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Abstract
We investigate the influence of foliation orientation and fine-scale folding on the static and dynamic elastic properties and 
unconfined strength of the Poorman schist. Measurements from triaxial and uniaxial laboratory experiments reveal a sig-
nificant amount of variability in the static and dynamic Young’s modulus depending on the sample orientation relative to 
the foliation plane. Dynamic P-wave modulus and S-wave modulus are stiffer in the direction parallel to the foliation plane 
as expected for transversely isotropic mediums with average Thomsen parameters values 0.133 and 0.119 for epsilon and 
gamma, respectively. Static Young’s modulus varies significantly between 21 and 117 GPa, and a peculiar trend is observed 
where some foliated sample groups show an anomalous decrease in the static Young’s modulus when the symmetry axis 
(x3-axis) is oriented obliquely to the direction of loading. Utilizing stress and strain relationships for transversely isotropic 
medium, we derive the analytical expression for Young’s modulus as a function of the elastic moduli E1, E3, ν31, and G13 
and sample orientation to fit the static Young’s modulus measurements. Regression of the equation to the Young’s modulus 
data reveals that the decrease in static Young’s modulus at oblique symmetry axis orientations is directly influenced by a 
low shear modulus, G13, which we attribute to shear sliding along foliation planes during static deformation that occurs 
as soon as the foliation is subject to shear stress. We argue that such difference between dynamic and static anisotropy is a 
characteristic of near-zero porosity anisotropic rocks. The uniaxial compressive strength also shows significant variability 
ranging from 21.9 to 194.6 MPa across the five sample locations and is the lowest when the symmetry axis is oriented 45° 
or 60° from the direction of loading, also a result of shear sliding along foliation planes during static deformation.
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List of Symbols
θ	� Angle between symmetry axis and the 

wave propagation direction or the loading 
direction

ρ	� Density
X3	� Axis of rotational symmetry
E	� Young’s modulus
ν	� Poisson’s ratio
G	� Shear modulus
M	� P-wave modulus
N	� Constant used in equations for VP, VSV, VSH

σAx. Diff	� Axial differential stress (total stress-confin-
ing pressure)

PC	� Confining pressure
ε	� Strain when discussed with stress or com-

pliance and stiffness
	� Thomsen parameter describing the differ-

ence in the P-wave velocities measured 
parallel and perpendicular to the symmetry 
axis, normalized by the velocity at θ = 0°

C	� Stiffness matrix
cijkl	� Components of the stiffness tensor
S	� Compliance matrix
sijkl	� Components of the compliance tensor
VP, VSV, VSH	� Compressional, vertical shear, and horizon-

tal shear velocities
α, βThom	� Thomsen parameters that describe VP 

and VSH, respectively, for perpendicular 
orientation
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γ	� Thomsen parameter that describes the 
difference in VSH measured parallel and per-
pendicular to the symmetry axis, normal-
ized by the velocity at θ = 0°

δ	� Thomsen parameter used with α to describe 
the normal moveout of VP

σc	� Uniaxial compressive strength
A, B	� Constants describing the variation in uni-

axial compressive strength
θmin	� Orientation of minimum uniaxial compres-

sive strength for each planar sample group

1  Introduction

In this paper, we report laboratory measurements for the 
unconfined strength and the static and dynamic elastic prop-
erties of the Poorman formation schists collected from the 
Enhanced Geothermal Systems Collaboration (EGS Collab) 
hydraulic stimulation experiment testbed on the 4850-ft level 
of the Sanford Underground Research Facility (SURF). 
Rock deformation measurements are an integral component 
to understanding the rock behavior at the field site—a key 
objective of the EGS Collab project (Kneafsey et al. 2019). 
Previous studies on layered rocks such as shales and schists 
consider the elastic properties to behave as a transversely 
isotropic (TI) medium (Jones and Wang 1981; Amadei 1996; 
Sayers 2010; Sone and Zoback 2013). This intrinsic anisot-
ropy is often developed by preferential orientation of platy or 
needle-like minerals and bedding planes developed through 
sedimentation. Quantifying the degree to which anisotropy 
influences the mechanical properties of the rock is needed 
for accurate interpretations of field surveys and developing 
realistic geomechanical models. In addition to influencing 
elastic properties, there have been long-standing studies that 
find a reduction in rock strength when foliation or bedding 
is oriented diagonally to the principal stress direction (Jae-
ger 1960; McLamore and Gray 1967; Ramamurthy et al. 
1993). The influence of anisotropy on rock strength could 
significantly influence interpretation of borehole breakouts 
for in situ stress and planning of hydraulic stimulation tests.

The mechanical properties of anisotropic rocks are fre-
quently studied because of their importance in rock engi-
neering. Laboratory tests primarily focus on rock strength, 
dynamic elastic properties, and static elastic properties with 
limited studies covering a range of foliation or bedding ori-
entations (Read et al. 1987; Nasseri et al. 2003). Few labo-
ratory studies have focused on fully describing the static 
elastic response of the five independent elastic constants for 
TI rocks (Amadei 1996; Homand et al. 1993). We derive an 
analytical expression for Young’s modulus of a TI medium 
oriented obliquely to the direction of loading to indirectly 

obtain the static shear modulus. We discuss the influence 
of stress on the elastic property measurements, influence of 
foliation orientation on rock strength and failure planes, and 
the influence of heterogeneity on laboratory measurements.

2 � Background: Elastic Properties 
of Transversely Isotropic Medium

Disregarding the anisotropic properties of schist may lead 
to inaccurate determination of elastic properties and esti-
mates of rock mass deformation. Therefore, it has become 
more common in rock mechanics literature to consider finely 
layered and foliated rocks, such as shales (Sayers 2010; 
Sone and Zoback 2013), phyllites, schists, and gneiss, as 
a TI medium with an axis of rotational symmetry perpen-
dicular to the planar fabric. Here, we review the governing 
stress–strain relations for a TI medium and the Thomsen 
parameters used to describe the degree of anisotropy of a 
TI medium.

2.1 � Elastic Constants

In contrast to an isotropic medium which has two independ-
ent elastic constants, TI mediums require five independent 
elastic constants to fully describe its mechanical proper-
ties. Hooke’s law for an anisotropic, linear, elastic solid 
relates the linear proportionality between stress and strain 
by Eq. (1) where the elements of the elastic stiffness tensor 
are denoted as cijkl.

Due to symmetry of stress and strain tensors and the pres-
ence of a unique strain energy potential, cijkl = cijlk = cjikl = cjilk 
and cijkl = cklij, which reduce the total number of independ-
ent elastic constants from 81 to 21 components (Mavko 
et al. 2009). Considering the X3-axis to be the axis of rota-
tional symmetry, the nonzero elastic stiffness tensor for a TI 
medium can be simplified and written in matrix form using 
the two-index Voigt notation (Nye 1985). The independent 
stiffness constants required to fully describe the mechanical 
properties of a material in Eq. (1) are c11, c33, c12, c13, and 
c44.

