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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. The Poorman schist is the 

dominant rock type at the Enhanced Geothermal Systems Collaboration (EGS Collab) in-situ hydraulic 

stimulation experiment on the 4850-foot depth level of the Sanford Underground Research Facility, South 

Dakota. Measurements from triaxial and uniaxial laboratory experiments reveal a significant 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 that some foliated sample groups show an anomalous 

decrease in the static Young’s modulus when the symmetry 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 compliance tensor components (s11, s13, 

s33, and s44) and sample orientation to fit the static Young’s modulus measurements. The 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. 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 and ranges from 21.9 to 194.6 MPa across the five sample locations, and is lowest 

when the symmetry axis is oriented 45º or 60º from the direction of loading. 
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Part 1: Mechanical Properties of the Poorman Formation at the Enhanced 

Geothermal Systems Collaboration Field Laboratory at 4850-foot Depth Level 

in the Sanford Underground Laboratory, Lead, S.D.  
 

1. Introduction 
 

The Enhanced Geothermal Systems Collaboration (EGS Collab) team aims to better understand 

fracture stimulation methods, fracture geometries and the controls on heat-exchange between low-

permeability crystalline rock and fluid flow in stimulated fractures. A series of intermediate field-scale (10-

20m) test-beds are selected for stimulation and inter-well flow tests coupled with comprehensive 

instrumentation, high-quality data collection, geophysical characterization and modeling. Key objectives 

for the project are to identify governing parameters that impact permeability and characterize how these 

parameters change throughout the timespan of an EGS project. (Kneafsey et al., 2018) 

The first of the EGS Collab experiments is an in-situ hydraulic stimulation experiment taking place 

at the 4850 ft level of the Sanford Underground Research Facility (SURF) in Lead, South Dakota. 

Characterizing fundamental rock properties including density, uniaxial compressive strength (UCS), and 

elastic moduli are essential to the development and modeling of coupled thermo-, hydro-, mechanical-, 

chemical processes. The testbed is situated in the Poorman formation – a low-permeability phyllite to 

schist comprised of mica, quartz, and carbonates with foliation texture that varies from planar bands to 

tight folds. 

Previous studies on layered rocks such as shales and schists consider the elastic properties to behave 

as a transversely isotropic (TI) medium (Amadei, 1996; Sayers, 2010; Sone & Zoback, 2013). This 

intrinsic anisotropy 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 
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developing coupled 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 (Jaeger, 1960; McLamore & 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.  

In this paper, we report laboratory measurements for the static/dynamic elastic properties and 

unconfined strength of Poorman formation rocks collected from a hydraulic stimulation experiment 

testbed. We derive an analytical solution for Young’s modulus of a TI medium oriented oblique to the 

direction of loading that was determined from rotation of stress and strain matrices. We will also 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.  
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2.  Background: Elastic Properties of Transverse Isotropic Medium 
 

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

properties and estimates 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 & 

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

rotational symmetry perpendicular 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 independent elastic constants, TI mediums 

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

anisotropic, linear, elastic solid relates the linear proportionality between stress and strain by Equation 

(1). 

𝜎𝑖𝑗 = 𝑐𝑖𝑗𝑘𝑙휀𝑘𝑙    (1) 

 

where the elements of the elastic stiffness tensor are denoted as 𝑐𝑖𝑗𝑘𝑙.  Due to symmetry of stress and 

strain tensors and the presence of a unique strain energy potential, cijkl = cijlk = cijlk = cjilk and cijkl = cklij,  

which reduces the total number of independent elastic constants from 81 to 21 components (Mavko et al., 

2009).  Considering the X3 axis to be the axis of rotational 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, 

1986). The independent stiffness constants required to fully describe the mechanical properties of a 

material in Equation (1) are c11, c33, c12, c13, and c44.  
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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) 

 

with 𝑐66 =
1

2
(𝑐11 − 𝑐12 ) 

The stiffness tensor (Equation 2) is the inverse of the compliance matrix (S) as shown below. 

𝐶 = 𝑆−1  (3)

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

(, and shear modulus (G) for a TI medium (Equation 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]
 
 
 
 
 
 
 
 
 
 
 
 
 

(4) 

 

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

ij 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 compliance 

matrix Sij = Sji requires that 21 = 12 and E3E1Determination of the elastic moduli E1, E3,  

and 21 can be estimated through laboratory tests on vertically and horizontally layered rock where the 

symmetry axis, X3, is oriented parallel or perpendicular to the direction of differential stress loading. 
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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 . Figure 1 shows a schematic of a transverse 

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

 

Figure 1: Schematic of a transversely isotropic (TI) medium showing the X3 axis of symmetry. Colored arrows indicate the 

polarization direction of the shear velocities VSV and VSH with respect to the direction of wave propagation (black arrow).  

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

stiffness constants, and the density ( of the medium by Equations (5) through (8). By measuring the 

velocity at multiple orientations of  and assuming a constant material density, all five stiffness constants 

are resolved.  

