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List of Symbols 26 

 27 

  Angle between symmetry axis and the wave propagation direction or the loading direction 28 

  Density 29 

X3  Axis of rotational symmetry 30 

E  Young’s Modulus 31 

  Poisson’s ratio 32 

G  Shear Modulus 33 

M  P-wave Modulus 34 

N  Constant used in equations for VP, VSV, VSH 35 

Ax. Diff  Axial differential stress (total stress- confining pressure) 36 

PC  Confining pressure 37 

  Strain when discussed with stress or compliance and stiffness  38 

Thomsen parameter describing the difference in the P-wave velocities measured parallel 39 

and perpendicular to the symmetry axis, normalized by the velocity at θ = 0°  40 

C  Stiffness matrix 41 

cijkl  Components of the stiffness tensor 42 

S  Compliance matrix 43 

sijkl  Components of the compliance tensor 44 

VP, VSV, VSH Compressional, vertical shear, and horizontal shear velocities 45 

, Thom  Thomsen parameters that describes VP and VSH, respectively, for perpendicular orientation  46 

 Thomsen parameter that describes the difference in VSH measured parallel and 47 

perpendicular to the symmetry axis, normalized by the velocity at θ = 0° 48 

 Thomsen parameter used with α to describe the normal moveout of VP 49 

c  Uniaxial compressive strength 50 

A, B  Constants describing the variation in uniaxial compressive strength 51 

min  Orientation of minimum uniaxial compressive strength for each planar sample group 52 
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Abstract 56 

  57 

 We investigate the influence of foliation orientation and fine-scale folding on the static and 58 

dynamic elastic properties and unconfined strength of the Poorman schist. Measurements from triaxial 59 

and uniaxial laboratory experiments reveal a significant amount of variability in the static and dynamic 60 

Young’s modulus depending on the sample orientation relative to the foliation plane. Dynamic P-wave 61 

modulus and S-wave modulus are stiffer in the direction parallel to the foliation plane as expected for 62 

transversely isotropic mediums with average Thomsen parameters values 0.133 and 0.119 for epsilon and 63 

gamma, respectively. Static Young’s modulus varies significantly between 21 and 117 GPa, and a 64 

peculiar trend is that some foliated sample groups show an anomalous decrease in the static Young’s 65 

modulus when the symmetry axis (x3-axis) is oriented obliquely to the direction of loading. Utilizing 66 

stress and strain relationships for transversely isotropic medium, we derive the analytical expression for 67 

Young’s modulus as a function of the elastic moduli E1, E3, 31, and G13 and sample orientation to fit the 68 

static Young’s modulus measurements. Regression of the equation to the Young’s modulus data reveals 69 

that the decrease in static Young’s modulus at oblique symmetry axis orientations is directly influenced 70 

by a low shear modulus, G13, which we attribute to shear sliding along foliation planes during static 71 

deformation that occurs as soon as the foliation is subject to shear stress. We argue that such difference 72 

between dynamic and static anisotropy is a characteristic of near-zero porosity anisotropic rocks. The 73 

uniaxial compressive strength also shows significant variability ranging from 21.9 to 194.6 MPa across 74 

the five sample locations and is lowest when the symmetry axis is oriented 45° or 60° from the direction 75 

of loading, also a result of shear sliding along foliation planes during static deformation. 76 

  77 
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1.  Introduction 78 

 79 

In this paper, we report laboratory measurements for the unconfined strength and the static and 80 

dynamic elastic properties of the Poorman formation schists collected from the Enhanced Geothermal 81 

Systems Collaboration (EGS Collab) hydraulic stimulation experiment testbed on the 4850-ft level of the 82 

Sanford Underground Research Facility (SURF). Rock deformation measurements are an integral 83 

component to understanding the rock behavior at the field site – a key objective of the EGS Collab project 84 

(Kneafsey et al, 2019). Previous studies on layered rocks such as shales and schists consider the elastic 85 

properties to behave as a transversely isotropic (TI) medium (Jones and Wang, 1981; Amadei, 1996; 86 

Sayers, 2010; Sone & Zoback, 2013). This intrinsic anisotropy is often developed by preferential 87 

orientation of platy or needle-like minerals and bedding planes developed through sedimentation. 88 

Quantifying the degree to which anisotropy influences the mechanical properties of the rock is needed for 89 

accurate interpretations of field surveys and developing realistic geomechanical models. In addition to 90 

influencing elastic properties, there have been long-standing studies that find a reduction in rock strength 91 

when foliation or bedding is oriented diagonally to the principal stress direction (Jaeger, 1960; McLamore 92 

& Gray, 1967; Ramamurthy et al., 1993). The influence of anisotropy on rock strength could significantly 93 

influence interpretation of borehole breakouts for in-situ stress and planning of hydraulic stimulation 94 

tests.  95 

The mechanical properties of anisotropic rocks are frequently studied because of their importance in 96 

rock engineering.  Laboratory tests primarily focus on rock strength, dynamic elastic properties, and static 97 

elastic properties with limited studies covering a range of foliation or bedding orientations (Read et al., 98 

1987; Nasseri et al., 2003). Few laboratory studies have focused on fully describing the static elastic 99 

response of the 5 independent elastic constants for transversely anisotropic (TI) rocks (Amadei, 1996; 100 

Homand et al., 1993). We derive an analytical expression for Young’s modulus of a TI medium oriented 101 

obliquely to the direction of loading to indirectly obtain the static shear modulus. We discuss the 102 
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influence of stress on the elastic property measurements, influence of foliation orientation on rock 103 

strength and failure planes, and the influence of heterogeneity on laboratory measurements. 104 

 105 

2.  Background: Elastic Properties of Transversely Isotropic Medium 106 

 107 

Disregarding the anisotropic properties of schist may lead to inaccurate determination of elastic 108 

properties and estimates of rock mass deformation. Therefore, it has become more common in rock 109 

mechanics literature to consider finely layered and foliated rocks, such as shales (Sayers, 2010; Sone & 110 

Zoback, 2013), phyllites, schists, and gneiss, as a transversely isotropic (TI) medium with an axis of 111 

rotational symmetry perpendicular to the planar fabric.  Here, we review the governing stress-strain 112 

relations for a TI medium and the Thomsen parameters used to describe the degree of anisotropy of a TI 113 

medium.  114 

2.1  Elastic Constants 115 

 116 

In contrast to an isotropic medium which has two independent elastic constants, TI mediums 117 

require 5 independent elastic constants to fully describe its mechanical properties. Hooke’s law for an 118 

anisotropic, linear, elastic solid relates the linear proportionality between stress and strain by Equation (1) 119 

where the elements of the elastic stiffness tensor are denoted as cijkl. 120 

𝜎𝑖𝑗 = 𝑐𝑖𝑗𝑘𝑙𝜀𝑘𝑙    (1) 121 

 122 

Due to symmetry of stress and strain tensors and the presence of a unique strain energy potential, 123 

cijkl = cijlk = cijlk = cjilk and cijkl = cklij, which reduces the total number of independent elastic constants from 124 

81 to 21 components (Mavko et al., 2009). Considering the X3 axis to be the axis of rotational symmetry, 125 

the nonzero elastic stiffness tensor for a TI medium can be simplified and written in matrix form using the 126 
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two-index Voigt notation (Nye, 1985). The independent stiffness constants required to fully describe the 127 

mechanical properties of a material in Equation (1) are c11, c33, c12, c13, and c44.  128 

𝑪 =

[
 
 
 
 
 
𝑐11 𝑐12 𝑐13 0 0 0
𝑐12 𝑐11 𝑐13 0 0 0
𝑐13 𝑐13 𝑐33 0 0 0
0 0 0 𝑐44 0 0
0 0 0 0 𝑐44 0
0 0 0 0 0 𝑐66]

 
 
 
 
 

 (2) 129 

 130 

with 𝑐66 =
1

2
(𝑐11 − 𝑐12 ) 131 

The stiffness matrix (Equation 2) is the inverse of the compliance matrix (S) as shown in 132 

Equation (3).  133 

𝑪 = 𝑺−1  (3) 134 

 135 

Conveniently, the compliance matrix can be written in terms of the Young’s modulus (E), Poisson’s ratio 136 

, and shear modulus (G) for a TI medium (Equation 4). 137 

 138 

 139 

𝑺 =

[
 
 
 
 
 
 
 
 
 
 
 
 
 

1

𝐸1

−
𝑣12

𝐸1

−
𝑣31

𝐸3

0 0 0

−
𝑣12

𝐸1

1

𝐸1

−
𝑣31

𝐸3

0 0 0

−
𝑣13

𝐸1

−
𝑣13

𝐸1

1

𝐸3

0 0 0

0 0 0
1

𝐺13

0 0

0 0 0 0
1

𝐺13

0

0 0 0 0 0
1

𝐺12]
 
 
 
 
 
 
 
 
 
 
 
 
 

(4) 140 

 141 

The single subscript of the Young’s modulus corresponds to the strain in axis Xi, Poisson’s ratio 142 

νij relates the strain in symmetry direction j to the applied strain in symmetry direction i, and shear 143 

modulus Gij corresponds to the shear strain in plane XiXj (Sayers, 2010). Symmetry of the compliance 144 
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matrix Sij = Sji requires that21 =12 and E3E1. Determination of the elastic moduli E1, E3, 145 

and 21 can be estimated through laboratory tests on vertically and horizontally layered rock where the 146 

symmetry axis, X3, is oriented parallel or perpendicular to the direction of differential stress loading.  147 