(1)�ij = cijkl�kl .

(2)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

⎤⎥⎥⎥⎥⎥⎥⎦
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with c66 =
1

2
(c11 − c12).

The stiffness matrix (Eq. 2) is the inverse of the compli-
ance matrix (S) as shown in the following equation:

Conveniently, the compliance matrix can be written in 
terms of the Young’s modulus (E), Poisson’s ratio (ν), and 
shear modulus (G) for a TI medium as

The single subscript of the Young’s modulus corresponds 
to the strain in axis Xi, Poisson’s ratio νij relates the strain 
in symmetry direction j to the applied strain in symmetry 
direction i, and shear modulus Gij corresponds to the shear 
strain in plane XiXj (Sayers 2010). Symmetry of the compli-
ance matrix Sij = Sji requires that ν21 =  ν12 and E3ν13 E1ν31. 
Determination of the elastic moduli E1, E3, ν31 and ν21 can 
be estimated through laboratory tests on vertically and hori-
zontally layered rock where the symmetry axis, X3, is ori-
ented parallel or perpendicular to the direction of differential 
stress loading.

2.2 � Dynamic Stiffness Constants and Velocities

For a transversely isotropic medium, propagation modes of 
the three velocities (VP, VSV, and VSH) are described as quasi-
longitudinal, quasi-shear, and pure shear, respectively, with 
mutually orthogonal polarizations (Mavko et al. 2009). The 
angle between the direction of wave propagation and the 
symmetry axis (X3) of the material is defined by the angle θ. 

(3)C = S
−1

.

(4)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

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

Figure 1 shows a schematic of a transversely isotropic mate-
rial with the propagation and polarization directions for the 
shear velocities VSV and VSH.

The phase velocities in any plane containing the X3 sym-
metry axis are related to the angle θ, the stiffness constants, 
and the density (ρ) of the medium by the following equations:

where

(Thomsen 1986).
By measuring the velocity at multiple orientations of θ 

and assuming a constant material density, all five stiffness 
constants are resolved.

The degree of anisotropy of a TI medium is conveniently 
described in terms of the Thomsen parameters (α, βThom, 
ε, γ, and δ). Thomsen parameters α and βThom denote VP 
and VSH, respectively, for θ = 0°. For a material with weak 
anisotropy, the parameter ε describes the difference in the 
P-wave velocities measured parallel and perpendicular to 
the symmetry axis, normalized by the velocity in the θ = 0° 
direction, and is often described as the “P-wave anisotropy” 
parameter. The parameter γ describes the difference in VSH 
measured parallel and perpendicular to the symmetry axis, 
normalized by the velocity in the θ = 0° direction, and is 
often referred to as the “S-wave anisotropy” parameter. Both 
ε and γ typically range between 0 and 0.5 for weakly aniso-
tropic rocks. The normal moveout of VP is described with 
the parameters δ and α (Mavko et al. 2009). Although, in 

(5)VP =
�
c11sin

2� + c33cos
2� + c44 +

√
N
� 1

2

(2�)−
1

2 ,

(6)VSV =
�
c11sin

2� + c33cos
2� + c44 −

√
N
� 1

2

(2�)−
1

2 ,

(7)VSH =
(

c66sin
2�+c44cos

2�

�

) 1

2 ,

(8)
N =

[(
c11 − c44

)
sin

2(�) −
(
c33 − c44

)
cos2�

]2
+
(
c13 + c44

)2
sin

2
2�

Fig. 1   Schematic of a trans-
versely isotropic (TI) medium 
showing the X3-axis of sym-
metry. Open arrows indicate 
the polarization direction of the 
shear velocities VSV and VSH 
with respect to the direction 
of wave propagation (closed 
arrow)
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theory, δ can be constrained from a velocity measurement 
at one oblique orientation, it is best to measure the P-wave 
velocities at multiple orientations so that Eq. (5) can be fit to 
the entire dataset. From the stiffness constants and material 
density, the Thomsen parameters can be determined from 
the following equations:

(Thomsen 1986).
Measurements of ultrasonic velocities (VP, VSV, and VSH) 

in directions θ = 0°, 90°, and at least one angle between 0° 
and 90° provide data to which Eqs. (5) through (8) can be 
fit using least-square regression to determine stiffness con-
stants. Given the best fit stiffness constants, the Thomsen 
parameters are determined from Eqs. (9) through (13) to 
conveniently describe the anisotropy of the material. Fig-
ure 2 shows an example of the velocity curve fit to ultrasonic 
velocity measurements obtained at different angles of θ as a 
visual representation of the Thomsen parameters.

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

As seen in the previous sections, one can directly relate com-
ponents of the compliance matrix to Young’s modulus and 
Poisson’s ratio through Eq. (4) when the direction of strain or 
stress is parallel or perpendicular to planar features in the rock. 
However, the influence of an oblique loading orientation with 
the symmetry axis on static Young’s modulus is not examined 
frequently in the literature. The influence of layer orientation 
is a critical component to understanding the mechanical prop-
erties of dipping or folded structures. Here, we utilize stress 
and strain matrix rotation to solve for the resulting strain from 
a uniaxial stress condition (σ33 ≠ 0). A complete derivation of 
the equations is presented in Appendix A.

The angle θ describes the orientation of the symmetry 
axis with respect to the direction of axial stress as shown in 
Fig. 1. Strain along the loading direction axis is needed to 
estimate the Young’s modulus as a function of the rotation 
angle θ and the elastic moduli E1, E3, ν31, and G13:

(9)� =
√

c33

�
,

(10)�Thom =
√

c44

�
,

(11)� =
c11−c33

2c33
,

(12)� =
(c66−c44)

2c44
,

(13)� =
(c13+c44)

2
−(c33−c44)

2

2c33(c33−c44)

where

Dividing the stress by strain in Eq. (14) leaves the expres-
sion for Young’s modulus, which is in agreement with the 
equation for the evaluation of the shear modulus presented 
in Homand et al (1993). Note that there is a change in the 
Young’s modulus from E3 to E1 in the denominator of the 
sin4θ term above, which corrects an error in a similar equa-
tion provided in Amadei (1996), also Eq. 14 in Amadei 
(1996). The presence of G13 in the analytical expression sug-
gests that the static shear modulus in the 1–3 plane can be 
determined from a uniaxial stress compression measurement 
where the symmetry axis is oblique to the loading direction.

