of the index tests could help improve not only the 

characterization of shale specimens but also the selection of correct regions inside the shale 

formation cores that do not induce pre-damage or high-impact changes to the specimens for 

further advanced studies.  
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Figure 6.1. Unconfined compressive strength test measurement principles. Mohr-Coulomb circle 
and specimen failure envelope within the shear vs. normal stress plot. Red line: failure envelope 
with the respective friction angle φf= 0 or friction coefficient μ= 0  and the cohesion c intercept 
on the shear stress axis. Blue dotted line: unconfined compressive strength σC Mohr circle. Inset 
image shows the UCS system schematic end-caps, LVDT deformation measurement systems, 
and strain gauges SG. The loading conditions on the system are a unique axial principal stress σ1. 
Zoomed-in sections shows the experimental fracture plane β and normal stress σN due to 
generated shear failures. 
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Figure 6.2. Scratch test measurement principles. Black sketch: PDC cutter moving forward at a 
constant velocity V, Light gray area: original rock surface, Dark gray area: cross-sectional area 
being scratched at a respective depth of cut d. Figure modified from (Richard 1999; Dagrain 
2001) 
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Figure 6.3. Leeb Hardness test measurement principles. Red plot: increase of impact velocity Vi 
up to the point of contact followed by a sudden drop and an increase of the rebound velocity Vr 
up to the stable point. Inset schematic drawings show the measurement steps of loading the 
spring to create the initial velocity of the indentation tip, the release and contact point, and the 
rebound of the indentation tip. Light gray area: rock specimen surface. Black drawing: 
indentation tip. Black arrows show the direction of velocity for each step. Figures modified from 
(Kovler et al. 2018) 
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Figure 6.4. Hardness and Scratch test configurations for all shale specimens. A) Hardness test 
arrangement. Black lines: schematic representation of the mesh generated for the Leeb Hardness 
tests. White and gray areas: laminations. Red dots: show an example of measurement locations 
for the hardness tests on the mesh. B) Scratch test preparation. White and gray areas: bedding 
angle distribution and laminations inside the shale specimens. Light gray section: example of the 
shape and direction of grooves generated during the Scratch tests. C) Scratch and Hardness test 
geometrical configurations: slab and 2/3, 1/2, and 1/4 of a complete core section. 
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Figure 6.5. Scanning Electron Microscope images and Energy-Dispersive X-ray Spectroscopy 
chemical analysis of the Wolfcamp specimen. A) Clear boundary (white dashed line) between 
the two different layers inside the specimen. B) Lamination (Ca/Si) layer. C) (Ca/C) layer. D) 
Dissolution and precipitation of organic carbon. E) Zoomed-in view of the blue circle area in 
Image B showing the Quartz and Calcite minerals. F) Zoomed-in view of the area within the 
orange circle in Image C, which shows the Calcite.  
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Figure 6.6. Scratch test analyses. The plot of the force vs. length for a typical Eagle Ford shale 
specimen. Results of three different configurations, calcite laminae (top plot), silicate-clay matrix 
(middle plot), and interlayer system (bottom plot). Inset histograms next to each of the scratch 
plots show the range of force variations inside the specimens. Inset image shows an example of 
the generated scratch groove in one of the specimens. The scratch tests have a measurement 
uncertainty of ~1 N. 
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Figure 6.7. Repeatability of scratch test analyses. Plot of the force vs. length for a typical Eagle 
Ford shale specimen. A) Results of different depths of cut in the same groove. Blue: Scratch tests 
at a depth of cut of 0.02 mm. Green: Scratch tests at a depth of cut of 0.04 mm. Orange: Scratch 
tests at a depth of cut of 0.06 mm. Yellow: Scratch tests at a depth of cut of 0.08 mm. Light 
Blue: Scratch tests at a depth of cut of 0.10 mm. B) Comparison of the depths of cut. Different 
tones of blue: 1 vs 2, 3, 4, and 5. Different tones of green: 2 vs 3, 4, and 5. Different tones of 
orange: 3 vs 4 and 5.  Yellow: 4 vs 5. The scratch tests have a measurement uncertainty of ~1 N.  
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Figure 6.8. Leeb Hardness histogram for different shale specimens. Black bars: Hardness values 
for the matrix region of the shales. Red bars: Hardness values for the laminae region of the 
shales. Top calcareous Eagle Ford shale. Bottom siliceous Mancos shale. Red dotted lines show 