2.2  Dynamic Stiffness Constants and Velocities 148 

 149 

For a transversely isotropic medium, propagation modes of the three velocities (VP, VSV, and VSH) 150 

are described as quasi-longitudinal, quasi-shear, and pure shear, respectively, with mutually orthogonal 151 

polarizations (Mavko et al., 2009). The angle between the direction of wave propagation and the 152 

symmetry axis (X3) of the material is defined by the angle θ. Fig. 1 shows a schematic of a transversely 153 

isotropic material with the propagation and polarization directions for the shear velocities VSV and VSH.  154 

The phase velocities in any plane containing the X3 symmetry axis are related to the angle θ, the 155 

stiffness constants, and the density ( of the medium by Equations (5) through (8).  156 

𝑉𝑃 = (𝑐11 sin2 𝜃 + 𝑐33 cos2 𝜃 + 𝑐44 + √𝑁)
1
2 (2𝜌)−

1
2 (5) 157 

𝑉𝑆𝑉 = (𝑐11 sin2 𝜃 + 𝑐33 cos2 𝜃 + 𝑐44 − √𝑁 )
1
2 (2𝜌)−

1
2 (6) 158 

 159 

𝑉𝑆𝐻 = (
𝑐66 sin2 𝜃+𝑐44 cos2 𝜃 

𝜌
)

1

2
 (7)     160 

where 161 

𝑁 = [(𝑐11 − 𝑐44) sin2(𝜃) − (𝑐33 − 𝑐44) cos2 𝜃]2 + (𝑐13 + 𝑐44)
2 sin2 2𝜃 (8)  162 

 163 

(Thomsen, 1986) 164 

By measuring the velocity at multiple orientations of θ and assuming a constant material density, all five 165 

stiffness constants are resolved.  166 

 The degree of anisotropy of a TI medium is conveniently described in terms of the Thomsen 167 

parameters (Thom, , , and ). Thomsen parameters  and Thom denote VP and VSH, respectively, for θ 168 
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= 0°. For a material with weak anisotropy, the parameter  describes the difference in the P-wave 169 

velocities measured parallel and perpendicular to the symmetry axis, normalized by the velocity in the θ = 170 

0° direction, and is often described as the “P –wave anisotropy” parameter. The parameter  describes the 171 

difference in VSH measured parallel and perpendicular to the symmetry axis, normalized by the velocity in 172 

the θ = 0° direction, and is often referred to as the “S-wave anisotropy” parameter. Both  andtypically 173 

range between 0 and 0.5 for weakly anisotropic rocks. The normal moveout of VP is described with the 174 

parameters  and  (Mavko et al., 2009). Although, in theory,  can be constrained from velocity 175 

measurement at one oblique orientation, it is best to measure the P-wave velocities at multiple 176 

orientations so that Equation (5) can be fit to the entire dataset. From the stiffness constants and material 177 

density, the Thomsen parameters can be determined from Equations (9) through (13). 178 

𝛼 = √
𝑐33

𝜌
 (9) 179 

𝛽𝑇ℎ𝑜𝑚 = √
𝑐44

𝜌
 (10) 180 

𝜀 =
𝑐11 − 𝑐33

2𝑐33

 (11) 181 

𝛾 =
(𝑐66 − 𝑐44)

2𝑐44

 (12)   182 

𝛿 =
(𝑐13 + 𝑐44)

2 − (𝑐33 − 𝑐44)
2

2𝑐33(𝑐33 − 𝑐44)
 (13) 183 

 184 

(Thomsen, 1986) 185 

 Measurements of ultrasonic velocities (VP, VSV, and VSH) in directions θ = 0°, 90°, and at least 186 

one angle between 0° and 90° provide data to which Equations (5) through (8) can be fit using least-187 

square regression to determine stiffness constants. Given the best fit stiffness constants, the Thomsen 188 

parameters are determined from Equations (9) through (13) to conveniently describe the anisotropy of the 189 
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material. Fig. 2 shows an example of the velocity curve fit to ultrasonic velocity measurements obtained 190 

at different angles of  as a visual representation of the Thomsen parameters. 191 

2.3 Analytical Expression for Young’s Modulus of Rotated TI Mediums  192 

 193 

As seen in the previous sections, one can directly relate components of the compliance matrix to 194 

Young’s modulus and Poisson’s ratio through Equation (4) when the direction of strain or stress is 195 

parallel or perpendicular to planar features in the rock. However, the influence of an oblique loading 196 

orientation with the symmetry axis on static Young’s modulus is not examined frequently in the literature. 197 

The influence of layer orientation is a critical component to understanding the mechanical properties of 198 

dipping or folded structures. Here, we utilize stress and strain matrix rotation to solve for the resulting 199 

strain from a uniaxial stress condition (σ33 ≠ 0). A complete derivation of the equations is presented in 200 

Appendix A. 201 

The angle  describes the orientation of the symmetry axis with respect to the direction of axial 202 

stress as shown in Fig. 1. Strain along the loading direction axis is needed to estimate the Young’s 203 

modulus as a function of the rotation angle  and the elastic moduli E1, E3, 31, and G13 (Equation 14). 204 

𝜀33 = (
sin4 𝜃 

𝐸1

−
2𝜈31 sin2 𝜃 cos2 𝜃 

𝐸3

+
cos4 𝜃 

𝐸3

+
sin2 𝜃 cos2 𝜃 

𝐺13

) 𝜎33 (14) 205 

where  206 

𝑠11 =
1

𝐸1
  , 𝑠13 =

−𝜈31

𝐸3
  ,  𝑠33 =

1

𝐸3
  ,  and207 

 208 

𝑠44 =
1

𝐺13
 (15)   209 

Dividing the stress by strain in Equation (14) leaves the expression for Young’s modulus, which is in 210 

agreement with the equation for evaluation of the shear modulus presented in Homand et al (1993). Note 211 

that there is a change in the Young’s modulus from E3 to E1 in the denominator of the sin4 term above, 212 

which corrects an error in a similar equation provided in Amadei (1996), also equation 14 in Amadei 213 

(1996). The presence of G13 in the analytical expression suggests that the static shear modulus in the 1-3 214 
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plane can be determined from a uniaxial stress compression measurement where the symmetry axis is 215 

oblique to the loading direction. 216 

 217 

3. Laboratory Procedure 218 

 219 

3.1  Sample Selection 220 

 221 

3.1.1 Sample Group Locations and Preparation 222 

 223 

The rocks in this study are situated in the Poorman formation which is a low-permeability, gray to 224 

black metasedimentary rock. The mineralogy of the EGS Collab testbed is dominated by sericite-225 

carbonate-quartz, biotite-quartz-carbonate, and graphitic quartz-sericite phyllite to schist (Caddey et al., 226 

1991). There are significant heterogeneities throughout the formation including veins of quartz, 227 

carbonates, pyrite, and pyrrhotite and foliation that varies from planar bands to tight folds at the 228 

centimeter to meter scale. The stress state at the 4850-foot-depth level  of SURF is estimated at 42 MPa of 229 

vertical stress and 21 MPa of minimum horizontal stress from stress measurements in the kISMET project 230 

(Oldenburg et al., 2017; Wang et al., 2017), which was in close proximity to the EGS Collab testbed. 231 

Five sections of HQ-sized host cores were selected from four boreholes lettered I, P, OB, and 232 

PDB. The borehole diagram showing the locations of the samples with respect to one another is provided 233 

in Appendix B (Fig. 17). Core logs and photographs were used to identify sections of competent host core 234 

that were at least two to five feet in length with consistent textural features. This allowed for groups of 3-235 

5 samples to be prepared from the same few feet of host core to minimize variability between samples in 236 

a group. Using a tilting table to control the orientation of the cores, multiple cylindrical samples were sub-237 

cored at different orientations from the same section of host core and trimmed to approximately 2-inch 238 

length and 1-inch diameter. To represent the various foliation textures observed in the field, three sample 239 
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groups with planar foliation features and two sample groups with tightly folded foliation features were 240 

prepared.  241 

Three sample groups with planar foliation were prepared from boreholes OB, P, and I. Each of 242 

the groups contained five samples which were sub-cored with axes at angles  = 0°, 30°, 45°, 60°, and 243 

90°. The schematic diagram in Fig. 3a shows the definition of the  angle and the appearance of the 244 

foliation. Planar sample names are assigned based on the borehole (P, I, or OB) and the  orientation of 245 

the sample (0, 30, 45, 60, 90). Samples with  = 0° are occasionally referred to as “perpendicular” 246 

samples whereas samples with  = 90° are occasionally referred to as “parallel” samples. 247 

Sub-core locations were selected to maintain fabric consistency across samples within a group 248 

and avoid filled or open fractures and veins, except for OB30 which had a thin, white vein approximately 249 