3 � Laboratory Procedure

3.1 � Sample Selection

3.1.1 � Sample Group Locations and Preparation

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

(14)�33 =
(

sin
4�

E1

−
2�31sin

2�cos2�

E3

+
cos4�

E3

+
sin

2�cos2�

G13

)
�33 ,

(15)s11 =
1

E1

, s13 =
−�31

E3

, s33 =
1

E3

and s44 =
1

G13

.
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Fig. 2   Curve fit to velocity measurements at different orientations of 
θ. Using the best fit velocity curves and Eqs. (5) through (8), the best 
fit stiffness constants were obtained. Using the best fit stiffness con-
stants, the Thomsen parameters (α, βThom,  ε, γ, δ) were obtained from 
Eqs.  (9) through (13). Thomsen parameters conveniently describe 
P-wave anisotropy (ε), S-wave anisotropy (γ) normal moveout of VP 
(δ and α) and VP and VSH when θ = 0° (α, βThom, respectively)
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rock. The mineralogy of the EGS Collab testbed is domi-
nated by sericite–carbonate–quartz, biotite–quartz–carbon-
ate, and graphitic quartz–sericite phyllite to schist (Caddey 
et al. 1991). There are significant heterogeneities throughout 
the formation including veins of quartz, carbonates, pyrite, 
and pyrrhotite, and foliation that varies from planar bands 
to tight folds at the centimeter to meter scale. The stress 
state at the 4850-foot-depth level of SURF is estimated at 
42 MPa of vertical stress and 21 MPa of minimum horizon-
tal stress from stress measurements in the kISMET project 
(Oldenburg et al. 2017; Wang et al. 2017), which was in 
close proximity to the EGS Collab testbed.

Five sections of HQ-sized host cores were selected from 
four boreholes lettered I, P, OB, and PDB. The borehole 
diagram showing the locations of the samples with respect to 
one another is provided in Appendix B (Fig. 17). Core logs 
and photographs were used to identify sections of competent 
host core that were at least 2 to 5 feet in length with consist-
ent textural features. This allowed for groups of three–five 
samples to be prepared from the same few feet of host core 
to minimize variability between samples in a group. Using a 
tilting table to control the orientation of the cores, multiple 
cylindrical samples were sub-cored at different orientations 
from the same section of host core and trimmed to approxi-
mately 2-in. length and 1-in. diameter. To represent the var-
ious foliation textures observed in the field, three sample 
groups with planar foliation features and two sample groups 
with tightly folded foliation features were prepared.

Three sample groups with planar foliation were prepared 
from boreholes OB, P, and I. Each of the groups contained 
five samples which were sub-cored with axes at angles 
θ = 0°, 30°, 45°, 60°, and 90°. The schematic diagram in 
Fig. 3a shows the definition of the θ angle and the appear-
ance of the foliation. Planar sample names are assigned 
based on the borehole (P, I, or OB) and the θ orientation 
of the sample (0, 30, 45, 60, 90). Samples with θ = 0° are 
occasionally referred to as “perpendicular” samples whereas 
samples with θ = 90° are occasionally referred to as “paral-
lel” samples.

Sub-core locations were selected to maintain fabric con-
sistency across samples within a group and avoid filled or 
open fractures and veins, except for OB30 which had a thin, 
white vein approximately 1 mm thick oriented 45° from the 
core axis. Photographs of the samples arranged by the sam-
ple group are shown in Fig. 4. General observations of each 
sample group’s appearance suggest there may be minor min-
eralogical and textural differences between the three groups. 
Sample group P is light gray Poorman formation with less 
distinctive foliation bands compared to the other two groups. 
Group I is light to dark gray Poorman formation with dis-
tinctive foliation bands. The planar OB group has distinct 
foliation bands and is light gray to bronze-brown in color 
(OB60 in particular) suggesting there could be a slight min-
eralogical difference in the OB group compared to I and P.

Two groups of tightly folded core were prepared from 
boreholes PDB and OB. These cores were tightly folded at 
the centimeter scale so no dominant foliation orientation 
was observed. To avoid any orientation bias, samples were 
sub-cored for each group in orthogonal directions X, Y, or 
Z. Figure 3b shows the orientation of the sub-cored samples 
with respect to the host core. The Z-axis is parallel and X 
and Y are perpendicular to the host core axis. Folded sam-
ple names are assigned based on the borehole letters (PDB, 
OB) and axis orientation (X, Y, Z). Thus, planar and folded 
samples from the OB group are distinguished based on ori-
entation described as numbers for the planar group or letters 
for the folded group.

3.1.2 � Rock Characteristics

X-ray diffraction analysis provided quantitative measure-
ments of mineralogy. The mineral distribution of the samples 
is between 18 and 57% mica, 14 and 43% quartz, 9 and 33% 
carbonates, 3 and 10% feldspar, 0 and 9% graphite, and trace 
amounts of sulfates, pyrite, and pyrrhotite. The distribution 
of mica minerals is between 7 and 33% muscovite, 1 and 
19% chlorite, 2 and 11% illite, and 1 and 7% biotite. Repre-
sentative photomicrographs from the three planar groups and 
one from folded group PDB are shown in Fig. 5. The white 
dashed line in the bottom-left corner of the three planar folia-
tion photos designates the parallel orientation of the foliation 
planes. Variation in the continuity of planar foliation planes 
is observed between sample group P and groups I and OB.

The density of each sample was measured using a caliper 
and a digital mass balance after drying the samples in a vac-
uum oven for over 24 h. Density was averaged within each 
of the five sample groups and the total average (2.764 g/cc) 
and standard deviation (0.023 g/cc) for all groups are sum-
marized in Table 1. Sample OB60 has a density (2.847 g/
cc) more than one standard deviation above the average 
suggesting the sample may have a different mineral com-
position than the other samples. Due to the significantly 

θ = 0° θ = 30° θ = 45° θ = 60° θ = 90°

X

Z

Y x

(a)

(b)

Fig. 3   Schematic diagram showing the orientation of the sub-cored 
samples relative to the host core. a Orientation of planar samples 
is defined by the θ angle. b Orientation of tightly folded cores are 
defined by orthogonal X-, Y-, and Z-axes
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different density, OB60 is considered an outlier from the 
sample group.

3.2 � Laboratory Triaxial and Uniaxial Compression 
Tests

A programmable servo-controlled triaxial apparatus con-
trolled confining pressure and axial load to deform the rocks 
under triaxial and uniaxial stress conditions. Figure 6 plots 
the stress path for σAx. Diff. and PC over time. During the first 
stage of the test, hydrostatic pressure was applied by increas-
ing the confining pressure (PC) to 21 MPa to measure veloc-
ity anisotropy when all samples were under the same stress 
conditions. Then triaxial stress was applied by increasing the 
axial differential stress (σAx. Diff. = σAx. Total – PC) to 21 MPa. 

The 42 MPa total axial stress (σAx. Total) and PC = 21 MPa 
triaxial stress state is representative of the vertical stress 
and the in situ minimum horizontal stress, respectively, at 
the 4850-ft depth level of SURF as previously mentioned. 
The application of hydrostatic pressure before axial load-
ing assists in the closure of microcracks from core damage 
sustained during drilling and removing the core from the 
in situ stress. Once the triaxial loading phase was complete, 
σAx. Diff. was lowered to 1 MPa during the triaxial unloading 
stage followed by a release of the confining pressure. Finally, 
axial stress was applied at a constant strain rate of 10–5 s−1 
until failure to measure the rock strength under unconfined 
conditions. The numbers and letters in Fig. 6 refer to the 
stresses at which elastic properties were measured and are 
further discussed in Sect. 4.3.