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

1
2 (5) 

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

1
2 (6) 

𝑉𝑆𝐻 = (
𝑐66 𝑠𝑖𝑛2 𝜃+𝑐44 𝑐𝑜𝑠2 𝜃 

𝜌
)

1

2
 (7)    

where 

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

(Thomsen, 1986) 
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The degree of anisotropy of a TI medium is conveniently described in terms of the Thomsen 

parameters (Thom, andThomsen parameters and Thom denote VP and VSH, respectively, for a 

perpendicular sample orientation where  = 0°. For a material with weak anisotropy, the parameter  

describes the difference in the P-wave velocities measured parallel and perpendicular to the symmetry 

axis, normalized by the velocity at  = 0°, and is often described as the “P –wave anisotropy” parameter. 

The parameter describes the difference in VSH measured parallel and perpendicular to the symmetry 

axis, normalized by the velocity at  = 0°, and is often referred to as the “S-wave anisotropy” parameter. 

Both andtypically range between 0 and 0.5 for weakly anisotropic rocks. The normal moveout of VP 

is described with the parameters and (Mavko et al., 2009)Although, in theory, can be constrained 

from velocity measurement at one diagonal orientation, it is best to measure the P-wave velocities at 

multiple diagonal orientations so that Equation (5) can be fit to the entire dataset. From the stiffness 

constants and material density, the Thomsen parameters can be determined from Equations (9) through 

(13). 

𝛼 = √
𝑐33

𝜌
 (9) 

𝛽𝑇ℎ𝑜𝑚 = √
𝑐44

𝜌
 (10) 

휀 =
𝑐11 − 𝑐33

2𝑐33

 (11) 

𝛾 =
(𝑐66 − 𝑐44)

2𝑐44

 (12)   

𝛿 =
(𝑐13 + 𝑐44)

2 − (𝑐33 − 𝑐44)
2

2𝑐33(𝑐33 − 𝑐44)
 (13) 

(Thomsen, 1986) 
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 Measurements of ultrasonic velocities (VP, VSV, and VSH) at  = 0°, 90°, and at least one angle 

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

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

parameters are determined from Equations (9) through (13) to conveniently describe the anisotropy of the 

material. Figure 2 shows an example of the velocity curve fit to ultrasonic velocity measurements 

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

 

 

  

Figure 2: Curve fit to velocity measurements at different orientations of . Using the best fit velocity curves and Equations (5) 

through (8) the best fit stiffness constants were obtained. Using the best fit stiffness constants, the Thomsen parameters 

(Thom were obtained from Equations (9) through (13). Thomsen parameters conveniently describe P-wave anisotropy 

(), S- wave anisotropy ( normal moveout of VP (and and VPand VSH when  = 0° (Thom, respectively) 
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2.3 Analytical Expression for Young’s Modulus of Rotated TI Mediums  
 

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

Young’s modulus and Poisson’s ratio through Equation (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 properties of 

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

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

Appendix A. 

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

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

modulus as a function of the rotation angle  and the four components of the compliance tensor (Equation 

14). Dividing the stress by strain cancels out the term to determine Young’s modulus. Amadei (1996) 

shows a similar expression for strain utilizing the compliance tensor components. The presence of s44 in 

the analytical expression suggests 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.   

휀33 = (𝑠11 𝑠𝑖𝑛4 𝜃 + 2𝑠13 𝑠𝑖𝑛2 𝜃 𝑐𝑜𝑠2 𝜃 + 𝑠33 𝑐𝑜𝑠4 𝜃 + 𝑠44 𝑠𝑖𝑛2 𝜃 𝑐𝑜𝑠2 𝜃) 𝜎33 (14) 

where 

𝑠11 =
1

𝐸1
  , 𝑠13 =

−𝜈31

𝐸3
  ,  𝑠33 =

1

𝐸3
  ,  and

 

𝑠44 =
1

𝐺13
 (15)  
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3. Laboratory Procedure 
 

3.1 Sample Selection 
 

 Sample Group Locations and Preparation 

 

The EGS Collab Experiment 1 testbed is located at the 4850 ft level of SURF. The testbed is 

situated in the Poorman formation which is a low-permeability, gray to black metasedimentary rock. The 

mineralogy of the testbed is dominated by sericite-carbonate-quartz, biotite-quartz-carbonate, 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.  

HQ sized cores were selected from four of the eight boreholes in the testbed for characterization 

of mechanical rock properties near the injection notch and to test the variability of these properties within 

the stimulation region. The selected boreholes included two monitoring boreholes (E1-PDB and E1-OB), 

the intended production borehole (E1-P), and the injection borehole (E1-I). Core logs and photographs 

were used to identify sections of competent core that were at least two to five feet in length with 

consistent textural features. This allows for a groups of 3-5 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 approximately 2-inch length and 1-inch diameter. To represent 

the various foliation textures observed in the field, three sample groups with planar, consistent foliation 

features and two sample groups with tightly folded foliation features were selected for sampling. 