1 mm thick oriented 45° from the core axis. Photographs of the samples arranged by the sample group are 250 

shown in Fig. 4. General observations of each sample group’s appearance suggest there may be minor 251 

mineralogical and textural differences between the three groups. Sample group P is light gray Poorman 252 

formation with less distinctive foliation bands compared to the other two groups. Group I is light to dark 253 

gray Poorman formation with distinctive foliation bands. The planar OB group has distinct foliation bands 254 

and is light gray to bronze –brown in color (OB60 in particular) suggesting there could be a slight 255 

mineralogical difference in the OB group compared to I and P.   256 

Two groups of tightly folded core were prepared from boreholes PDB and OB. These cores were 257 

tightly folded at the centimeter scale so no dominant foliation orientation was observed. To avoid any 258 

orientation bias, samples were sub-cored for each group in orthogonal directions X, Y, or Z. Fig. 3b 259 

shows the orientation of the sub-cored samples with respect to the host core. The Z axis is parallel and X 260 

and Y are perpendicular to the host core axis. Folded sample names are assigned based on the borehole 261 

letters (PDB, OB) and axis orientation (X, Y, Z). Thus, planar and folded samples from the OB group are 262 
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distinguished based on orientation described as numbers for the planar group or letters for the folded 263 

group.  264 

3.1.2 Rock Characteristics 265 

 266 

X-ray diffraction analysis provided quantitative measurements of mineralogy. The mineral 267 

distribution of the samples is between 18-57% mica, 14- 43% quartz, 9 – 33% carbonates, 3- 10% 268 

feldspar, 0-9% graphite, and trace amounts of sulfates, pyrite, and pyrrhotite. The distribution of mica 269 

minerals is between 7-33% muscovite, 1-19% chlorite, 2-11% illite, and 1-7% biotite. Representative 270 

photomicrographs from the three planar groups and one from folded group PDB are shown in Fig. 5. The 271 

white dashed line in the bottom-left corner of the three planar foliation photos designates the parallel 272 

orientation of the foliation planes. Variation in the continuity of planar foliation planes is observed 273 

between sample group P and groups I and OB.   274 

The density of each sample was measured using a caliper and a digital mass balance after drying 275 

the samples in a vacuum oven for over 24 hours.  Density was averaged within each of the five sample 276 

groups and the total average (2.764 g/cc) and standard deviation (0.023 g/cc) for all groups is summarized 277 

in Table 1. Sample OB60 has a density (2.847 g/cc) more than one standard deviation above the average 278 

suggesting the sample may have a different mineral composition than the other samples. Due to the 279 

significantly different density, OB60 is considered an outlier from the sample group.  280 

3.2  Laboratory Triaxial and Uniaxial Compression Test 281 

 282 

A programmable servo-controlled triaxial apparatus controlled confining pressure and axial load 283 

to deform the rocks under triaxial and uniaxial stress conditions. Fig. 6 plots the stress path for Ax. Diff. 284 

and PC over time. During the first stage of the test, hydrostatic pressure was applied by increasing the 285 

confining pressure (PC) to 21 MPa to measure velocity anisotropy when all samples were under the same 286 

stress conditions. Then, triaxial stress was applied by increasing the axial differential stress (Ax. Diff. = Ax. 287 

Total – PC) to 21 MPa. The 42 MPa total axial stress (Ax. Total) and PC =21 MPa triaxial stress state is 288 
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representative of the vertical stress and the in-situ minimum horizontal stress, respectively, at the 4850-289 

footdepth level of SURF as previously mentioned. The application of hydrostatic pressure before axial 290 

loading assists in the closure of microcracks from core damage sustained during drilling and removing the 291 

core from the in-situ stress. Once the triaxial loading phase was complete, Ax. Diff. was lowered to 1 MPa 292 

during the triaxial unloading stage followed by a release of the confining pressure. Finally, axial stress 293 

was applied at a constant strain rate of 10-5 s-1 until failure to measure the rock strength under unconfined 294 

conditions. The numbers and letters on Fig. 6 refer to the stresses at which elastic properties were 295 

measured and are further discussed in section 4.3. 296 

 Rock deformation was measured using two pairs of 10 mm axial and radial strain gages applied 297 

directly on the sample. A polyolefin heat-shrink jacket was used to prevent confining oil from leaking 298 

into the rock. Ultrasonic velocity was sampled automatically at one-minute intervals throughout the test. 299 

Piezoelectric crystals attached to the loading platens were used to pulse and detect compressional and 300 

shear wave arrivals. Crystal frequency was 200 kHz except for sample group P which used a 1 MHz 301 

crystal due to equipment availability. A 1 MPa axial differential stress was maintained at all time to 302 

ensure coupling between the rock and the ultrasonic platen. 303 

4. Results 304 

 305 

4.1 Anisotropic Dynamic Elastic Properties 306 

 307 

VP, VSV, and VSH for the planar sample groups and VP, VS1, and VS2 for the folded samples were 308 

measured under peak hydrostatic stress of 21 MPa. A hydrostatic or isotropic stress state is most 309 

appropriate to capture the intrinsic anisotropy of the rock fabric and to avoid any anisotropy that could be 310 

induced by a differential stress, as discussed later in detail. Fig. 7 shows the velocity data points with the 311 

predicted velocity curves from the best-fit dynamic stiffness constants. Gray bars are aligned with each 312 

velocity measurement to show the density of each sample. Samples OB30 and OB60 were removed from 313 

the velocity curve fit due to having a significantly different density or presence of a textural feature as 314 
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noted in section 3.1. The best-fit dynamic stiffness constants determined from the velocity fit are shown 315 

in Table 2 along with the Thomsen parameters and elastic moduli. 316 

Fig. 7 clearly shows velocity anisotropy with foliation plane orientation for the three planar 317 

sample groups. Anisotropy parameters, ε and γ in Table 2, are within the expected range for anisotropic 318 

rocks indicating all three planar sample groups show P- and S –wave anisotropy. Higher values of  and  319 

indicate velocity anisotropy is higher for sample group P than sample groups I and OB under hydrostatic 320 

stress. Because the Thomsen parameters and elastic moduli are directly calculated from the stiffness 321 

constants, sample group P shows the highest amount of anisotropy in the dynamic Young’s modulus 322 

compared to I and OB (Table 2).  323 

Velocity measurements for four of the five folded samples were successfully obtained. The folded 324 

samples have a minimum VP of 4.57 km/s and a maximum VP of 5.88 km/s. This 25% difference in VP is 325 

significant and suggests there are differences in the dynamic elastic properties of the folded rocks at the 326 

laboratory scale. While as a whole the four folded group samples show significant differences in velocity, 327 

samples OB X and OB Z from the same group show less variability in VP (1.6%) compared to the two 328 

PDB samples. Significant differences in dynamic elastic properties is associated with sample variability at 329 

the laboratory scale even when sampled from the same section of host core.  330 

The sensitivity of the velocity measurements to heterogeneities is reflected in the dynamic elastic 331 

moduli provided in Table 3. To determine the dynamic elastic moduli, we assume an isotropic material 332 

behavior for the folded samples because the folded foliation follows no dominant orientation. The 333 

velocity and elastic moduli (𝑀 = 𝑉𝑃
2𝜌; 𝐺 = 𝑉𝑆

2𝜌) for sample PDB Z consistently exceed one standard 334 

deviation from the average value of all sample groups. This suggests that sample PDB Z is an outlier in 335 

the folded sample group and may be a result of textural heterogeneities. 336 

 337 

4.2 Stress Dependence of Dynamic Elastic Properties in Planar Samples 338 

 339 
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The velocities of the planar samples were measured during triaxial loading and unloading to 340 

investigate the influence of stress on dynamic elastic properties. Fig. 8 shows the normalized VP, VSV, and 341 

VSH over time and marks the time of peak axial differential stress following triaxial loading with a dashed 342 

line. The loading history (Fig. 6) was the same for all samples, thus the stress was the same for all 343 

samples at the time velocity was measured.  344 

Overall, all samples show an increase in velocity when axial differential stress is applied followed 345 

by a decrease in velocity when axial differential stress was unloaded as a result of closing and opening of 346 

microcracks in the sample. When comparing velocity changes within a sample group, we observe 347 

additional trends in the velocity response that depend on foliation orientation. Samples with a foliation 348 

orientation perpendicular ( = 0°) to the loading direction show a larger increase in normalized velocity 349 

with stress compared to samples with a parallel ( = 90°) orientation. This is attributed to the fact that 350 

there are more elongated microcracks aligned with the foliation of the sample, thus more crack-closure 351 

and sample stiffening occurs in the perpendicular samples. 352 

While the above comparison between the parallel and perpendicular orientations is consistent 353 

across all sample groups, the normalized VP behavior of intermediate orientations is different for sample 354 

group P than for sample groups I and OB. The intermediate orientation for sample group I and OB show 355 

enhanced stiffening compared to parallel and perpendicular orientations. At peak axial differential stress, 356 

the intermediate orientations generally have a higher normalized VP compared to the parallel and 357 

perpendicular orientations in sample groups I and OB (Fig. 9). In contrast, the intermediate orientations 358 

generally have a lower normalized VP compared to the parallel and perpendicular orientations in sample 359 

group P.  360 

The I and OB intermediate orientations generally show enhanced hysteresis compared to the 361 

parallel and perpendicular orientations across nearly all normalized velocities. The enhanced hysteresis 362 

suggests there is additional irrecoverable strain occurring for the intermediate orientations in the I and OB 363 

sample groups which is not observed in the parallel and perpendicular samples. Sample group P does not 364 
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exhibit this behavior as hysteresis did not show any dependence on orientation. This will be discussed in 365 

depth in 5.1.  366 

4.3 Static Young’s Modulus and Poisson’s Ratio 367 

 368 

Young’s modulus (E) and Poisson’s ratio () were measured during three main stages of the test 369 

stress path: triaxial loading, triaxial unloading, and uniaxial loading. Each stress path stage was further 370 

subdivided into several ranges of Ax. Diff. to characterize elastic properties at different stress levels. Table 371 