Fig. 4   Photographs of the 
samples prepared from five dif-
ferent borehole locations. The 
top three rows show the samples 
in the planar groups whereas the 
fourth row shows the two folded 
sample groups. Sample names 
are assigned based on borehole 
location (P, I, OB, or PDB) and 
orientation (e.g., 0, 45, X, Z)



5263Low Static Shear Modulus Along Foliation and Its Influence on the Elastic and Strength Anisotropy…

1 3

Rock deformation was measured using two pairs of 
10-mm axial and radial strain gages applied directly on the 
sample. A polyolefin heat-shrink jacket was used to prevent 
confining oil from leaking into the rock. Ultrasonic velocity 
was sampled automatically at 1-min intervals throughout the 
test. Piezoelectric crystals attached to the loading platens 
were used to pulse and detect compressional and shear wave 
arrivals. Crystal frequency was 200 kHz except for sample 
group P which used a 1 MHz crystal due to equipment avail-
ability. A 1 MPa axial differential stress was maintained at 
all time to ensure coupling between the rock and the ultra-
sonic platen.

4 � Results

4.1 � Anisotropic Dynamic Elastic Properties

VP, VSV, and VSH for the planar sample groups and VP, VS1, 
and VS2 for the folded samples were measured under peak 
hydrostatic stress of 21 MPa. A hydrostatic or isotropic 
stress state is most appropriate to capture the intrinsic ani-
sotropy of the rock fabric and to avoid any anisotropy that 
could be induced by a differential stress, as discussed later 
in detail. Figure 7 shows the velocity data points with the 
predicted velocity curves from the best fit dynamic stiffness 

Fig. 5   Representative photomi-
crographs taken from each of 
the three planar sample groups 
and one folded sample from 
PDB. The white dashed line in 
the bottom left corner for the 
three planar foliation sample 
groups shows the parallel ori-
entation of the foliation planes. 
Scale bars in the bottom right 
corner indicate 1 mm distance
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Fig. 6   Stress paths for confining pressure and axial differential stress 
over the duration of the test

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

Borehole Group borehole depth 
(ft)

Avg. 
density 
(g/cc)

Standard deviation 
within group (g/cc)

E1-P 175–177 2.757 0.007
E1-I 150–155 2.764 0.012
E1-OB 85.5–89.5 2.778 0.042
E1-PDB 51–52 2.770 –
E1-OB 195–196 2.748 0.010
All samples 2.764 0.023
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constants. Gray bars are aligned with each velocity meas-
urement to show the density of each sample. Samples OB30 
and OB60 were removed from the velocity curve fit due to 
having a significantly different density or presence of a tex-
tural feature as noted in Sect. 3.1. The best-fit dynamic stiff-
ness constants determined from the velocity fit are shown 
in Table 2 along with the Thomsen parameters and elastic 
moduli.

Figure 7 clearly shows velocity anisotropy with folia-
tion plane orientation for the three planar sample groups. 
Anisotropy parameters, ε and γ in Table 2, are within the 
expected range for anisotropic rocks indicating all three 
planar sample groups show P- and S-wave anisotropy. 
Higher values of ε and γ indicate velocity anisotropy is 
higher for sample group P than sample groups I and OB 

under hydrostatic stress. Because the Thomsen parameters 
and elastic moduli are directly calculated from the stiff-
ness constants, sample group P shows the highest amount 
of anisotropy in the dynamic Young’s modulus compared 
to I and OB (Table 2).

Velocity measurements for four of the five folded sam-
ples were successfully obtained. The folded 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 significant and suggests there 
are differences in the dynamic elastic properties of the 
folded rocks at the laboratory scale. While as a whole the 
four folded group samples show significant differences in 
velocity, samples OB X and OB Z from the same group show 
less variability in VP (1.6%) compared to the two PDB sam-
ples. Significant differences in dynamic elastic properties 
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are associated with sample variability at the laboratory scale 
even when sampled from the same section of host core.

The sensitivity of the velocity measurements to hetero-
geneities is reflected in the dynamic elastic moduli provided 
in Table 3. To determine the dynamic elastic moduli, we 
assume an isotropic material behavior for the folded samples 
because the folded foliation follows no dominant orientation. 
The velocity and elastic moduli ( M = V2

P
� ; G = V2

S
� ) for 

sample PDB Z consistently exceed one standard deviation 
from the average value of all sample groups. This suggests 
that sample PDB Z is an outlier in the folded sample group 
and may be a result of textural heterogeneities.

4.2 � Stress Dependence of Dynamic Elastic 
Properties on Planar Samples

The velocities of the planar samples were measured during 
triaxial loading and unloading to investigate the influence 

of stress on dynamic elastic properties. Figure 8 shows the 
normalized VP, VSV, and VSH over time and marks the time of 
peak axial differential stress following triaxial loading with 
a dashed line. The loading history (Fig. 6) was the same for 
all samples, thus the stress was the same for all samples at 
the time–velocity measured.

Overall, all samples show an increase in velocity when 
axial differential stress is applied followed by a decrease 
in velocity when axial differential stress was unloaded as a 
result of closing and opening of microcracks in the sample. 
When comparing velocity changes within a sample group, 
we observe additional trends in the velocity response that 
depend on foliation orientation. Samples with a foliation 
orientation perpendicular (θ = 0°) to the loading direction 
show a larger increase in normalized velocity with stress 
compared to samples with a parallel (θ = 90°) orientation. 
This observation is attributed to more elongated microcracks 
aligned with the foliation of the sample, thus more crack-
closure and sample stiffening occurs in the perpendicular 
samples.

While the above comparison between the parallel and 
perpendicular orientations is consistent across all sample 
groups, the normalized VSV behavior of intermediate ori-
entations is different for sample group P than for sample 
groups I and OB. The intermediate orientations for sample 
groups I and OB show enhanced stiffening compared to par-
allel and perpendicular orientations. At peak axial differ-
ential stress, the intermediate orientations generally have a 
higher normalized VSV compared to the parallel and perpen-
dicular orientations in sample groups I and OB (Fig. 9). In 
contrast, the intermediate orientations generally have a lower 
normalized VSV compared to the parallel and perpendicular 
orientations in sample group P.

The I and OB intermediate orientations generally show 
enhanced hysteresis compared to the parallel and perpendic-
ular orientations across nearly all normalized velocities. The 
enhanced hysteresis suggests there is additional irrecover-
able strain occurring for the intermediate orientations in the 
I and OB sample groups which is not observed in the parallel 
and perpendicular samples. Sample group P does not exhibit 
this behavior as hysteresis did not show any dependence on 
orientation. This will be discussed in depth in Sect. 5.1.