Figure 3 shows the borehole diagram for the project along the west drift on the 4850-foot depth 

level of SURF adapted from (Morris et al., 2018). The blue discs represent intended notch locations for 

hydraulic stimulation. The testbed is comprised of eight sub-horizontal boreholes oriented around the 

intended stimulation zone.  Sample locations are marked with a square for the planar sample groups and a 
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circle for the folded sample groups. Sample names are assigned based on the borehole and sample 

orientation. 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. 

 

 

Figure 3: 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 sample groups 

within the testbed.  

 

Three sample groups with planar foliation were prepared from boreholes E1-OB, E1-P, and E1-I. 

Each of the groups contained five samples which were sub-cored at angles  0°, 30°, 45°, 60°, and 90°. 
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As previously mentioned, the angle is the angle between the axis of symmetry (or the normal of the 

foliation plane) and the direction of axial stress. The schematic diagram in Figure 4a shows the definition 

of the  angle and the appearance of the foliation. Planar sample names are assigned based on the 

borehole (P, I, or OB) and the  orientation of the sample (0, 30, 45, 60, 90). Samples with  0° are 

occasionally referred to as “perpendicular” samples whereas samples with ° are occasionally 

referred to as “parallel” samples. 

 

 

Figure 4: Schematic diagram showing the orientation of the sub-cored samples relative to the host core. (a) Orientation 

of planar samples is defined by the  angle. (b) Orientation of tightly folded cores are defined by orthogonal X, Y, and Z 

axis. 

 

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

and avoid filled or open fractures and veins. Photographs of the samples arranged by the sample group are 

shown in Figure 5. All samples were free of these features except for OB30 which had a thin, white vein 

approximately 1 mm thick oriented 45° from the core axis. General observations of each sample group’s 

appearance suggest there may be minor mineralogical 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 distinctive foliation bands. The 

planar OB group has distinct foliation bands and is light gray to bronze –brown in color (OB60 in 
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particular) suggesting there could be a slight mineralogical difference in the OB group compared to I and 

P.   

Two groups of tightly folded core were prepared from boreholes E1-PDB and E1-OB. These 

cores were intended to be 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 4b 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 sample 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 orientation described as numbers for the planar group or 

letters for the folded group.  
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Figure 5: Photographs of the samples prepared from five different 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 (ex: 0, 45, X, Z). 
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The sample name and depth along the borehole axis are provided in Table 1. The sample depths 

were determined from core logs and photographs taken during the drilling operation. 

Table 1: Sample depths measured along the borehole axis taken from core logs and markings on the host core. 

 

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 

 

 

 Rock Characteristics 

 

X-ray diffraction analysis performed by Lawrence Livermore National Lab provided quantitative 

measurements of mineralogy. The mineral distribution of the samples is between 18-57% mica, 14- 43% 

quartz, 9 – 33% carbonates, 3- 10% feldspar, 0-9% graphite, and trace amounts of sulfates, pyrite, and 

pyrrhotite. The distribution of mica minerals is between 7-33% muscovite, 1-19% chlorite, 2-11% illite, 

and 1-7% biotite. Representative photomicrographs from the three planar groups and one from folded 
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group PDB are shown in Figure 6. The white dashed line in the bottom-left corner of the three planar 

foliation photos designates the parallel orientation of the foliation planes. Variation in the continuity of 

planar foliation planes is observed between sample group P with groups I and OB.   

 

 

Planar Group P 

Planar Group OB 

Planar Group I 

Folded Group PDB 

1 mm 1 mm 

1 mm 1 mm 

Figure 6: Representative photomicrographs 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 orientation of the 

foliation planes. Scale bars in the bottom right corner indicate 1 mm distance.   
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The density of each sample was measured using a caliper and a digital mass balance after drying 

the samples in a vacuum oven for over 24 hours. The bar plot in Figure 7 shows the density for each 

sample arranged by group with the average and standard deviation of all samples. 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 composition than the other samples. Due to the significantly different density, OB60 is 

considered an outlier from the sample group. 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 is summarized in 

Table 2. A complete list of mass density for all samples is provided in Table B1 in the appendix. 

  

 

Figure 7: Bar plot showing density for each sample. Black dashed line indicates the average density from all samples. Gray, 

dotted lines show plus or minus one standard deviation from the average. Sample OB60 is significantly above the one standard 

deviation line. 
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Table 2 : Summary table of the average density for each sample group and the total average density and standard deviation of all 

samples. 

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 

Total 2.764 0.023 

 

 

3.2  Laboratory Triaxial and Uniaxial Compression Test 
 

A conventional triaxial apparatus was used to deform the rocks under triaxial and uniaxial stress 

and measure uniaxial compressive strength. Figure 8 plots the stress path for Ax. Diff. and PC over time. 

During the first stage of the test, hydrostatic pressure was applied by increasing the confining pressure 

(PC) to 21 MPa to measure velocity anisotropy when all samples were under the same stress conditions. 