4 summarizes the stress path, confining pressure, range of Ax. Diff., and a number or letter used to 372 

distinguish the stages. Young’s modulus was determined by linear regression of the strain data between 373 

initial and final Ax. Diff. and the Poisson’s ratio was calculated at the final Ax. Diff. reported in the table. 374 

Fig. 10 shows the static Young’s modulus for each sample measured during the stress path stages in Table 375 

4.  376 

Young’s modulus measured near in-situ stress conditions (stress stage 3) ranges approximately 377 

between 39 and 100 GPa. Previous measurements on parallel and perpendicular Poorman formation 378 

samples located nearby showed Young’s modulus values between 45.1 and 87.2 GPa (Vigilante, 2017) 379 

suggesting that measurements are consistent with previous measurements. A complete table of static 380 

Young’s modulus measurements, averages, and standard deviations for each stress stage is provided in 381 

Appendix C. 382 

Across the three planar sample groups, the parallel orientation ( = 90°) generally has a higher 383 

Young’s modulus than the perpendicular ( = 0°) orientation. The difference between parallel and 384 

perpendicular Young’s modulus is smaller in planar sample group OB than I and P suggesting that the 385 

expected degree of anisotropy appears to be smaller in sample group OB. However, the complete range of 386 

Young’s modulus anisotropy for sample groups I and OB is not adequately captured by the difference 387 

between parallel and perpendicular Young’s modulus. Intermediate orientations for I and OB show a 388 

significant decrease in Young’s modulus compared to the parallel and perpendicular sample orientations. 389 
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The lower Young’s modulus indicates that there is a larger amount of axial strain when loaded in the 390 

intermediate orientations compared to the parallel and perpendicular orientations. One the other hand, the 391 

intermediate orientations of the P sample group show a monotonic increase in Young’s modulus from 392 

perpendicular to parallel orientation.   393 

Folded samples show significant variability in Young’s modulus across all samples. The 394 

variability does not appear to be more significant in one sample group than the other which suggests that 395 

variability in Young’s modulus is more likely a result of heterogeneity differences across all folded 396 

samples rather than differences between the PDB group and the OB group.  397 

 Fig. 11 shows the Poisson’s ratios measured for each of the stress path sections in Table 4. For 398 

the planar sample groups, Poisson’s ratios from the parallel and perpendicular orientations correspond to 399 

the elastic constants 3113, and 12. Across all three planar sample groups, the 13 Poisson’s ratio 400 

measured from the parallel samples is the highest of the three anisotropic Young’s moduli suggesting that 401 

the lateral deformation is more significant crossing the foliation planes than within the foliation plane 402 

when axial load is applied parallel to the foliation planes. Sample group I has the highest variability 403 

between 31, 13, and 12 which suggests enhanced anisotropy for the ratio of lateral to axial deformation 404 

in group I than groups P and OB. Although group OB had a low amount of anisotropy between the 405 

parallel and perpendicular Young’s modulus, the Poisson’s ratios show a variability that is consistent with 406 

or greater than the Poisson’s ratios in group P.  407 

Comparing the variability of Poisson’s ratio from the folded sample groups is difficult because 408 

few values were obtained under the same stress state. Overall, the Poisson’s ratios fell between 0.08 and 409 

0.26 for the folded samples. As with the Young’s modulus, the variability in the Poisson’s ratio does not 410 

appear to be dependent on sample group as the variability spans across all five samples. 411 

4.4 Uniaxial Compressive Strength Results 412 

 413 
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The uniaxial compressive strength (UCS) of each sample was measured by failing the sample at a 414 

constant strain rate after the triaxial stress stages. The test stage example in Fig. 7 shows a black “X” 415 

which marks the stress at which the sample failed and the UCS was determined. The UCS is plotted 416 

against orientation (˚) for the three planar sample groups in Fig. 12a and against the two folded group 417 

categories in Fig. 12b. As previous studies on phyllite have shown, the uniaxial compressive strength is 418 

expected to decrease for intermediate orientations of  resulting in a “U shaped” angular dependence of 419 

strength. Ramamurthy et al. (1993) utilizes an equation adapted from Jaeger (1960) to predict the 420 

compressive strength for various orientations using the known compressive strength of three orientations: 421 

horizontal ( = 0˚), vertical ( = 90˚), and the weakest intermediate orientation (typically  =60˚). This 422 

equation utilizes a cosine curve fit to the UCS on either side of the weakest sample orientation. 423 

𝜎𝑐 = 𝐴 − 𝐵(𝑐𝑜𝑠 2(𝜃𝑚𝑖𝑛 − 𝜃)) (16) 424 

 425 

where c is the uniaxial compressive strength at orientation angle ,  min is the orientation angle for the 426 

minimum strength which is either 45 degrees or 60 degrees in our results, A and B are constants describing 427 

the variation of the compressive strength either between   = 0  and  min or between   = 90  and  min 428 

Using Equation (16), the predicted UCS curves were fit to the =0˚,  =90˚, and min planar 429 

sample strengths for each group. Fig. 12a shows that the predicted UCS curves captures the trend of the 430 

strength measurements and produce the expected “U” shape for UCS of anisotropic rocks. The maximum 431 

strength of sample groups I and OB occurred at  = 90˚ whereas the maximum strength of sample group P 432 

occurred at  =0˚. Table 5 provides the UCS measurements for all samples. 433 

 Fig. 12b reveals that the UCS from the five folded samples range from 93.5 to 144.3 MPa. The 434 

42.7% difference between the maximum and minimum UCS for the PDB folded sample groups suggests 435 

there is significant variability in the rock strength even in the absence of continuous, planar foliation 436 

features. The percent difference between the maximum and minimum UCS is significantly less at 16.9% 437 
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within the OB folded groups. The variability in UCS appears to be much higher between the two PDB 438 

samples than between the folded OB samples. 439 

 440 

4.5 Influence of Foliation Orientation on UCS and Failure Plane   441 

 442 

Examination of the failure planes for the planar sample groups in Fig. 13 suggests that the parallel 443 

and perpendicular sample orientation fail through a different failure mode than the intermediate sample 444 

orientations.  Typically, rock failure in compression is expected to occur via a macroscopic shear failure 445 

plane oriented nearly 30° from the sample axis based on the Mohr-Coulomb failure criteria. However, 446 

failure under uniaxial stress conditions can typically occur through axial splitting parallel to the 447 

orientation of axial stress as well as shear failure. Fig. 13 shows samples with foliation oriented parallel to 448 

the loading axis failed either by axial splitting or a combination of shear and axial splitting. Perpendicular 449 

orientations failed through macroscopic shear failure which cross cut the foliation orientation. Both types 450 

of failure planes observed in the parallel and perpendicular samples are consistent with the expected 451 

failure mechanisms observed in laboratory measurements. 452 

The 45° and 60° orientations in sample groups I and OB failed through shearing along the foliation 453 

plane. This observation is well supported by previous laboratory studies on the strength of anisotropic 454 

rocks (Attewell & Sandford, 1974; Jaeger, 1960; McLamore & Gray, 1967; Ramamurthy et al., 1993; 455 

Saeidi et al., 2014; Walsh & Brace, 1964). The 45° and 60° orientations serve as weak planes that are 456 

more likely to fail prematurely compared to other orientations. The 30° orientation samples in I and OB 457 

showed a combination of shear failure along the foliation planes and cross-cutting of the foliations 458 

producing slightly irregular macroscopic shear failure planes, marking a transition in failure style from 459 

perpendicular samples ( = 0°) to intermediate orientation samples ( = 45°, 60°). 460 

The failure planes of the 45° and 60° orientations in the P sample group were different from I and 461 

OB sample groups, showing some influence of the foliation plane orientation but not a clear shear failure 462 
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aligned with the foliation. This may be influenced by the relative distinctiveness of the foliation planes in 463 

sample group P compared to I and OB. Photographs of the samples in Fig. 4 show that the foliation planes 464 

in sample group P are somewhat less planar and continuous than the foliation planes in I and OB. 465 

Photomicrographs of the samples in Fig. 5 also show that the foliation bands are not well defined in 466 

sample group P.  467 

The majority of failure planes from the folded samples were either axial splitting or a macroscopic 468 

shear failure plane as seen in Fig. 13. It is consistently observed that samples that fail by axial splitting are 469 

stronger than those failing by shear along an oblique plane. The difference is especially clear in the two 470 

samples in PDB, where PDB Z with a relatively smooth shear failure plane is significantly weaker than 471 

PDB Y which failed via a complex network of axial splitting and shear failure planes. Note that the PDB 472 

Z sheared along a faint foliation plane that was only observed post-failure. The failure behavior of the 473 

folded samples suggest that the eventual geometry of the failure plane has a strong control on the rock 474 

strength although not obvious initially due to the random folded texture of the sample. 475 