Table 2   Dynamic elastic properties determined from the velocity fit 
as a function of orientation using Eqs.  (5) through (8). The average 
density of each sample group excluding outliers was used for the den-
sity parameter in the fit equations

Planar sample group P I OB

Avg. density (g/cc) 2.757 2.764 2.766
c11 (GPa) 99.61 87.84 84.29
c33 (GPa) 75.14 67.60 71.84
c12 (GPa) 33.23 15.74 12.93
c13 (GPa) 35.10 13.19 16.28
c44 (GPa)  = G23 = G13 24.99 29.73 30.32
c66 (GPa)  = G12 = E11/2(1 + ν12) 33.19 36.05 35.68
α (km/s) 5.220 4.945 5.096
β (km/s) 3.010 3.280 3.311
ε 0.163 0.150 0.087
γ 0.164 0.106 0.088
δ 0.145 0.080 0.075
E1 (GPa) 79.81 83.23 79.54
E3 (GPa) 56.59 64.24 66.38
ν31  = ν32 0.26 0.13 0.17
ν12  = ν21 0.20 0.15 0.11
ν13  = ν23 = E1ν31/E3 0.37 0.16 0.20

Table 3   Compressional and 
shear velocity measurements of 
the folded sample with dynamic 
elastic moduli assuming 
isotropic material properties

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

Young’s modulus (E) and Poisson’s ratio (ν) were meas-
ured during three main stages of the test stress path: tri-
axial loading, triaxial unloading, and uniaxial loading. Each 
stress path stage was further subdivided into several ranges 
of σAx. Diff. to characterize elastic properties at different stress 
levels. Table 4 summarizes the stress path, confining pres-
sure, range of σAx. Diff., and a number or letter used to distin-
guish the stages. Young’s modulus was determined by linear 
regression of the strain data between initial and final σAx. Diff. 
and the Poisson’s ratio was calculated at the final σAx. Diff. 
reported in the table. Figure 10 shows the static Young’s 

modulus for each sample measured during the stress path 
stages in Table 4.

Young’s modulus measured near in situ stress conditions 
(stress stage 3) ranges approximately between 39 and 100 
GPa. Previous measurements on parallel and perpendicular 
Poorman formation samples located nearby showed Young’s 
modulus values between 45.1 and 87.2 GPa (Vigilante 2017) 
suggesting measurements in this study are consistent with 
previous measurements. A complete table of static Young’s 
modulus measurements, averages, and standard deviations 
for each stress stage is provided in Appendix C.

Across the three planar sample groups, the parallel ori-
entation (θ = 90°) generally has a higher Young’s modulus 
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than the perpendicular (θ = 0°) orientation. The difference 
between parallel and perpendicular Young’s modulus is 
smaller in planar sample group OB than I and P suggest-
ing that the expected degree of anisotropy appears to be 
smaller in sample group OB. However, the complete range 
of Young’s modulus anisotropy for sample groups I and OB 
is not adequately captured by the difference between parallel 
and perpendicular Young’s modulus. Intermediate orienta-
tions for I and OB show a significant decrease in Young’s 
modulus compared to the parallel and perpendicular sample 
orientations. The lower Young’s modulus indicates that there 
is a larger amount of axial strain when loaded in the interme-
diate orientations compared to the parallel and perpendicular 
orientations. On the other hand, the intermediate orientations 

of the P sample group show a monotonic increase in Young’s 
modulus from perpendicular to parallel orientation.

Folded samples show significant variability in Young’s 
modulus across all samples. The variability does not appear 
to be more significant in one sample group than the other 
which suggests that variability in Young’s modulus is more 
likely a result of heterogeneity differences across all folded 
samples rather than differences between the PDB group and 
the OB group.

Figure 11 shows the Poisson’s ratios measured for each 
of the stress path sections in Table 4. For the planar sample 
groups, Poisson’s ratios from the parallel and perpendicular 
orientations correspond to the elastic constants ν31, ν13, and 
ν12. Across all three planar sample groups, the ν13 Poisson’s 
ratio measured from the parallel samples is the highest of 
the three anisotropic Poisson’s Ratio suggesting that the lat-
eral deformation is more significant crossing the foliation 
planes than within the foliation plane when axial load is 
applied parallel to the foliation planes. Sample group I has 
the highest variability between ν31, ν13, and ν12 which sug-
gests enhanced anisotropy for the ratio of lateral to axial 
deformation in group I than groups P and OB. Although 
group OB had a low amount of anisotropy between the paral-
lel and perpendicular Young’s moduli, the Poisson’s ratios 
show a variability that is consistent with or greater than the 
Poisson’s ratios in group P.

Comparing the variability of Poisson’s ratio from the 
folded sample groups is difficult because few values were 
obtained under the same stress state. Overall, the Poisson’s 
ratios fell between 0.08 and 0.26 for the folded samples. As 
with the Young’s modulus, the variability in the Poisson’s 
ratio does not appear to be dependent on sample group as 
the variability spans across all five samples.
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Table 4   Summary of the stress conditions under which Young’s mod-
ulus and Poisson’s ratio were calculated for each sample

Stress boundary condition Stress 
path 
stage #

Confining 
pressure, Pc 
(MPa)

Axial differ-
ential stress, 
σAx. 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
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4.4 � Uniaxial Compressive Strength Results

The uniaxial compressive strength (UCS) of each sample 
was measured by failing the sample at a constant strain rate 
after the triaxial stress stages. The test stage protocol in 
Fig. 6 shows a black “X” which marks the stress at which 
the sample failed and the UCS was determined. The UCS is 
plotted against orientation (θ˚) for the three planar sample 
groups in Fig. 12a and against the two folded group catego-
ries in Fig. 12b. As previous studies on phyllite have shown, 

the uniaxial compressive strength is expected to decrease 
for intermediate orientations of θ resulting in a “U-shaped” 
angular dependence of strength. Ramamurthy et al. (1993) 
utilize an equation adapted from Jaeger (1960) to predict 
the compressive strength for various orientations using the 
known compressive strength of three orientations: horizon-
tal (θ = 0˚), vertical (θ = 90˚), and the weakest intermediate 
orientation (typically θ = 60˚). This equation utilizes a cosine 
curve fit to the UCS on either side of the weakest sample 
orientation: 
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where σc is the uniaxial compressive strength at orienta-
tion angle θ, θmin is the orientation angle for the minimum 
strength which is either 45° or 60° in our results, A and B 
are constants describing the variation of the compressive 
strength either between θ = 0° and θmin or between θ = 90° 
and θmin.

Using Eq. (16), the predicted UCS curves were fit to the 
θ = 0˚, θ = 90˚, and θmin planar sample strengths for each 

(16)�c = A − B
(
cos2

(
�min − �

))
, group. Figure 12a shows that the predicted UCS curves cap-

tures the trend of the strength measurements and produce 
the expected “U” shape for UCS of anisotropic rocks. The 
maximum strength of sample groups I and OB occurred at 
θ = 90˚ whereas the maximum strength of sample group P 
occurred at θ = 0˚. Table 5 provides the UCS measurements 
for all samples.