Then, triaxial stress was applied by increasing the axial differential stress (Ax. Diff. = Ax. Total – PC) to 21 

MPa. The 42 MPa total axial stress (Ax. 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’ level of SURF 

estimated in the kISMET project (Oldenburg et al., 2017). Local stress measurements were obtained from 

hydraulic fracturing field tests at the kISMET boreholes located tens of meters from the EGS Collab 

location. The triaxial loading stage was performed to measure static elastic properties under confined 

conditions similar to the in-situ stress. Once the triaxial loading phase was complete, Ax. 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 frame strain rate of 10-5 s-1 until failure to measure the rock strength under 
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unconfined conditions. The numbers and letters on Figure 8 refer to the stresses at which elastic 

properties were measured and will be explained in section 4.3. 

 

Figure 8: Stress paths for confining pressure and axial differential stress over the duration of the test. 

 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 one-minute 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 availability. A 1 MPa axial differential stress was maintained at all times to 

ensure coupling between the rock and the ultrasonic platen. 
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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 anisotropy of the rock fabric and to avoid any anisotropy that could be 

induced by a differential stress, as discussed later in detail. Figure 9 shows the velocity data points with 

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

each velocity measurement 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 textural feature 

as noted inSample Selection 3.1. The best-fit dynamic stiffness constants determined from the velocity fit 

are shown in Table 3 along with the Thomsen parameters and elastic moduli. 

Figure 9 clearly shows the presence of dynamic anisotropy with foliation plane orientation for the 

three planar sample groups. Anisotropy parameters, andin Table 3are within the expected range for 

anisotropic rocks indicating all three planar sample groups show P- and S –wave anisotropy. Higher 

values of andindicate 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 stiffness constants, sample group P shows the highest amount of anisotropy in the dynamic Young’s 

modulus compared to I and OB (Table 3).  
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Figure 9: Velocity for all sample groups taken under peak hydrostatic stress conditions (PC=1=2=3 21MPa). The three 

planar sample groups show curves for velocity as a function of orientation resulting from a least-squares fit of Equations (5) 

through (8) to the velocity data. 
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Table 3 : Dynamic elastic properties determined from the velocity fit as a function of orientation using Equations (5) through 
(8) . The average density of each sample group excluding outliers was used for the density parameter in the fit equations. 

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 

            = 23 = 

E131 / E3 

0.37 0.16 0.20 

 

Velocity measurements for four of the five folded samples were resolved. 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 a significant difference in 

velocity, samples OB X and OB Z from the same group show less variability in VP (1.6%).The difference 

is significantly lower for the folded OB samples compared to the PDB samples which suggests that the 

differences in dynamic elastic properties captured by sample variability at the laboratory scale even when 

sampled from the same section of host core.  

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

moduli provided in Table 4. To determine the dynamic elastic moduli, we assume an isotropic material 

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

(16) shows the relationships used to determine the dynamic elastic constants from the velocity 

measurements. The velocity and elastic moduli for sample PDB Z consistently exceed one standard 
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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. 

𝑀 = 𝑉𝑃
2𝜌  𝐺 = 𝑉𝑆

2𝜌  𝜈 =
𝑀−2𝐺

2(𝑀−𝐺)
 𝐾 = 𝑀 −

4

3
𝐺 

 

𝐸 = 3𝐾(1 − 2𝜈)  (16)  

 

Table 4: 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) 

v 

 

K 

(GPa) 

E 

(GPa) 

PDB Y 2.768 5.88 2.84 3.32 3.08 95.7 26.2 0.31 60.7 68.8 

PDB Z 2.772 4.57 2.78 2.75 2.77 57.9 21.2 0.21 29.7 51.4 

OB X 2.746 5.62 3.00 2.88 2.94 86.6 23.7 0.31 55.0 62.2 

OB Y 2.739 - - - - - - - - - 

OB Z 2.759 5.53 3.09 3.14 3.12 84.3 26.8 0.27 48.5 68.0 

Avg. 2.76 5.40 2.93 3.02 2.98 81.1 24.5 0.28 48.5 62.6 

Std. Dev. 0.01 0.57 0.14 0.26 0.16 16.2 2.6 0.05 13.5 8.0 

 

 

4.2 Stress Dependence of Dynamic Elastic Properties in 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 10 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 (Figure 8) was the same for all samples, thus the stress was the same for 

all samples at the time velocity was 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 
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orientation perpendicular ( = 0°) to the loading direction show a larger increase in normalized velocity 

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

there are 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 VP behavior of intermediate foliation orientations is different for 

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

show enhanced stiffening compared to parallel and perpendicular orientations. At peak axial differential 

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

perpendicular orientations in sample groups I and OB (Figure 11). In contrast, the intermediate 

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

in sample group P.  

The I and OB intermediate samples generally show enhanced hysteresis compared to the parallel 

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

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

groups which is not observed in the parallel and perpendicular samples. This will be discussed in depth in 

5.1. Hysteresis in sample group P does not show any dependence on foliation orientation which suggests 

there are no sample orientation shows more irrecoverable deformation compared to others within sample 

group P. 
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Figure 10: VP, VSV, and VSH normalized with the velocity at the start of the triaxial loading stage. The normalized velocities are 

plotted against time to show the velocity evolution during triaxial loading and unloading stages. The dashed line marks the time 

when triaxial loading completed and unloading begins.    
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Figure 11: VSV at peak triaxial stress conditions normalized with the VSV at the beginning of triaxial loading. The intermediate 

orientations in sample groups I and OB have higher normalized velocities compared to the parallel and perpendicular 

orientations. In contrast, the intermediate orientations in sample group P generally have lower normalized velocity than parallel 

and perpendicular orientations.   