 476 

5. Discussion 477 

 478 

5.1  Comparison of Static and Dynamic Young’s Modulus 479 

 480 

5.1.1 Stress State Considerations 481 

 482 

To compare the static and dynamic elastic properties of anisotropic rocks, careful consideration 483 

must be brought to select data from the appropriate stage in the experiment. We compare the static 484 

Young’s modulus measured during stage 1 described in Fig. 10 with the dynamic Young’s modulus 485 

calculated from velocities before the initiation of stage 1 when the stress state was hydrostatic. These two 486 

stress states provide the most similar conditions for comparing static and dynamic elastic properties of an 487 

anisotropic rock. 488 
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Dynamic measurements targeted at capturing the intrinsic anisotropy of the rock require that 489 

samples are under the same principal stress orientations and magnitudes because an anisotropic stress 490 

state introduces additional elastic anisotropy due to preferential alignment of open and closed cracks (Nur 491 

& Simmons, 1969). A restriction in our experimental setup is that the direction of wave propagation is 492 

coupled with the direction of applied differential stress. Thus, rotation of the foliation orientation with 493 

respect to the sample cylindrical axis not only changes the wave propagation direction, but also results in 494 

rotation of the principal stress direction relative to the foliation plane if any axial differential stress is 495 

applied.  Therefore, dynamic anisotropic elastic properties are only properly derived from measurements 496 

under a hydrostatic stress state.  497 

On the other hand, measurement of the static Young’s modulus requires the application of an 498 

axial differential stress to measure the axial deformation. Thus, stress-induced anisotropy is an inevitable 499 

outcome of static measurements. We minimize stress-induced anisotropy by applying between 1 and 6 500 

MPa of axial differential stress under 21 MPa of confining pressure when measuring static Young’s 501 

modulus.    502 

5.1.2 Variability in the Behavior of Static Young’s Modulus at Intermediate Orientations  503 

 504 

We compare the static and dynamic Young’s modulus as a function of foliation orientation for the 505 

three planar sample groups. Velocity measurements yield the complete dynamic stiffness matrix which 506 

was inverted to obtain the complete dynamic compliance matrix. Then Equation (14) was utilized to 507 

predict the dynamic Young’s modulus for any foliation orientation using components of the dynamic 508 

compliance matrix. The red curve in Fig. 14 shows the predicted dynamic Young’s modulus variation 509 

with foliation orientation. The behavior of the dynamic Young’s modulus curve is the same for all three 510 

sample groups and shows an increase in dynamic Young’s modulus from perpendicular to parallel 511 

orientations.  512 
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For sample group P, the dynamic Young’s modulus curve follows a relatively similar 513 

monotonically increasing trend as the measurements of static Young’s modulus marked by the black dots 514 

and gray bars. However, there is a significant discrepancy in trend between the predicted dynamic and the 515 

measured static Young’s modulus for groups I and OB. Compared to parallel and perpendicular 516 

orientations, the intermediate orientations show a significant decrease in static Young’s modulus for the I 517 

and OB sample groups which is not present in the predicted dynamic measurement curve. Some previous 518 

laboratory works have also observed a decreased static Young’s modulus at intermediate orientations for 519 

schistose rocks (Read et al., 1987), but an explanation regarding the source of this behavior is not 520 

provided. 521 

We use Equation (14) to fit elastic moduli parameters using a least-squares approach to the static 522 

Young’s modulus measurements for the three sample groups. Because the values for static Young’s 523 

moduli E1 and E3 and Poisson’s ratio 31 were already known from the parallel and perpendicular 524 

orientation measurements, these values were fixed leaving G13 as the fitting parameter in the least-square 525 

regression. The static moduli resulting from the fit are provided with the dynamic moduli in Table 6 and 526 

the Young’s modulus results from the parameter fit are shown with the black dashed line in Fig. 14. A 527 

comparison of the static and dynamic moduli reveals that the static G13 shear modulus is significantly 528 

lower than the dynamic G13 for sample groups I and OB. Sample group P shows a 31.7% decrease from 529 

dynamic to static G13 compared to a 56.5% decrease in sample group I and a 57.3% decrease in group OB. 530 

These results indicate that it is the significantly lower static G13 values in groups I and OB, that controls 531 

the U-shaped Young’s modulus decrease at intermediate orientations. This is sensible because shear stress 532 

resolved along the foliation planes is greater for intermediate orientations, resulting in enhanced static 533 

shear strain along the foliation plane, greater measured axial strain, and lower apparent static Young’s 534 

modulus. 535 

 The EDynamic versus EStatic plot in Fig. 15 more clearly shows the contrast in Young’s modulus 536 

behavior between the parallel and perpendicular orientations and the intermediate orientations observed in 537 
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Fig. 14. The one-to-one correspondence of dynamic and static Young’s modulus is shown with a black 538 

line and 10% differences are shown as dashed lines. The intermediate orientation data plot above the 10% 539 

difference line showing that the dynamic Young’s modulus is significantly higher than the static Young’s 540 

modulus. On the other hand, the parallel and perpendicular sample orientations either plot within or below 541 

the 10% difference lines showing the static Young’s modulus is similar or slightly higher than the 542 

dynamic Young’s modulus.  543 

5.1.3 Cause of Low Static G13 Shear Modulus 544 

 545 

The low static G13 shear modulus in the I and OB sample groups is a result of enhanced static 546 

shear deformation that occurs parallel to the foliation plane. In addition to the regression analysis of static 547 

Young’s modulus in the previous section, there are several lines of evidence and information that suggest 548 

such foliation-parallel shear deformation. 549 

Velocity increase and rock stiffening associated with stress increase is generally attributed to 550 

crack closure. Therefore, in an anisotropic TI rock, perpendicular samples ( = 0°) are typically expected 551 

to show the highest degree of stiffening because there are more cracks aligned normal to the applied 552 

differential stress that can close with additional axial stress. However, velocity measurements presented in 553 

4.2 show larger degree of stiffening in the intermediate orientations than the perpendicular orientations 554 

for the I and OB samples. Thus, stiffening seen in the normalized velocity measurements that exceed the 555 

perpendicular sample orientation ( = 0°) are likely caused by some additional deformation rather than 556 

crack-normal closure. This is also evident from the fact that there was more hysteresis in velocity data 557 

after unloading in many intermediate orientation samples than in the perpendicular samples for I and OB 558 

sample groups (Fig. 8). 559 

We suggest that the most likely mechanism by which intermediate orientation samples can 560 

become stiffer is through shear slip along the foliation planes. Shear slip is favorable since it involves 561 

minimal volume change if the slip plane is smooth and it can potentially lead to shear-enhanced 562 
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compaction by closing foliation-normal cracks between edges of the platy minerals consisting the foliated 563 

fabric (Fig. 16). Note that the compaction sketched in Fig. 16a, b can be accomplished only by shear slip 564 

along foliation interfaces that have the same sense of shear as the far-field shear deformation. At 565 

intermediate orientations, the shear stress acting along the foliation plane is greater than parallel and 566 

perpendicular orientations, so there is greater tendency for shear slip to occur. Shear slip should also 567 

occur preferentially along clay minerals that define the foliation fabric because of their low coefficient of 568 

friction (Moore & Lockner, 2004). 569 

Sample group P does not exhibit similar enhanced stiffening behavior at intermediate angles, 570 

which suggests that less shear slip occurred for intermediate orientations in sample group P. 571 

Photomicrographs in Fig. 5 shows that there are more continuous foliation planes containing weak 572 

minerals in groups I and OB compared to group P. The I and OB group samples show that the clay 573 

minerals are aligned as straight continuous planes compared to sample group P where there is a 574 

significant presence of small clay minerals that are well incorporated into the rock matrix. Foliation in 575 

sample group P is more undulating at the sub-millimeter scale. We suspect under large strains, weak clay 576 

minerals distributed as short, non-continuous, irregular planes are less effective at facilitating shear slip 577 

than when the clay minerals are distributed as smooth continuous foliation planes in the rock. This is also 578 

supported by the fact that failure planes of intermediate orientation samples in group P are more irregular 579 

than those in groups I and OB (Fig. 13), resulting in higher UCS in sample group P than in groups I and 580 

OB (Fig. 12). The same can be observed from the folded samples where those with irregular failure 581 

planes resulted in higher UCS. Thus, the presence of continuous, distinct foliation planes of weak clay 582 

minerals present in sample groups I and OB, but not in sample group P, explains the anomalously low 583 

static shear modulus in sample groups I and OB, and also their peculiar trend of Young’s modulus with 584 

foliation orientation.  585 

5.1.4 Implications for Hydro-shearing and Stimulation 586 

 587 
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Frash et al. (2019) suggests that the foliation of the Poorman Schist is the most likely natural 588 

feature that undergo hydro-shearing in response to fluid injection and stimulation in the EGS Collab 589 