the location of the lamination measurements. Black dotted lines show the location of the other 
layer measurements. The inset histogram shows the Leeb Hardness distribution that follows the 
same coloring coding as the dotted lines. Inset image shows the location of hardness 
measurements; red: light color laminations, black: dark color laminations. The measurement 
uncertainty is ~4 HL.  
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Figure 6.9. Scratch force profiles and gray intensity plots. Red profiles: Scratch force distribution 
along the specimen length. Black profiles: gray intensity plot with a 6-point moving average 
window. Inset images show the shale specimen sections used in both measurements. Specimens 
evaluated are the calcareous shales: A) Eagle Ford, B) Wolfcamp, and C) Jordanian. The scratch 
tests have a measurement uncertainty of ~1 N. 
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Figure 6.10. Scratch force profiles and gray intensity plots. Red profiles: Scratch force 
distribution along the specimen length. Black profiles: gray intensity plot with a 6-point moving 
average window. Inset images show the shale specimen sections used in both measurements. 
Specimens evaluated are the siliceous shales: A) Mancos, B) Bakken, and C) Kimmeridge Clay. 
The scratch tests have a measurement uncertainty of ~1 N. 
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Figure 6.11. Results of intrinsic specific energy from the Scratch tests vs. unconfined 
compressive strengths for different rock types. Experimental siliceous shales represented by the 
large yellow shapes; triangle - Kimmeridge, circle - Bakken, diamond - Mancos. Experimental 
calcareous shales represented by the large red figures; circle - Eagle Ford, square - Wolfcamp, 
triangle - Jordanian. Data points compiled from the literature of different rock formations 
represented with small dots; blue dots – sandstone, green dots – limestone, purple dots - shales, 
orange dots - other types of rock specimens obtained from (Richard 1999; Dagrain 2001; Van 
Parys et al. 2005; Richard et al. 2012; Musaed et al. 2014; Munoz et al. 2014). The black line 
presents the one-to-one fitting line for both conventional and unconventional rock types. 
Standard deviations shown only for the experimental average values. Literature data points show 
the reported values without any reference to standard deviations. Experimental UCS results are 
unique values and therefore do not have a statistical deviation. The proportion of deviation is R2= 
~0.85 obtained from the best fitting line of experimental/published UCS vs. ISES. 
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Figure 6.12. Plots of Hardness vs. intrinsic specific energies from the Scratch tests results of 
different rock types. Experimental siliceous shales represented by the large yellow shapes; 
triangle - Kimmeridge, circle - Bakken, diamond - Mancos. Experimental calcareous shales 
represented by large red figures; circle - Eagle Ford, square - Wolfcamp, triangle - Jordanian. 
Data points compiled from the literature of different rock formations represented with small dots; 
blue dots – sandstone, green dots – carbonate, purple dots - shales, orange dots - other types of 
rock specimens obtained from (Verwaal and Mulder 1993; Meulenkamp and Grima 1999; 
Kawasaki et al. 2002; Aoki and Matsukura, 2008; Daniels et al. 2012; Hujer et al. 2014; Lee et 
al. 2014). The black dotted line shows the power log-log fitting. The proportion of deviation is 
R2= ~0.87 obtained from the best fitting line of experimental/published Leeb hardness vs. ISES. 
Standard deviations shown only for the experimental average values. Literature data points show 
the reported values without any reference to standard deviations. 
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Figure 6.13. Scratch force profiles and gray intensity plots transformed to UCS values using 
Hardness and intrinsic specific energy correlations. Red profiles: Scratch force distributions 
along the specimen length. Black profiles: Transformed gray intensity plots averaged with a 6-
point moving window. Inset images show the shale specimen sections used in both 
measurements. Figures displayed next to each of the previous analyses show the correlation plot 
and second-degree polynomial fitting equation. Specimens evaluated are the calcareous shales A) 
Eagle Ford and B) Wolfcamp, and siliceous shales C) Mancos and D) Bakken. The scratch tests 
have a measurement uncertainty of ~2 MPa. The proportion of deviations are between R2= 0.84 – 
0.95 obtained from the best fitting second degree polynomial lines of experimental/published 
Leeb hardness vs. gray values. 
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Table 6.1. Specimen dimensions, mass, geometrical condition, and extraction location. Values 
also present the scratch length and type of measurement. 
  