 

 

4.3  Static Young’s Modulus and Poisson’s Ratio 
 

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

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

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

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

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

initial and final Ax. Diff. and the Poisson’s ratio was calculated using strain values at the final Ax. Diff. 

reported in the table.  
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Table 5: Summary of the stress conditions under which Young's modulus and Poisson's ratio were calculated for each sample. 

Stress Path Stage 

Stress 

Path 

Stage 

Confining 

Pressure, Pc 

(MPa) 

Axial Differential 

Stress, Ax. Diff. (MPa) 

 Initial Final 

Triaxial 

Loading 
1 21 1 6 

Triaxial 

Loading 
2 21 6 16 

Triaxial 

Loading 
3 21 16 21 

Triaxial 

Unloading 
4 21 21 16 

Triaxial 

Unloading 
5 21 16 6 

Triaxial 

Unloading 
6 21 6 1 

Uniaxial 

Loading 
A 0 1 10 

Uniaxial 

Loading 
B 0 10 20 

Uniaxial 

Loading 
C 0 20 30 

Uniaxial 

Loading 
D 0 30 45 

 

 

Figure 12 shows the static Young’s modulus for each sample measured during the stress path 

stages in Table 5. Each of the planar samples are color-coded based on the  orientation of the sample.  

Near in-situ stress conditions (stress stage 3) Young’s modulus ranges approximately between 39 

and 100 GPa. Previous measurements on parallel and perpendicular Poorman formation samples from the 

nearby kISMET field site showed Young’s modulus values between 45.1 and 87.2 GPa (Vigilante, 2017) 

suggesting that measurements are consistent with previous measurements on Poorman formation rocks 

from a nearby site. A complete table of static Young’s modulus measurements for each stress stage is 

provided in Table B2.  Averages and standard deviations of static Young’s modulus are provided in Table 

B3 and organized by orientation, location, and foliation type. 
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Across the three planar sample groups, the parallel orientation (= 90°) generally has a higher 

Young’s modulus than the perpendicular (orientation. The difference between parallel and 

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

degree of anisotropy appears less in sample group OB when only the parallel and perpendicular samples 

are compared. 

However, the complete spectrum 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 orientations 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 intermediate orientations compared to the parallel and 

perpendicular orientations. One 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.  
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Figure 12: Young's modulus measured during different stress paths. The first three subplots correspond to planar sample groups 

whereas the final subplot shows both folded sample groups. The planar samples are color coded by foliation orientation (
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Figure 13 shows the Poisson’s ratios measured for each of the stress path sections in Table 5. For 

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

the elastic constants andAcross all three planar sample groups, thePoisson’s ratio 

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

the lateral 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 andwhich suggests 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 

parallel and perpendicular Young’s modulus, 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 recoverable 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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Figure 13: Poisson’s ratio for all sample groups taken at different points of the stress loading path 

 

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 example in Figure 8 shows a black “X” 

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

against foliation orientation (˚) for the three planar sample groups in Figure 14a and against the two 
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folded group categories in Figure 14b. As previous studies on phyllite have shown, the uniaxial 

compressive strength is expected to decrease for diagonal orientations of  resulting in a “U shaped” 

angular dependence of strength. Ramamurthy et al. (1993) utilizes an equation adapted from Jaeger 

(1960) to predict the compressive strength for various orientations using the known compressive strength 

of three orientations: horizontal ( = 0˚), vertical ( = 90˚), and the weakest diagonal orientation (typically 

 =60˚). This equation utilizes a cosine curve fit to the UCS on either side of the weakest sample 

orientation. 

𝜎𝑐 = 𝐴 − 𝐵(𝑐𝑜𝑠2(𝜃𝑚𝑖𝑛 − 𝜃)) (17) 

 

where 𝜎𝑐 is the uniaxial compressive strength at orientation angle 𝜃,  𝜃𝑚𝑖𝑛 is the orientation angle for the 

minimum strength which is either 45 degrees or 60 degrees 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. 
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Figure 14: Uniaxial compressive strength (a) against foliation orientation, ,, for the three planar sample groups and (b) for the 

two folded sample groups. 

 

Using Equation (17), the predicted UCS curves were fit to the  =0˚,  =90˚, and min planar sample 

strengths for each group. Figure 14a shows that the predicted UCS curves captures 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  =90˚ whereas the maximum strength of sample group P occurred 

at  =0˚. Table 6 provides the UCS measurements for all samples. 

 Figure 14b reveals that the UCS from the five folded samples range from 93.5 to 144.3 MPa. The 

42.7% difference between the maximum and minimum UCS for the PDB 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 maximum 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. 