Figure 12b reveals that the UCS for the five folded sam-
ples ranges from 93.5 to 144.3 MPa. The 42.7% difference 
between the maximum and minimum UCS for the PDB 
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folded sample groups suggests there is significant variability 
in the rock strength even in the absence of continuous, planar 
foliation features. The percent difference between the maxi-
mum and minimum UCS is significantly less at 16.9% within 
the OB folded groups. The variability in UCS appears to be 

much higher between the two PDB samples than between 
the folded OB samples.

4.5 � Influence of Foliation Orientation on UCS 
and Failure Plane

Examination of the failure planes for the planar sample 
groups in Fig. 13 suggests that the parallel and perpendicular 
sample orientation fail through a different failure mode than 
the intermediate sample orientations. Typically, rock fail-
ure in compression is expected to occur via a macroscopic 
shear failure plane oriented nearly 30° from the sample axis 
based on the Mohr–Coulomb failure criteria. However, 
failure under uniaxial stress conditions can typically occur 
through axial splitting parallel to the orientation of axial 
stress as well as shear failure. Figure 13 shows samples with 
foliation oriented parallel to the loading axis failed either by 
axial splitting or a combination of shear and axial splitting. 
Perpendicular orientations failed through macroscopic shear 
failure which cross cut the foliation orientation. Both types 
of failure planes observed in the parallel and perpendicular 
samples are consistent with the expected failure mechanisms 
observed in laboratory measurements.

The 45° and 60° orientations in sample groups I and 
OB failed through shearing along the foliation plane. This 
observation is well supported by previous laboratory studies 
on the strength of anisotropic rocks (Attewell and Sandford 
1974; Jaeger 1960; McLamore and Gray 1967; Ramamur-
thy et al. 1993; Saeidi et al. 2014; Walsh and Brace 1964). 
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Table 5   Uniaxial compressive 
strength (UCS) of all samples

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
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The 45° and 60° orientations serve as weak planes that are 
more likely to fail prematurely compared to other orienta-
tions. The 30° orientation samples in I and OB showed a 
combination of shear failure along the foliation planes and 
cross-cutting of the foliations producing slightly irregular 
macroscopic shear failure planes, marking a transition in 
failure style from perpendicular samples (θ = 0°) to inter-
mediate orientation samples (θ = 45°, 60°).

The failure planes of the 45° and 60° orientations in the P 
sample group were different from I and OB sample groups, 
showing some influence of the foliation plane orientation but 
not a clear shear failure aligned with the foliation. This may 
be influenced by the relative distinctiveness of the foliation 
planes in sample group P compared to I and OB. Photo-
graphs of the samples in Fig. 4 show that the foliation planes 
in sample group P are somewhat less planar and continuous 

Fig. 13   Images of samples 
failed under uniaxial stress 
conditions. Failure planes are 
highlighted with colored lines to 
observe the mode of failure
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than the foliation planes in I and OB. Photomicrographs of 
the samples in Fig. 5 also show that the foliation bands are 
not well defined in sample group P.

The majority of failure planes from the folded samples 
were either axial splitting or a macroscopic shear failure 
plane as seen in Fig. 13. It is consistently observed that sam-
ples that fail by axial splitting are stronger than those failing 
by shear along an oblique plane. The difference is especially 
clear in the two samples in PDB, where PDB Z with a rela-
tively smooth shear failure plane is significantly weaker than 
PDB Y which failed via a complex network of axial splitting 
and shear failure planes. Note that the PDB Z sheared along 
a faint foliation plane that was only observed post-failure. 
The failure behavior of the folded samples suggest that the 
eventual geometry of the failure plane has a strong control 
on the rock strength although not obvious initially due to the 
random folded texture of the sample.

5 � Discussion

5.1 � Comparison of Static and Dynamic Young’s 
Modulus

5.1.1 � Stress State Considerations

To compare the static and dynamic elastic properties of 
anisotropic rocks, careful consideration must be brought to 
select data from the appropriate stage in the experiment. We 
compare the static Young’s modulus measured during stage 
1 described in Fig. 10 with the dynamic Young’s modulus 
calculated from velocities before the initiation of stage 1 
when the stress state was hydrostatic. These two stress states 
provide the most similar conditions for comparing static and 
dynamic elastic properties of an anisotropic rock.

Dynamic measurements targeted at capturing the intrinsic 
anisotropy of the rock require that samples are under the 
same principal stress orientations and magnitudes because 
an anisotropic stress state introduces additional elastic ani-
sotropy due to preferential alignment of open and closed 
cracks (Nur and Simmons 1969). A restriction in our experi-
mental setup is that the direction of wave propagation is cou-
pled with the direction of applied differential stress. Thus, 
rotation of the foliation orientation with respect to the sam-
ple cylindrical axis not only changes the wave propagation 
direction, but also results in rotation of the principal stress 
direction relative to the foliation plane if any axial differen-
tial stress is applied. Therefore, dynamic anisotropic elastic 
properties are only properly derived from measurements 
under a hydrostatic stress state.

On the other hand, measurement of the static Young’s 
modulus requires the application of an axial differential 
stress to measure the axial deformation. Thus, stress-induced 

anisotropy is an inevitable outcome of static measurements. 
We minimize stress-induced anisotropy by applying between 
1 and 6 MPa of axial differential stress under 21 MPa of 
confining pressure when measuring static Young’s modulus.

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

We compare the static and dynamic Young’s modulus as a 
function of foliation orientation for the three planar sample 
groups. Velocity measurements yield the complete dynamic 
stiffness matrix which was inverted to obtain the complete 
dynamic compliance matrix. Then Eq.  (14) was utilized 
to predict the dynamic Young’s modulus for any foliation 
orientation using components of the dynamic compliance 
matrix. The red curve in Fig. 14 shows the predicted dynamic 
Young’s modulus variation with foliation orientation. The 
behavior of the dynamic Young’s modulus curve is the same 
for all three sample groups and shows an increase in dynamic 
Young’s modulus from perpendicular to parallel orientations.

For sample group P, the dynamic Young’s modulus curve 
follows a relatively similar monotonically increasing trend 
as the measurements of static Young’s modulus marked by 
the black dots and gray bars. However, there is a signifi-
cant discrepancy in trend between the predicted dynamic 
and the measured static Young’s modulus for groups I and 
OB. Compared to parallel and perpendicular orientations, 
the intermediate orientations show a significant decrease 
in static Young’s modulus for the I and OB sample groups 
which is not present in the predicted dynamic measurement 
curve. Some previous laboratory works have also observed 
a decreased static Young’s modulus at intermediate orienta-
tions for schistose rocks (Read et al. 1987), but an explana-
tion regarding the source of this behavior is not provided.