Experiment 1 test bed. Frash et al. (2019) found from their triaxial direct-shear tests that shear strength 590 

along foliations (whether unbonded, infilled, or intact) were significantly weaker than infilled natural 591 

fractures found in the Poorman Schist at various orientations. Thus, shear strengths of the foliations are 592 

reached before injected fluid pressure reaches the minimum principal stress to create mode-I hydraulic 593 

fractures. 594 

Our results are consistent with this notion and further suggests that enhanced shear slip along 595 

foliations may occur from the very beginning of the injection process well before the shear stress reaches 596 

the short-term shear strength of the rock and hydro-shearing is achieved. Already in the first loading stage 597 

of our experiment (stress path stage 1), low static shear modulus along foliation planes was evident in all 598 

sample groups from the low static G13 shear moduli values compared to their dynamic counterparts, even 599 

in sample group P (Table 6). This implies premature shear slip along foliations that may explain why 600 

foliation planes are weak in these rocks and later promotes hydro-shearing over mode-I hydraulic 601 

fracturing. 602 

Furthermore, if this premature shear slip occurs at a large enough magnitude, this may also imply 603 

appreciable permeability change and stimulation well before macroscopic hydro-shearing is achieved by 604 

injection, an important implication for engineering reservoir stimulation by fluid injections. However, it is 605 

not trivial to address this problem as we imply shear-enhanced compaction as a mechanism to explain the 606 

simultaneous occurrence of enhanced shear deformation (low static G13) and overall stiffening of the rock 607 

(greater hysteresis in intermediate orientations of groups I and OB). Under shear-enhanced compaction, 608 

there is likely a competition between local shear dilatancy and overall compaction that governs the 609 

permeability change of the rock. Also, any permeability change caused by the premature shear slip along 610 

the foliation is likely highly anisotropic. Thus, the resulting stimulation effect is also anisotropic. Careful 611 
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investigation through further deformation experiments with simultaneous permeability measurements is 612 

needed for quantitative evaluation. 613 

5.2  Laboratory Measurements of Heterogeneous Rock & Complications from 614 

Similar Scale 615 

 616 

The purpose of measuring the elastic properties from the folded samples was to determine if the 617 

rock behaves as an apparently homogeneous isotropic material due to the lack of a distinct orientation of 618 

foliation and folding. From the variability of the static and dynamic Young’s moduli and Poisson’s ratio, 619 

it is apparent that heterogeneity plays a significant role in determining elastic properties. Heterogeneities 620 

in the folded laboratory samples are present at 1 cm scale. Strain gages with 1 cm length measure a local 621 

strain response at the same length-scale of the folded features rendering static elastic properties that are 622 

influenced by sample heterogeneities. Velocity measurements are influenced by the similar length-scale 623 

of the heterogeneous features with the ultrasonic wavelength. For example, an ultrasonic frequency of 200 624 

kHz has a 2.5 cm wavelength for a material with 5000 m/s velocity. When the wavelength is comparable 625 

to the length-scale of heterogeneities, the measured velocity is more sensitive to variability in material 626 

properties compared to a wavelength that is significantly larger than the heterogeneities. Variability in the 627 

velocity measurements of the folded samples can be observed in Fig. 7 where there is nearly a 1000 m/s 628 

difference between the minimum and maximum VP. Due to the sensitivity of laboratory measurements to 629 

the folded sample heterogeneities, representative isotropic elastic properties were not obtained. 630 

In the field, sonic logging tools measure velocities along the length of the borehole. Sonic 631 

velocities in the field are measured with a lower frequency compared to the ultrasonic velocities measured 632 

in the laboratory. Understanding the influence of measurement frequency and scale of heterogeneities on 633 

velocity is necessary to accurately interpret any potential differences in velocity at the laboratory and field 634 

scale. Laboratory measurements at both the same scale and larger scale to the heterogeneous features 635 

could help understand how sensitive field measurements would be to heterogeneous features present at a 636 
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range of scales. The issue of scale is a consistent challenge in rock mechanics applications where 637 

mechanical properties are often measured at laboratory scale and applied to the field scale.  638 

  639 
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6.  Conclusion 640 

 641 

In this study, we provided laboratory measurements for dynamic elastic properties, static Young’s 642 

modulus, Poisson’s ratio, and unconfined compressive strength on Poorman schist rocks with planar and 643 

folded foliations. The planar sample groups were expected to have symmetry consistent with transversely 644 

isotropic medium where 5 independent elastic constants are needed to fully describe the mechanical 645 

behavior. A complete solution for the Young’s modulus of a transversely isotropic medium at any 646 

orientation with respect to the loading direction is provided in the appendix and utilized in this paper to 647 

evaluate the influence of orientation on the elastic properties. From our measurements, we conclude that: 648 

● For schist rocks with continuous, planar foliations, 45° and 60° foliation planes act as weak 649 

planes that facilitate shear failure along the foliation orientation instead of cross-cutting the 650 

foliation planes.  651 

● The G13 shear modulus of a TI medium can be determined from Young’s modulus 652 

measurements with foliation parallel, perpendicular, and oblique to the loading direction. 653 

● Low static Young’s modulus for schist rocks at intermediate foliation orientations can result 654 

from anomalously low apparent static shear modulus, caused by shear slip along distinct 655 

sharp foliation planes. 656 

● Laboratory measurements on folded rocks demonstrated the sensitivity of measurements to 657 

heterogeneous features in the rock when the features were at a similar scale to the measuring 658 

devices. 659 

 660 
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10. Tables with Table Captions 740 

 741 

Table 1 Summary table of the average density and standard deviation for each sample group and across 742 

all samples 743 

Borehole Group Borehole Depth (ft) Avg. Density (g/cc) 
Standard Deviation 

within Group (g/cc) 

E1-P Depth 175 – 177 2.757 0.007 

E1-I Depth 150 – 155 2.764 0.012 

E1-OB Depth 85.5 – 89.5 2.778 0.042 

E1-PDB Depth 51 – 52 2.770 - 

E1-OB Depth 195 – 196 2.748 0.010 

All Samples  2.764 0.023 

 744 

 745 

 746 

Table 2 Dynamic elastic properties determined from the velocity fit as a function of orientation using 747 

Equations (5) through (8). The average density of each sample group excluding outliers was used for the 748 

density parameter in the fit equations 749 

Planar Sample Group P I OB 

Avg. Density (g/cc) 2.757 2.764 2.766 

c11  99.61 87.84 84.29 

c33  75.14 67.60 71.84 

c12  33.23 15.74 12.93 

c13  35.10 13.19 16.28 

c44 = G23 = G13 24.99 29.73 30.32 

c66 = G12 = E11 /2(1+12) 33.19 36.05 35.68 

  5.220 4.945 5.096 

  3.010 3.280 3.311 

  0.163 0.150 0.087 

  0.164 0.106 0.088 

  0.145 0.080 0.075 

E1 (GPa)    79.81 83.23 79.54 

E3 (GPa)   56.59 64.24 66.38 

31 = 32 0.26 0.13 0.17 

12 = 21 0.20 0.15 0.11 

13 = 23 = E131 / E3 0.37 0.16 0.20 

 750 

 751 
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Table 3 Compressional and shear velocity measurements of the folded sample with dynamic elastic 754 

moduli assuming isotropic material properties 755 

Folded Sample Density (g/cc) VP (km/s) VS1 (km/s) VS2 (km/s) 
Avg. VS 

(km/s) 

M 

(GPa) 

G 

(GPa) 

PDB Y 2.768 5.88 2.84 3.32 3.08 95.7 26.2 

PDB Z 2.772 4.57 2.78 2.75 2.77 57.9 21.2 

OB X 2.746 5.62 3.00 2.88 2.94 86.6 23.7 

OB Y 2.739 - - - - - - 

OB Z 2.759 5.53 3.09 3.14 3.12 84.3 26.8 

Avg. 2.76 5.40 2.93 3.02 2.98 81.1 24.5 

Std. Dev. 0.01 0.57 0.14 0.26 0.16 16.2 2.6 

 756 

 757 

 758 

 759 

Table 4 Summary of the stress conditions under which Young's modulus and Poisson's ratio were 760 

calculated for each sample 761 

Stress 

Boundary 

Condition 

Stress Path 

Stage # 

Confining 

Pressure, Pc 

(MPa) 

Axial Differential 

Stress, Ax. Diff. (MPa) 

Initial Final 

Triaxial 

Loading 

1 21 1 6 

2 21 6 16 

3 21 16 21 

4 21 21 16 

5 21 16 6 

6 21 6 1 

Uniaxial 

Loading 

 

A 0 1 10 

B 0 10 20 

C 0 20 30 

D 0 30 45 

 762 

 763 

 764 
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Table 5 Uniaxial compressive strength (UCS) of all samples 768 

Sample 

Name 

UCS 

(MPa) 

P0 194.6 

P30 117.6 

P45 103.5 

P60 88.2 

P90 113.9 

I0 101.1 

I30 121.4 

I45 72 

I60 93.6 

I90 141.3 

OB0 34 

OB30 43.4 

OB45 25 

OB60 21.9 

OB90 82.9 

PDB Y 144.3 

PDB Z 93.5 

OB X 106.1 

OB Y 104.2 

OB Z 123.4 

 769 

 770 

 771 

Table 6 Elastic constants from the complete dynamic compliance components and a curve fit performed 772 

on the static Young's modulus for various orientations. The analytical expression provided in a previous 773 

section is used to obtain the curve Young's modulus in all orientations. The E1, E3, and 31 values were 774 

fixed while fitting the Young’s modulus curve because the values were readily available from the 775 

laboratory measurements 776 

Planar Group P I OB 

Curve Fit 

Measurement 

Dynamic 

Moduli 

Static 

Moduli from 

Curve Fit 

Dynamic 

Moduli 

Static 

Moduli from 

Curve Fit 

Dynamic 

Moduli 

Static 

Moduli from 

Curve Fit 

E1 79.81 74.87 83.23 110.29 79.54 82.79 

E3 56.59 46.78 64.24 83.42 66.38 80.7 

v31 0.26 0.11 0.13 0.26 0.17 0.21 

G13 24.99 17.15 29.73 12.92 30.32 12.94 

 777 

 778 

 779 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



35 

 