 



33 

 

Table 6: 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 

 

 

4.5 Influence of Foliation Orientation on UCS and Failure Plane   
 

Examination of the failure planes for the planar sample groups in Figure 15 suggests that the 

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

sample orientations.  Typically, rock failure 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 15 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 
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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 & Sandford, 1974; Jaeger, 1960; McLamore & Gray, 1967; Ramamurthy et al., 1993; 

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

more likely to fail prematurely compared to other orientations. 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 (= 0°) to intermediate orientation samples (= 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 distinction or clarity of the foliation planes in 

sample group P compared to I and OB. Photographs of the samples in Figure 5 show that the foliation 

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

Photomicrographs of the samples in Figure 6 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 Figure 15. It is consistently observed that samples that fail by axial splitting 

are stronger than those failing by shear along a diagonal plane. The difference is especially clear in the 

two samples in PDB, where PDB Z marked with a relatively 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. 
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Figure 15: 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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5. Discussion 
 

5.1 Comparison of Static and Dynamic Young’s Modulus 
 

 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 Figure 12 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 principle stress orientations and magnitudes because an anisotropic stress 

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

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

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

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

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

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

under hydrostatic stress state.  

Due to the rotation of the principle stresses, measurements of dynamic anisotropy could not be 

obtained for in-situ conditions in this study. Dynamic anisotropy measurements near in-situ conditions 

could be obtained by applying multiple transducers at a range of orientations from parallel to 

perpendicular with the symmetry axis of one sample. Thus, the velocity in multiple directions would 
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provide measurements of anisotrojjpy while the principle stress acting on the foliation plane was 

unchanged. 

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, but can be minimized by applying a minimal amount of axial differential 

stress that still provides a reasonable measure of axial deformation. In the following comparison of static 

and dynamic Young’s modulus, we use the static Young’s modulus measured between 1 and 6 MPa of 

axial differential stress under 21 MPa of confining pressure.    

 

 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 tensor which 

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

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

compliance tensor. The red curve in Figure 16 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 significant 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 
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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 orientations for 

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

provided. 

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

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

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

orientation measurements, values for s11, s33, and s13 were fixed leaving s44 (=1/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 7 and the Young’s modulus results from the parameter fit are shown with the 

black dashed line in Figure 16. 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 compared 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 controls the U-shaped Young’s modulus decrease at intermediate orientations. This 

is sensible because shear stress resolved along the foliation planes are greater for intermediate 

orientations, resulting in enhance static shear strain along the foliation plane, greater measured axial 

strain, and lower apparent static Young’s modulus. 
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Figure 16: Static and dynamic Young's modulus fit for all orientations of . The dynamic measurement curve was obtained from 

the complete set of compliance tensor components and the analytical solution presented in the previous section. Static 

measurements for Young’s modulus 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 31 Poisson’s ratio.  

  

 

 

 

Table 7: Elastic constants from the complete dynamic compliance components and a curve fit performed on the static Young's 

modulus for various orientations. The analytical expression provided in a previous section is used to obtain the curve Young's 

modulus in all orientations. The E1, E3, and v31 values were fixed while fitting the Young’s modulus curve because the values 

were readily available from the laboratory measurements.  

Planar Group P P I I OB OB 

Curve Fit 

Measurement 

Static 

Moduli 

from 

Curve Fit 

Dynamic 

Moduli 

Static 

Moduli 

from 

Curve Fit 

Dynamic 

Moduli 

Static 

Moduli 

from 

Curve Fit 

Dynamic 

Moduli 

E1 74.87 79.81 110.29 83.23 82.79 79.54 

E3 46.78 56.59 83.42 64.24 80.7 66.38 

v31 0.11 0.26 0.26 0.13 0.21 0.17 

G13 17.15 24.99 12.92 29.73 12.94 30.32 
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 The EDynamic versus EStatic plot in Figure 17 more clearly shows the contrast in Young’s modulus 

behavior between the parallel and perpendicular orientations and the intermediate orientations observed in 

Figure 16. The one-to-one correspondence of dynamic and static Young’s modulus is shown with a black 

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

10% difference 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 orientations 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.  

 

 

Figure 17: Comparison of dynamic and static Young's modulus for the three planar sample groups. The solid line represents 1 to 

1 correspondence and the dashed lines are 10% differences. 
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 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 previous section, there are several lines of evidence and information 

that suggest such foliation-parallel shear deformation. 

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

crack closure. Therefore, in an anisotropic TI rock, perpendicular samples (= 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 4.2 show larger degree of stiffening in the intermediate orientations than the 

perpendicular orientations for the I and OB samples. Thus, stiffening seen in the normalized velocity 

measurements that exceed the perpendicular sample orientation (= 0°) are likely caused by some 

additional deformation rather than crack-normal closure. This is also evident from the fact that there 

was more hysteresis in velocity data after unloading in many intermediate orientation samples than in 

the perpendicular samples for I and OB sample groups (Figure 10). 