We use Eq. (14) to fit elastic moduli parameters using a 
least-squares approach to the static Young’s modulus meas-
urements for the three sample groups. Because the values for 
static Young’s moduli E1 and E3 and Poisson’s ratio ν31 were 
already known from the parallel and perpendicular orienta-
tion measurements, these values were fixed leaving G13 as 
the fitting parameter in the least-square regression. The static 
moduli resulting from the fit are provided with the dynamic 
moduli in Table 6 and the Young’s modulus results from the 
parameter fit are shown with the black dashed line in Fig. 14. 
A comparison of the static and dynamic moduli reveals that 
the static G13 shear modulus is significantly lower than the 
dynamic G13 for sample groups I and OB. Sample group P 
shows a 31.7% decrease from dynamic to static G13 com-
pared to a 56.5% decrease in sample group I and a 57.3% 
decrease in group OB. These results indicate that it is the 
significantly lower static G13 values in groups I and OB that 
control the U-shaped Young’s modulus decrease at inter-
mediate orientations. This is sensible because shear stress 
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resolved along the foliation planes is greater for intermediate 
orientations, resulting in enhanced static shear strain along 
the foliation plane, greater measured axial strain, and lower 
apparent static Young’s modulus.

The EDynamic versus EStatic plot in Fig. 15 more clearly 
shows the contrast in Young’s modulus behavior between the 
parallel and perpendicular orientations and the intermediate 
orientations observed in Fig. 14. The one-to-one correspond-
ence of dynamic and static Young’s modulus is shown with 
a black line and 10% differences are shown as dashed lines. 
The intermediate orientation data plot above the 10% dif-
ference line showing that the dynamic Young’s modulus is 
significantly higher than the static Young’s modulus. On the 
other hand, the parallel and perpendicular sample orienta-
tions either plot within or below the 10% difference lines 
showing the static Young’s modulus is similar or slightly 
higher than the dynamic Young’s modulus.

5.1.3 � Cause of Low Static G13 Shear Modulus

The low static G13 shear modulus in the I and OB sample 
groups is a result of enhanced static shear deformation that 
occurs parallel to the foliation plane. In addition to the 
regression analysis of static Young’s modulus in the previ-
ous section, there are several lines of evidence and informa-
tion that suggest such foliation-parallel shear deformation.

Velocity increase and rock stiffening associated with 
stress increase is generally attributed to crack closure. 
Therefore, in a TI rock, perpendicular samples (θ = 0°) are 
typically expected to show the highest degree of stiffening 
because there are more cracks aligned normal to the applied 
differential stress that can close with additional axial stress. 
However, velocity measurements presented in Sect. 4.2 
show larger degree of stiffening in the intermediate orienta-
tions than the perpendicular orientations for the I and OB 
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Fig. 14   Static and dynamic Young’s modulus fit for all orientations 
of θ. The dynamic measurement curve was obtained from the com-
plete set of compliance matrix components and the analytical solu-
tion presented in Sect.  2.3. Static measurements for Young’s mod-

ulus are shown as gray bars with a curve fit using a least-squares 
method. The black dashed line represents a curve fit with tight 
bounds on the 0° and 90° sample orientations (E33 and E11) and the 
ν31 Poisson’s ratio

Table 6   Elastic constants from the complete dynamic compliance 
components and a curve fit performed on the static Young’s modu-
lus for various orientations. The analytical expression provided in 
Sect. 2.3 is used to obtain the Young’s modulus curve in all orienta-

tions. The E1,  E3, and ν31 values were fixed while fitting the Young’s 
modulus curve because the values were readily available from the 
laboratory measurements

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
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samples. Thus, stiffening seen in the normalized velocity 
measurements that exceed the perpendicular sample orienta-
tion (θ = 0°) is likely caused by some additional deformation 
rather than crack-normal closure. This is also evident from 
the observation that there was more hysteresis in velocity 
data after unloading in many intermediate orientation sam-
ples than in the perpendicular samples for I and OB sample 
groups (Fig. 8).

We suggest that the most likely mechanism by which 
intermediate orientation samples can become stiffer is 
through shear slip along the foliation planes. Shear slip is 
favorable since it involves minimal volume change if the 
slip plane is smooth and it can potentially lead to shear-
enhanced compaction by closing foliation-normal cracks 
between edges of the platy minerals forming the foliated 
fabric (Fig.  16). Note that the compaction sketched in 
Fig. 16a, b can be accomplished only by shear slip along 
foliation interfaces that have the same sense of shear as the 

far-field shear deformation. At intermediate orientations, the 
shear stress acting along the foliation plane is greater than 
parallel and perpendicular orientations, so there is greater 
tendency for shear slip to occur. Shear slip should also occur 
preferentially along clay minerals that define the foliation 
fabric because of their low coefficient of friction (Moore 
and Lockner 2004). 

Sample group P does not exhibit similar enhanced stiff-
ening behavior at intermediate angles, which suggests that 
less shear slip occurred for intermediate orientations in sam-
ple group P. Photomicrographs in Fig. 5 show that there are 
more continuous foliation planes containing weak minerals 
in groups I and OB compared to group P. The I and OB group 
samples show that the clay minerals are aligned as straight 
continuous planes compared to sample group P where there 
is a significant presence of small clay minerals that are well 
incorporated into the rock matrix. Foliation in sample group 
P is more undulating at the sub-millimeter scale. We suspect 
under large strains, weak clay minerals distributed as short, 
non-continuous, irregular planes are less effective at facilitat-
ing shear slip than when the clay minerals are distributed as 
smooth continuous foliation planes in the rock. This is also 
supported by the fact that failure planes of intermediate ori-
entation samples in group P are more irregular than those in 
groups I and OB (Fig. 13), resulting in higher UCS in sample 
group P than in groups I and OB (Fig. 12). The same can be 
observed from the folded samples where those with irregular 
failure planes resulted in higher UCS. Thus, the presence of 
continuous, distinct foliation planes of weak clay minerals 
present in sample groups I and OB, but not in sample group 
P, explains the anomalously low static shear modulus in sam-
ple groups I and OB, and also their peculiar trend of Young’s 
modulus with foliation orientation.

5.1.4 � Implications for Hydro‑shearing and Stimulation

Frash et al. (2019) suggests that the foliation of the Poor-
man Schist is the most likely natural feature that undergo 
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Fig. 16   Schematic describing how shear deformation along smooth 
foliation planes could lead to shear-enhanced compaction. Note that 
the transition from the original state in a to the compacted state in 
b only required shear slip along the foliation interfaces that has the 

same shear sense as the far-field shear deformation shown by the 
black arrows. c SEM image of some foliation-normal cracks in a 
Poorman schist sample
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hydro-shearing in response to fluid injection and stimula-
tion in the EGS Collab Experiment 1 test bed. Frash et al. 
(2019) found from their triaxial direct-shear tests that shear 
strength along foliations (whether unbonded, infilled, or 
intact) were significantly weaker than infilled natural frac-
tures found in the Poorman Schist at various orientations. 
Thus, shear strengths of the foliations are reached before 
injected fluid pressure reaches the minimum principal stress 
to create mode-I hydraulic fractures.