Specimen 
Reference 

Scratch 
L 

Specimen 
L 

Specimen 
H 

Specimen 
D/W L:D Mass Specimen 

Geometry 
Measurement 

Type 
Extraction 
Location 

[mm]
* [mm]* [mm]* [mm]* ratio [gr]**   [m]*** 

Ef0-1 - 50.71 - 25.25 2.01 63.578 CP UCS Outcrop 
Ef45-1 - 50.86 - 25.24 2.02 63.710 CP UCS Outcrop 
Ef90-1 - 50.92 - 25.21 2.02 62.720 CP UCS Outcrop 

Ef1 88.5 96.41 100.04 98.35 - 2370.101 RS Sr/Hr Outcrop 
Ef-Mix 87.6 88.73 46.92 64.25 - 668.341 RS Sr Outcrop 
Ef-Gray 159.8 161.09 47.89 66.56 - 1282.991 RS Sr Outcrop 
Ef-Black 157.5 160.86 39.21 47.72 - 752.042 RS Sr Outcrop 

M0-2 - 50.63 - 25.35 2.00 64.618 CP UCS Outcrop 
M45-2 - 50.64 - 25.38 2.00 64.679 CP UCS Outcrop 
M90-2 - 50.35 - 25.35 1.99 64.184 CP UCS Outcrop 

M1 122.0 129.21 20.71 50.52 - 341.033 RS Sr/Hr Outcrop 
M2 122.3 129.21 20.71 50.52 - 341.033 RS Sr/Hr Outcrop 
M3 122.2 129.21 20.71 50.52 - 341.033 RS Sr/Hr Outcrop 
M4 121.8 129.21 20.71 50.52 - 341.033 RS Sr/Hr Outcrop 

Wf0-2 - 51.04 - 25.23 2.02 67.847 CP UCS Outcrop 
Wf45-2 - 50.71 - 25.37 2.00 68.384 CP UCS Outcrop 
Wf90-2 - 50.27 - 25.33 1.98 67.530 CP UCS Outcrop 

Wf1 142.7 151.57 23.50 52.68 - 499.751 RS Sr/Hr Outcrop 
Wf2 143.4 151.57 23.50 52.68 - 499.751 RS Sr/Hr Outcrop 
Wf3 144.6 151.57 23.50 52.68 - 499.751 RS Sr/Hr Outcrop 
Wf4 144.8 151.57 23.50 52.68 - 499.751 RS Sr/Hr Outcrop 
J0-1 - 54.88 - 25.30 2.17 34.535 CP UCS 140 

J45-2 - 43.22 - 25.34 1.71 31.494 CP UCS 142 
J90-2 - 51.33 - 25.30 2.03 32.119 CP UCS 140 

J1 94.7 96.52 75.09 101.39 - 404.803 2/3 Core Sr/Hr 140 
J2 91.4 96.52 75.09 101.39 - 404.803 2/3 Core Sr/Hr 140 
J3 106 112.47 75.88 101.58 - 477.553 2/3 Core Sr/Hr 142 
J4 46.5 112.47 75.88 101.58 - 477.553 2/3 Core Sr/Hr 142 
J5 121.5 124.68 41.89 41.91 - 120.580 1/4 Core Sr/Hr 74 
J6 121 124.68 41.89 41.91 - 120.580 1/4 Core Sr/Hr 74 
J7 131.1 140.77 35.58 36.99 - 102.059 1/4 Core Sr/Hr 77 
J8 134.5 140.77 35.58 36.99 - 102.059 1/4 Core Sr/Hr 77 
J9 149.8 151.68 39.13 42.81 - 139.969 1/4 Core Sr/Hr 74 