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 consisting the 

foliated fabric (Figure 18). Note that the compaction sketched in Figure 18a, b can be accomplished 

only by shear slip along foliation interfaces that has 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 the there is greater tendency for shear slip to occur. 
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Shear slip should also occur preferentially along clay minerals that define the foliation fabric because 

of their low coefficient of friction (Moore & Lockner, 2004). 

  

 

Figure 18: 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 described in the black arrows. (c) SEM 

image of some foliation-normal cracks in a Poorman schist sample. 

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

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

Photomicrographs in Figure 6 shows 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 short clay minerals that are well incorporated into the rock matrix. Foliation in 

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

minerals distributed as short, non-continuous, irregular planes are less effective at facilitating 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 orientation samples in group P are more irregular 

than those in groups I and OB (Figure 15), resulting in higher UCS in sample group P than in groups I 

and OB (Figure 14). 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 sample groups I and OB, and also their peculiar trend of Young’s modulus with 

foliation orientation.  
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5.2   Laboratory Measurements of Heterogeneous Rock & 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 significant role in determining elastic properties. Heterogeneities 

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 rendering 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 frequency 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 compared to a wavelength that is significantly larger than the heterogeneities. Variability in the 

velocity measurements of the folded samples can be observed in Figure 9 where there is nearly a 1000 

m/s difference between the minimum and maximum VP. Due to the sensitivity of laboratory 

measurements to the folded sample heterogeneities, representative isotropic elastic properties were not 

obtained. 

Increasing the size of laboratory specimens could reduce the sensitivity of the laboratory 

measurements to the 1 cm length scale heterogeneities. By increasing the size of the sample, larger strain 

gages that extend across multiple heterogeneous features could provide a better representative average 

strain response of the rock. Ultrasonic velocity measurements would still be sensitive to fine scale 

heterogeneities, but sample variability resulting from foliation heterogeneity would decrease as more 1 

cm scale features are present in the sample. However, larger samples are more likely to contain fractures 

or joints which can weaken the rock so caution must be used to determine an appropriate scale for 

laboratory specimens. With larger specimens, velocity measurements could be performed at lower 



44 

 

frequencies that would be less sensitive to fine-scale heterogeneities. The sensitivity of the velocity to the 

scale of the heterogeneities could be investigated by measuring the velocity of the same specimen at 

multiple frequencies to determine if there is a range of frequencies that show the same velocity. Repeating 

this type of measurement on multiple samples could help determine the influence of sample variability 

and scale of heterogeneity with respect to the measurement frequency. 

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 ultrasonic velocities measured 

in the laboratory. Understanding the influence of measurement frequency and scale of heterogeneities 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 applications where 

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

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

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

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

isotropic medium where 5 independent 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 

orientation with respect to the loading direction is provided in the appendix 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.  

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

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

 Low static Young’s modulus for schist rocks at intermediate 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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8. Appendix A: Analytical Expression for Young’s Modulus of Rotated TI 

Mediums  
 

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

coordinate system.  

 

[𝜎] = [

𝜎11 𝜎12 𝜎13

𝜎12 𝜎22 𝜎23

𝜎13 𝜎23 𝜎33

] = [
0 0 0
0 0 0
0 0 𝜎33

] 

 

2. Rotate the stress tensor 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. 

 

 

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
] 

 

[𝜎′] = [𝑅][𝜎][𝑅]′ = [
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 

 

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. 

 

휀′ = [𝑆] ∗ 𝜎′
 

[
 
 
 
 
 
 
휀11

′

휀22
′

휀33
′

2휀23
′

2휀13
′

2휀12
′ ]

 
 
 
 
 
 

=

[
 
 
 
 
 
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 

[휀′] =

[
 
 
 
 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 

 

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

 
[휀] = [𝑅]′[휀]′[𝑅] 
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[휀] = [
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

] 

 

 

 

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

 

휀11 = (𝑠11 sin2 𝜃 cos2 𝜃 + 𝑠13(sin
4 𝜃 + cos4 𝜃) + 𝑠33 sin2 𝜃 cos2 𝜃 − 𝑠44(sin

2 𝜃 cos2 𝜃) ) 𝜎33 

휀22 = (s12 sin2 𝜃 + 𝑠13 cos2 𝜃) 𝜎33 

휀33 = (𝑠11 sin4 𝜃 + 2𝑠13 sin2 𝜃 cos2 𝜃 + 𝑠33 cos4 𝜃 + 𝑠44 sin2 𝜃 cos2 𝜃) 𝜎33 

휀23 = 0 

휀13 = (−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  

휀12 = 0 

 

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

direction  

𝐸 = 𝜎33/휀33 
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9. Appendix B: Data Tables 
Table B1: 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 B2: Static Young's modulus measurements organized by stress phase and sample 

 

 

 

 

  

Stress Phase Triaxial 

Loading 

Triaxial 

Loading 

Triaxial 

Loading 

Triaxial 

Unloading 

Triaxial 

Unloading 

Triaxial 

Unloading 

Uniaxial 

Loading 

Uniaxial 

Loading 

Uniaxial 

Loading 

Uniaxial 

Loading 

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

Ax. Diff. {Initial - Final} 1-6 MPa 6-16 MPa 16- 21 MPa 21-16 MPa 16-6 MPa 6-1 MPa 1-10 MPa 10-20 MPa 20-30 MPa 30-45 MPa 