Our results are consistent with this notion and further 
suggests that enhanced shear slip along foliations may occur 
from the very beginning of the injection process well before 
the shear stress reaches the short-term shear strength of the 
rock and hydro-shearing is achieved. Already in the first 
loading stage of our experiment (stress path stage 1), low 
static shear modulus along foliation planes was evident in 
all sample groups from the low static G13 shear moduli val-
ues compared to their dynamic counterparts, even in sample 
group P (Table 6). This implies premature shear slip along 
foliations that may explain why foliation planes are weak in 
these rocks and later promotes hydro-shearing over mode-I 
hydraulic fracturing.

Furthermore, if this premature shear slip occurs at a large 
enough magnitude, this may also imply appreciable perme-
ability change and stimulation well before macroscopic 
hydro-shearing is achieved by injection, an important impli-
cation for engineering reservoir stimulation by fluid injec-
tions. However, it is not trivial to address this problem as we 
imply shear-enhanced compaction as a mechanism to explain 
the simultaneous occurrence of enhanced shear deformation 
(low static G13) and overall stiffening of the rock (greater 
hysteresis in intermediate orientations of groups I and OB). 
Under shear-enhanced compaction, there is likely a com-
petition between local shear dilatancy and overall compac-
tion that governs the permeability change of the rock. Also, 
any permeability change caused by the premature shear 
slip along the foliation is likely highly anisotropic. Thus, 
the resulting stimulation effect is also anisotropic. Care-
ful investigation through further deformation experiments 
with simultaneous permeability measurements is needed for 
quantitative evaluation.

5.2 � Laboratory Measurements of Heterogeneous 
Rock and Complications from Similar Scale

The purpose of measuring the elastic properties from the 
folded samples was to determine if the rock behaves as an 
apparently homogeneous isotropic material due to the lack 
of a distinct orientation of foliation and folding. From the 
variability of the static and dynamic Young’s moduli and 
Poisson’s ratio, it is apparent that heterogeneity plays a sig-
nificant role in determining elastic properties. Heterogenei-
ties in the folded laboratory samples are present at 1 cm 

scale. Strain gages with 1 cm length measure a local strain 
response at the same length scale of the folded features ren-
dering static elastic properties that are influenced by sample 
heterogeneities. Velocity measurements are influenced by 
the similar length scale of the heterogeneous features with 
the ultrasonic wavelength. For example, an ultrasonic fre-
quency of 200 kHz has a 2.5-cm wavelength for a material 
with 5000 m/s velocity. When the wavelength is comparable 
to the length scale of heterogeneities, the measured velocity 
is more sensitive to variability in material properties com-
pared to a wavelength that is significantly larger than the 
heterogeneities. Variability in the velocity measurements of 
the folded samples can be observed in Fig. 7 where there 
is nearly a 1000 m/s difference between the minimum and 
maximum VP. Due to the sensitivity of laboratory measure-
ments to the folded sample heterogeneities, representative 
isotropic elastic properties were not obtained.

In the field, sonic logging tools measure velocities along 
the length of the borehole. Sonic velocities in the field are 
measured with a lower frequency compared to the ultra-
sonic velocities measured in the laboratory. Understanding 
the influence of measurement frequency and scale of het-
erogeneities on velocity is necessary to accurately interpret 
any potential differences in velocity at the laboratory and 
field scale. Laboratory measurements at both the same scale 
and larger scale to the heterogeneous features could help 
understand how sensitive field measurements would be to 
heterogeneous features present at a range of scales. The issue 
of scale is a consistent challenge in rock mechanics appli-
cations where mechanical properties are often measured at 
laboratory scale and applied to the field scale.

6 � Conclusion

In this study, we provided laboratory measurements for 
dynamic elastic properties, static Young’s modulus, Pois-
son’s ratio, and unconfined compressive strength on Poor-
man schist rocks with planar and folded foliations. The 
planar sample groups were expected to have symmetry con-
sistent with transversely isotropic medium where five inde-
pendent elastic constants are needed to fully describe the 
mechanical behavior. A complete solution for the Young’s 
modulus of a transversely isotropic medium at any orien-
tation with respect to the loading direction is provided in 
the Appendix A and utilized in this paper to evaluate the 
influence of orientation on the elastic properties. From our 
measurements, we conclude that

For schist rocks with continuous, planar foliations, 45° 
and 60° foliation planes act as weak planes that facilitate 
shear failure along the foliation orientation instead of 
cross-cutting the foliation planes.
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The G13 shear modulus of a TI medium can be deter-
mined from Young’s modulus measurements with folia-
tion parallel, perpendicular, and oblique to the loading 
direction.
Low static Young’s modulus for schist rocks at intermedi-
ate foliation orientations can result from anomalously low 
apparent static shear modulus, caused by shear slip along 
distinct sharp foliation planes.
Laboratory measurements on folded rocks demonstrated 
the sensitivity of measurements to heterogeneous features 
in the rock when the features were at a similar scale to the 
measuring devices.
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Appendix A: Analytical Expression 
for Young’s Modulus of Rotated TI Mediums

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

2. Rotate the stress matrix about the x2-axis to the x1′–x3′ 
coordinate system. The rotation matrix, R, is given from the 
direction cosines between the initial and prime axis.

3. Rewrite the rotated stress matrix in Voigt notation and 
multiply the compliance matrix by the rotated stress matrix 
to find the strain in the prime coordinate system.

4. Rotate the strain tensor back to the initial coordinate 
system using the inverse rotation matrix R−1.
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The individual components of the resulting strain matrix 
are written in the equations below:
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5. The Young’s modulus is determined from dividing the 
applied stress by strain in the same direction

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

where for a transverse isotropic material with symmetric 
axis in the three directions
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Appendix B: Sample Locations and Borehole 
Diagram

Figure 17 shows the borehole diagram along the west drift 
on the 4850-ft depth level of SURF adapted from Morris 
et al. (2018) with discs that indicate the intended notch 
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Fig. 17   A 3D schematic of 
the boreholes at the project 
site along the west access drift 
on the 4850 ft depth level of 
SURF. Square markers show the 
location of the planar sample 
groups and circle markers show 
the location of the folded sam-
ple groups within the testbed  
(borehole diagram adapted from 
Morris et al. 2018)
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locations for hydraulic stimulation in the EGS Collab pro-
ject. The testbed is comprised of eight sub-horizontal bore-
holes oriented around the intended stimulation zone. Sample 
locations are marked with a square for the planar sample 
groups and a circle for the folded sample groups. Sample 
names are assigned based on the borehole and sample ori-
entation. The first letters (P, I, OB, or PDB) indicate the 
borehole and the second numbers or letters (ex: 0, 45, X, Z) 

indicate the sample orientation. The sample depths along the 
length of the borehole are provided in Table 7.

Appendix C: Ultrasonic Velocity and Static 
Young’s Modulus Table

See Tables 8 and 9.

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

Borehole Sample name Top depth (ft) Bottom depth (ft) Top depth (m) Bottom 
depth (m)

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
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