J10 136 151.68 39.13 42.81 - 139.969 1/4 Core Sr/Hr 74 
J11 78 100.09 69.21 71.25 - 271.890 1/4 Core Sr/Hr 95 
J12 88.9 100.09 69.21 71.25 - 271.890 1/4 Core Sr/Hr 95 

B0-2 - 50.48 - 25.10 2.01 66.122 CP UCS 3230.2 
B45-1 - 50.94 - 25.10 2.03 61.535 CP UCS 3230.1 
B90-2 - 50.47 - 25.10 2.01 64.422 CP UCS 3230.5 

B1 92.9 100.29 26.74 50.49 - 136.102 1/2 Core Sr/Hr 3235.9 
B2 93.2 100.35 23.11 50.12 - 116.834 1/2 Core Sr/Hr 3235.9 

Km0-2 - 48.02 - 25.12 1.91 50.403 CP UCS 2350.8±0.9 
Km90-2 - 51.31 - 24.91 2.06 53.105 CP UCS 2350.8±0.9 

Km1 149.4 153.67 46.31 96.91 - 553.454 1/2 Core Sr/Hr 2350.8±0.10 
Km2 135.2 139.05 47.43 100.37 - 531.224 1/2 Core Sr/Hr 2350.8±0.11 

 



	

	
	

231 

Note: *Degrees of uncertainty in the length, height, width, and diameter measurements are equal 
to 5 µm. **Degree of uncertainty in the mass measurement is equal to 0.5 mg. The average top 
and bottom surface roughness for UCS measurements in the rock specimens are ~10 µm. Ef= 
Eagle Ford, M= Mancos, Wf= Wolfcamp, J= Jordanian, B= Bakken, Km= Kimmeridge, CP= 
Cylindrical Plug, RS= Rectangular Slab, L= Length, H= Height, W= Width, D= Diameter, 
UCS= Unconfined Compressive Strength evaluation, Sr= Scratch test, Hr= Hardness test. 
***Depth displayed in “m” where applicable. STD represents the ± standard deviation.  
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Table 6.2. UCS and index rock mechanic properties for the shale specimens (Scratch computed 
strength, Leeb Hardness, and typical unconfined compressive strength measurement values). 

 

Specimen 
Reference 

Average 
Scratch 

Computed 
Strength 

±STD 
Average 

Leeb 
Hardness 

±STD UCS 

[MPa] [MPa] [HL] [HL] [MPa] 
Ef0-1 - - - - 145.17 

Ef45-1 - - - - 134.37 
Ef90-1 - - - - 134.21 

Ef1 114.0 17.5 657.1 15.7 - 
Ef-Mix 95.3 15.1 584.9 64.6 - 
Ef-Gray - - - - - 
Ef-Black - - - - - 

M0-2 - - - - 55.8 
M45-2 - - - - 16.5 
M90-2 - - - - 33.0 

M1 64.0 26.9 

593.2 61.2 

- 
M2 69.4 31.3 - 
M3 65.4 27.8 - 
M4 63.6 30.1 - 

Wf0-2 - - - - 71.1 
Wf45-2 - - - - 85.0 
Wf90-2 - - - - 115.0 

W1 112.0 21.9 

696.3 31.2 

- 
W2 118.5 20.6 - 
W3 145.7 21.3 - 
W4 143.9 22.5 - 
J0-1 - - - - 8.3 

J45-2 - - - - 27.2 
J90-2 - - - - 8.3 
JC140 30.4 4.4 432.4 23.3 - 

JC5140 22.6 4.5 - 
JC5142 41.3 5.6 494.7 16.1 - 
JC5142 45.1 4.9 - 
JSI0674 16.4 4.1 278.9 17.0 - 
JSI0674 14.8 3.0 - 
JSI0677 12.0 2.3 299.6 49.9 - 
JSI0677 15.3 2.8 - 
JSI6174 12.2 2.6 269.2 18.1 - 
JSI6174 13.9 2.6 - 
JC1595 11.8 2.5 300.9 14.0 - 
JC1595 11.7 2.1 - 