11. Figure Captions 780 

 781 

Fig. 1 Schematic of a transversely isotropic (TI) medium showing the X3 axis of symmetry. Open arrows 782 

indicate the polarization direction of the shear velocities VSV and VSH with respect to the direction of wave 783 

propagation (closed arrow) 784 

Fig. 2 Curve fit to velocity measurements at different orientations of . Using the best fit velocity curves 785 

and Equations (5) through (8), the best fit stiffness constants were obtained. Using the best fit stiffness 786 

constants, the Thomsen parameters (Thom were obtained from Equations (9) through (13).  787 

Thomsen parameters conveniently describe P-wave anisotropy (), S- wave anisotropy ( normal 788 

moveout of VP (and and VPand VSH when  = 0° (Thom, respectively) 789 

Fig. 3 Schematic diagram showing the orientation of the sub-cored samples relative to the host core. (a) 790 

Orientation of planar samples is defined by the  angle. (b) Orientation of tightly folded cores are defined 791 

by orthogonal X, Y, and Z axis 792 

Fig. 4 Photographs of the samples prepared from five different borehole locations. The top three rows 793 

show the samples in the planar groups whereas the fourth row shows the two folded sample groups. 794 

Sample names are assigned based on borehole location (P, I, OB, or PDB) and orientation (ex: 0, 45, X, 795 

Z) 796 

Fig. 5 Representative photomicrographs taken from each of the three planar sample groups and one 797 

folded sample from PDB. The white dashed line in the bottom left corner for the three planar foliation 798 

sample groups shows the parallel orientation of the foliation planes. Scale bars in the bottom right corner 799 

indicate 1 mm distance 800 

Fig. 6 Stress paths for confining pressure and axial differential stress over the duration of the test 801 

Fig. 7 Velocity for all sample groups taken under peak hydrostatic stress conditions (PC=σ1=σ2=σ3 21 802 

MPa). The three planar sample groups show curves for velocity as a function of orientation resulting 803 

from a least-squares fit of Equations (5) through (8) to the velocity data 804 

Fig. 8 VP, VSV, and VSH normalized with the velocity at the start of the triaxial loading stage. The 805 

normalized velocities are plotted against time to show the velocity evolution during triaxial loading and 806 

unloading stages. The dashed line marks the time when triaxial loading completed and unloading begins 807 

Fig. 9 VSV at peak triaxial stress conditions normalized with the VSV at the beginning of triaxial loading. 808 

The intermediate orientations in sample groups I and OB have higher normalized velocities compared to 809 

the parallel and perpendicular orientations. In contrast, the intermediate orientations in sample group P 810 

generally have lower normalized velocity than parallel and perpendicular orientations 811 

Fig. 10 Young's modulus measured during different stress paths. The first three subplots correspond to 812 

planar sample groups whereas the final subplot shows both folded sample groups. The planar samples 813 

are color coded by foliation orientation (°) from 0° at the left-most bar and 90° at the right-most bar 814 

Fig. 11 Poisson’s ratio for all sample groups taken at different points of the stress loading path 815 

Fig. 12 Uniaxial compressive strength (a) against foliation orientation , for the three planar sample 816 

groups and (b) for the two folded sample groups 817 

Fig. 13 Images of samples failed under uniaxial stress conditions. Failure planes are highlighted with 818 

colored lines to observe the mode of failure 819 
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Fig. 14 Static and dynamic Young's modulus fit for all orientations of . The dynamic measurement curve 820 

was obtained from the complete set of compliance matrix components and the analytical solution 821 

presented in the previous section. Static measurements for Young’s modulus are shown as gray bars with 822 

a curve fit using a least-squares method. The black dashed line represents a curve fit with tight bounds on 823 

the 0° and 90° sample orientations (E33 and E11) and the ν31 Poisson’s ratio 824 

Fig. 15 Comparison of dynamic and static Young's modulus for the three planar sample groups. The solid 825 

line represents 1 to 1 correspondence and the dashed lines are 10% differences 826 

Fig. 16 Schematic describing how shear deformation along smooth foliation planes could lead to shear-827 

enhanced compaction. Note that the transition from the original state in (a) to the compacted state in (b) 828 

only required shear slip along the foliation interfaces that has the same shear sense as the far-field shear 829 

deformation described in the black arrows. (c)SEM image of some foliation-normal cracks in a Poorman 830 

schist sample 831 

Fig. 17 A 3D schematic of the boreholes at the project site along the west access drift on the 4850 ft 832 

depth level of SURF. Square markers show the location of the planar sample groups and circle markers 833 

show the location of the folded sample groups within the testbed (Borehole diagram adapted from Morris 834 

et al., (2018)) 835 
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12. Appendix A: Analytical Expression for Young’s Modulus of Rotated TI 838 

Mediums  839 

 840 

1. Uniaxial stress is applied in the x3 direction making σ33 the only nonzero stress in the initial x1-x3 841 

coordinate system.  842 

𝜎 = [

𝜎11 𝜎12 𝜎13

𝜎12 𝜎22 𝜎23

𝜎13 𝜎23 𝜎33

] = [
0 0 0
0 0 0
0 0 𝜎33

] 843 

 844 

 845 

2. Rotate the stress matrix about the x2 axis to the x1’-x3’ coordinate system. The rotation matrix, R, is 846 

given from the direction cosines between the initial and prime axis. 847 

𝑅 = [
𝑐𝑜𝑠 𝜃 𝑐𝑜𝑠 90 𝑐𝑜𝑠(𝜃 + 90)
𝑐𝑜𝑠 90 𝑐𝑜𝑠 0 𝑐𝑜𝑠 90

𝑐𝑜𝑠(90 − 𝜃) 𝑐𝑜𝑠 90 𝑐𝑜𝑠 𝜃
] = [

𝑐𝑜𝑠 𝜃 0 −𝑠𝑖𝑛 𝜃
0 1 0

𝑠𝑖𝑛 𝜃 0 𝑐𝑜𝑠 𝜃
] 848 

 849 

𝜎′ = 𝑅𝜎𝑅′ = [
𝑐𝑜𝑠 𝜃 0 −𝑠𝑖𝑛 𝜃

0 1 0
𝑠𝑖𝑛 𝜃 0 𝑐𝑜𝑠 𝜃

] [
0 0 0
0 0 0
0 0 𝜎33

] [
𝑐𝑜𝑠 𝜃 0 𝑠𝑖𝑛 𝜃

0 1 0
−𝑠𝑖𝑛 𝜃 0 𝑐𝑜𝑠 𝜃

] = [
𝑠𝑖𝑛2 𝜃 0 −𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠𝜃

0 0 0
−𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠𝜃 0 𝑐𝑜𝑠2 𝜃

] 𝜎33 850 

 851 

 852 

3. Rewrite the rotated stress matrix in Voigt notation and multiply the compliance matrix by the rotated 853 

stress matrix to find the strain in the prime coordinate system. 854 

𝜀′ = [𝑆] ∗ 𝜎′
 855 

 856 

[
 
 
 
 
 
 
𝜀11

′

𝜀22
′

𝜀33
′

2𝜀23
′

2𝜀13
′

2𝜀12
′ ]

 
 
 
 
 
 

=

[
 
 
 
 
 
𝑠11 𝑠12 𝑠13 0 0 0
𝑠12 𝑠11 𝑠13 0 0 0
𝑠13 𝑠13 𝑠33 0 0 0
0 0 0 𝑠44 0 0
0 0 0 0 𝑠44 0
0 0 0 0 0 𝑠66]

 
 
 
 
 

∗

[
 
 
 
 
 

𝑠𝑖𝑛2 𝜃
0

𝑐𝑜𝑠2 𝜃
0

−𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠𝜃
0 ]

 
 
 
 
 

𝜎33 857 

 858 

[𝜀′] =

[
 
 
 
 𝑠11 𝑠𝑖𝑛2 𝜃 + 𝑠13 𝑐𝑜𝑠2 𝜃 0 −

𝑠44 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃

2
0 𝑠12 𝑠𝑖𝑛2 𝜃 + 𝑠13 𝑐𝑜𝑠2 𝜃 0

−
𝑠44 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃

2
 0 𝑠13 𝑠𝑖𝑛2 𝜃 + 𝑠33 𝑐𝑜𝑠2 𝜃]

 
 
 
 

𝜎33 859 

 860 

 861 

4. Rotate the strain tensor back to the initial coordinate system using the rotation matrix R. The 862 

[𝜀] = [𝑅]′[𝜀]′[𝑅] 863 
 864 

[ε] = [
cos θ 0 sin θ

0 1 0
−sin θ 0 cos θ

]

[
 
 
 
 s11 sin2 θ + s13 cos2 θ 0 −

s44 sin θ cos θ

2
0 s12 sin2 θ + s13 cos2 θ 0

−
s44 sin θ cos θ

2
 0 s13 sin2 θ + s33 cos2 θ]

 
 
 
 

σ33 [
cos θ 0 −sin θ

0 1 0
sin θ 0 cos θ

] 865 
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 866 

The individual components of the resulting strain matrix are written in the equations below 867 

𝜀11 = (𝑠11 sin2 𝜃 cos2 𝜃 + 𝑠13(sin
4 𝜃 + cos4 𝜃) + 𝑠33 sin2 𝜃 cos2 𝜃 − 𝑠44 sin2 𝜃 cos2 𝜃 ) 𝜎33 868 

𝜀22 = (s12 sin2 𝜃 + 𝑠13 cos2 𝜃) 𝜎33 869 

𝜀33 = (𝑠11 sin4 𝜃 + 2𝑠13 sin2 𝜃 cos2 𝜃 + 𝑠33 cos4 𝜃 + 𝑠44 sin2 𝜃 cos2 𝜃) 𝜎33 870 

𝜀23 = 0 871 

𝜀13 = (−𝑠11 sin3 𝜃 cos 𝜃 + 𝑠13(sin
3 𝜃 cos 𝜃 − sin 𝜃 cos3 𝜃) + s33sin 𝜃 cos3 𝜃 + 𝑠44  

 (sin3 𝜃 cos 𝜃 − sin 𝜃 cos3 𝜃)

2
  ) 𝜎33  872 

𝜀12 = 0 873 

 874 

 875 

5. The Young’s modulus is determined from dividing the applied stress by strain in the same direction 876 

𝐸 = 𝜎33/𝜀33 877 

 878 

and can be written in the following convenient form by substituting the compliance matrix components. 879 

𝜀33 = (
sin4 𝜃 

𝐸1
−

2𝜈31 sin2 𝜃 cos2 𝜃 

𝐸3
+

cos4 𝜃 

𝐸3
+

sin2 𝜃 cos2 𝜃 

𝐺13
) 𝜎33 880 

 881 

where for a transverse isotropic material with symmetric axis in the 3-direction, 882 

𝑠11 =
1

𝐸1
 883 

𝑠13 =
−𝜈31

𝐸3
=

−𝜈13

𝐸1
 884 

𝑠33 =
1

𝐸3
 885 

𝑠44 =
1

𝐺13
=

1

𝐺23
 886 

 887 

 888 

  889 
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13. Appendix B: Sample Locations and Borehole Diagram 890 

 891 

Fig. 17 shows the borehole diagram along the west drift on the 4850-foot depth level of SURF 892 

adapted from Morris et al. (2018) with discs that indicate the intended notch locations for hydraulic 893 

stimulation in the EGS Collab project. The testbed is comprised of eight sub-horizontal boreholes 894 

oriented around the intended stimulation zone.  Sample locations are marked with a square for the planar 895 

sample groups and a circle for the folded sample groups. Sample names are assigned based on the 896 

borehole and sample orientation. The first letters (P, I, OB, or PDB) indicate the borehole and the second 897 

numbers or letters (ex: 0, 45, X, Z) indicate the sample orientation. The sample depths along the length of 898 

the borehole are provided in Table 7.  899 

Table 7 Sample depths measured along the borehole axis taken from core logs, photographs, and 900 

markings on the host core 901 

Borehole Sample Name 

Top 

Depth 

(ft) 

Bottom 

Depth 

(ft) 

Top Depth 

(meters) 

Bottom 

Depth 

(meters) 

E1-P P90 175.7 175.85 53.6 53.6 

E1-P P60 176.5 176.6 53.8 53.8 

E1-P P45 176.3 176.4 53.7 53.8 

E1-P P30 176.2 176.3 53.7 53.7 

E1-P P0 176.7 176.9 53.9 53.9 

E1-I I90 150.9 151.1 46.0 46.1 

E1-I I60 150.1 150.3 45.8 45.8 

E1-I I45 153 153.15 46.6 46.7 

E1-I I30 152.7 152.8 46.5 46.6 

E1-I I0 154.6 - 47.1 - 

E1-OB OB90 85.4 85.6 26.0 26.1 

E1-OB OB60 86.5 86.7 26.4 26.4 

E1-OB OB30 87.9 88.1 26.8 26.9 

E1-OB OB0 89.5 - 27.3 - 

E1-PDB PDB Y 51.8 - 15.8 - 

E1-PDB PDB Z 51.1 51.3 15.6 15.6 

E1-OB OB X 195.4 - 59.6 - 

E1-OB OB Y 195.2 195.3 59.5 59.5 

E1-OB OB Z 196 196.2 59.7 59.8 
 902 
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14. Appendix C: Ultrasonic Velocity and Static Young’s Modulus Table 
 

 Table 8 Sample length, diameter, density and velocity measurements under hydrostatic, triaxial, and 

uniaxial stress conditions 

Sample 

Name 

Length 

(mm) 

Diameter 

(mm) 

Density 

(g/cc) 

Velocity under 

Hydrostatic Stress 

Velocity under 

Triaxial Stress 

Velocity under 

Uniaxial Stress 

Ax. Diff. = 0 MPa, 

PC = 21 MPa 

Ax. Diff. = 21 MPa, 

PC = 21 MPa 

Ax. Diff.  = 10-15 MPa, 

PC = 0 MPa 

VP 

(km/s) 

VSV = VS1 

(km/s) 

VSH = VS2 

(km/s) 

VP 

(km/s) 

VSV = VS1 

(km/s) 

VSH = VS2 

(km/s) 

VP 

(km/s) 

VSV = VS1 

(km/s) 

VSH = VS2 

(km/s) 

P0 46.1 25.54 2.768 5.07 3.09 2.95 5.52 3.08 3.15 4.75 2.96 3.04 

P30 50.71 25.53 2.760 5.70 3.01 3.29 5.70 3.14 2.96 5.02 2.74 3.14 

P45 50.73 25.54 2.762 5.58 2.99 2.99 5.88 3.12 3.15 5.09 2.85 3.04 

P60 50.72 25.54 2.755 5.60 3.20 3.43 5.92 3.13 3.15 5.25 3.00 3.04 

P90 50.71 25.53 2.748 6.12 2.89 3.51 6.10 3.15 3.40 5.62 3.16 3.17 

I0 51.89 25.54 2.756 5.06 3.34 3.25 5.18 3.43 3.33 4.94 3.32 3.20 

I30 48.42 25.54 2.759 5.02 3.23 3.31 5.24 3.35 3.38 4.94 3.24 3.27 

I45 50.76 25.54 2.784 5.11 3.28 3.35 5.20 3.38 3.46 4.95 3.24 3.30 

I60 52.45 25.52 2.756 5.30 3.44 3.52 5.41 3.53 3.61 5.21 3.41 3.52 

I90 51.31 25.52 2.764 5.82 3.48 3.69 5.82 3.52 3.72 5.72 3.47 3.70 

OB0 50.53 25.53 2.759 5.18 3.32 3.33 5.38 3.40 3.42 5.08 3.32 3.34 

OB30 42.83 25.53 2.745 4.69 2.87 2.87 4.88 2.99 2.99 4.47 2.79 2.84 

OB45 48.12 25.52 2.750 5.13 3.22 3.39 5.30 3.30 3.44 4.94 3.12 3.25 

OB60 43.95 25.54 2.847 4.79 2.84 3.03 5.02 2.93 3.11 4.41 2.48 2.92 

OB90 50.96 25.52 2.789 5.61 3.41 3.63 5.66 3.46 3.68 5.62 3.41 3.60 

PDB Y 50.41 25.55 2.768 5.88 2.84 3.32 6.07 2.93 3.61 5.49 2.77 3.34 

PDB Z 44.86 25.49 2.772 4.57 2.78 2.75 5.40 2.95 2.97 4.51 2.58 1.36 

OB X 49.49 25.55 2.746 5.62 3.00 2.88 5.95 3.12 2.98 5.07 2.69 2.76 

OB Y 50.39 25.54 2.739 - - - - - - - - - 

OB Z 51.8 25.54 2.759 5.53 3.09 3.14 5.86 3.23 3.31 - - - 
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Table 9 Static Young's modulus measurements organized by stress phase and sample 

 

 

Stress Phase Triaxial Loading Triaxial Unloading Uniaxial Loading 

PC (MPa) 21 21 21 21 21 21 0 0 0 0 

Ax. Diff. 

(Initial-Final, MPa) 
1-6 6-16 16-21 21-16 16-6 6-1 1-10 10-20 20-30 30-45 

Sample Name           

P0 46.8 51.9 57.4 74.0 65.1 56.6 28.7 34.6 43.5 52.2 

P30 45.0 54.3 56.6 82.2 71.6 54.3 40.6 41.4 45.7 49.1 

P45 49.6 51.3 54.0 76.7 68.1 55.8 32.1 35.8 42.5 46.0 

P60 48.5 55.5 57.6 79.0 68.8 51.7 40.3 45.6 50.2 51.5 

P90 74.9 67.3 67.5 89.6 83.2 77.7 60.0 55.7 55.6 57.6 

I0 83.4 69.0 69.1 81.4 76.1 - 56.3 62.3 66.6 66.8 

I30 41.4 71.9 69.1 71.9 66.3 55.4 47.8 53.2 57.1 59.6 

I45 45.6 49.8 55.3 76.3 61.3 48.8 52.7 54.4 53.9 52.7 

I60 56.2 61.0 62.6 85.4 75.1 66.4 54.9 55.1 56.5 57.7 
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