B0-2 - - - - 129.95 
B45-1 - - - - 6.68 
B90-2 - - - - 79.96 

B1 97.2 19.4 589.7 43.5 - 
B2 110.6 25.7 590.5 66.7 - 

Km0-1 - - - - 2.93 
Km45-1 - - - - 2.79 
Km90-1 - - - - 1.95 

Km2 15.0 9.1 260.6 19.4 - 
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Km3 16.8 7.3 268.9 31.5 - 
 
Note: Ef= Eagle Ford, M= Mancos, Wf= Wolfcamp, J= Jordan, B= Bakken, Km= Kimmeridge, 
UCS= Unconfined Compressive Strength. STD represents the ± standard deviation. Other 
experimental values present the complete set of computed values and therefore do not have a 
statistical deviation or representative equipment uncertainty. 
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Chapter 7 - Conclusions 
 
Shales consist of fine-grained sediments, with small pore sizes, different mineral distributions, 

and display a fissile nature that complicates sample preparation or mechanic evaluations. 

The triaxial compression tests not only present boundary seating effects that could be 

avoided using local strain gauges but also display limited sensitivity to compressive strength 

anisotropy. Therefore, correct sample preparation and implementation of rock mechanic 

measurements are critical to achieve reliable evaluations of these shale formations for different 

geo-energy purposes. 

These advanced tests can compute the brittleness values as seen in the new proposed energy 

methods (laboratory or field based). The methods determine the amount of plastic deformations 

needed for failure and provide good estimates of the transition points and index parameters in 

contrast to currently used techniques.  

The use of Coda Wave approaches combined with wave propagation signals obtained during 

these advanced compressive tests can help us to both detect the damage evolution in the shale 

specimens and improve the limited compressive strength anisotropic characterization.  

On the other hand, index tests such as the instrumented tensile strength method combined 

with numerical simulations reveal detailed insights into the anisotropic behavior of shales. These 

analyses show the influence of layer distribution and mineralogy on the fracture surface 

topography and strength. In addition, the scratch, hardness, and imaging techniques are low-

impact and continuous measurement methods which obtain results similar to standard UCS 

values. 

Measurement conditions are critical to preventing boundary effects in advanced experimental 

tests, numerical rock mechanics analyses, and index tests. Accurate measurements and analyses 
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could improve the characterization of shale specimens by the: 1) Correct pre-selection of regions 

inside the core sections using low-impact techniques for further advanced studies. 2) Improved 

fracture initiation points to reduce the pressures needed, achieve better fracture propagations, and 

reduce the failure surface topography interactions with the proppant invasion. 3) Detect damage 

evolution and anisotropic behavior of the shale specimens with or without inducing complete 

plastic deformations in the specimen. 4) Identify the conditions of the shale specimens before 

and after any given compressive damage to select the most appropriate fracturing campaigns to 

apply in the field. 5) Selection of the best locations inside the shale formation known as sweet 

spots that require less energy to achieve failure and that will maintain the brittle open fractures 

using the proposed energy assessments.  

In summary, the use of low-impact index tests and improved advanced measurement 

techniques will reduce equipment cost and time by orders of magnitude in contrast to current and 

common practices. 

Recommendations to extend the findings of this thesis follow; expand the experimental 

studies to other shale formations around the world, improve the energy approach for brittleness 

with the peak strain asymptote, develop procedures that could include wireline and seismic data 

to corroborate the laboratory experimental results to real field conditions, conduct additional 

evaluations of the effects of temperature on triaxial tests and tensile or compressive index 

measurements, and extend the simplified index tests for advanced parameters in more shales to 

evaluate additional critical parameters. 
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APPENDICES  
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Extra Shales Mineral Distribution 
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