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 

I90 110.3 100.6 99.9 109.3 109.0 117.2 108.0 106.2 99.6 97.2 

OB0 80.7 79.6 77.5 100.7 92.8 84.6 75.7 74.9 62.2 - 

OB30 48.9 58.3 64.4 71.3 63.5 54.3 33.3 40.8 45.2 42.5 

OB45 51.1 48.2 45.2 81.9 62.3 47.0 29.9 38.7 - - 

OB60 35.9 37.2 39.1 71.9 61.4 53.8 26.1 26.3 - - 

OB90 82.8 79.2 81.9 94.1 88.1 87.0 80.0 83.3 82.8 78.0 

PDB Y 75.4 74.6 76.8 92.5 86.0 - 68.1 64.3 67.5 69.8 

PDB Z 36.3 41.4 46.4 65.1 57.6 46.6 21.2 24.3 32.7 42.9 

OB X 54.6 57.3 60.9 83.2 73.5 65.4 37.8 39.1 45.6 51.5 

OB Y 50.2 40.4 44.2 63.8 54.4 - 24.5 24.2 29.9 38.7 

OB Z - 76.0 73.2 78.0 73.7 67.7 48.4 51.9 54.6 58.5 
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Table B3: Averages and standard deviations of static Young’s modulus by stress phase as well as orientation, location, foliation type, and total 

Stress Phase 
Triaxial 

Loading 

Triaxial 

Loading 

Triaxial 

Loading 

Triaxial 

Unloading 

Triaxial 

Unloading 

Triaxial 

Unloading 

Uniaxial 

Loading 

Uniaxial 

Loading 

Uniaxial 

Loading 

Uniaxial 

Loading 

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

Ax. Diff. {Initial - 

Final} 

1-6 MPa 6-16 

MPa 

16- 21 

MPa 

21-16 

MPa 

16-6 MPa 6-1 MPa 1-10 

MPa 

10-20 

MPa 

20-30 

MPa 

30-45 

MPa 

Average by 

Orientation 
         

0 70.3 66.8 68.0 85.3 78.0 70.6 53.5 57.3 57.4 59.5 

30 45.1 61.5 63.4 75.1 67.1 54.7 40.6 45.1 49.3 50.4 

45 48.8 49.8 51.5 78.3 63.9 50.5 38.2 43.0 48.2 49.3 

60 46.8 51.2 53.1 78.8 68.4 57.3 40.4 42.3 53.4 54.6 

90 89.3 82.4 83.1 97.7 93.4 94.0 82.7 81.7 79.4 77.6 

Perpendicular to 

Host Core (X, Y) 
60.0 57.4 60.7 79.8 71.3 65.4 43.5 42.5 47.7 53.3 

Parallel to Host 

Core (Z) 
36.3 58.7 59.8 71.6 65.6 57.2 34.8 38.1 43.6 50.7 

Standard 

Deviation By 

Orientation 

        

0 20.4 14.0 10.1 13.8 13.9 19.8 23.6 20.6 12.3 10.3 

30 3.8 9.3 6.3 6.2 4.1 0.7 7.2 7.0 6.7 8.6 

45 2.8 1.6 5.5 3.1 3.7 4.7 12.6 10.0 8.0 4.7 

60 10.3 12.5 12.4 6.8 6.9 7.9 14.4 14.7 4.4 4.4 

90 18.6 16.9 16.2 10.3 13.7 20.7 24.1 25.3 22.2 19.8 

Perpendicular to 

Host Core (X, Y) 
13.5 17.1 16.3 14.6 15.9 - 22.3 20.3 18.9 15.6 

Parallel to Host 

Core (Z) 
- 24.4 19.0 9.1 11.4 14.9 19.2 19.5 15.5 11.0 
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Table B3 continued 

  

Stress Phase 
Triaxial 

Loading 

Triaxial 

Loading 

Triaxial 

Loading 

Triaxial 

Unloading 

Triaxial 

Unloading 

Triaxial 

Unloading 

Uniaxial 

Loading 

Uniaxial 

Loading 

Uniaxial 

Loading 

Uniaxial 

Loading 

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

Ax. Diff. {Initial - 

Final} 

1-6 MPa 6-16 

MPa 

16- 21 

MPa 

21-16 

MPa 

16-6 MPa 6-1 MPa 1-10 

MPa 

10-20 

MPa 

20-30 

MPa 

30-45 

MPa 

           

Average by 

Location 
         

Planar P 53.0 56.1 58.6 80.3 71.4 59.2 40.4 42.6 47.5 51.3 

Planar I 67.4 70.5 71.2 84.9 77.6 71.9 63.9 66.2 66.7 66.8 

Planar OB 59.9 60.5 61.6 84.0 73.6 65.3 49.0 52.8 63.4 60.2 

Folded PDB 55.8 58.0 61.6 78.8 71.8 46.6 44.6 44.3 50.1 56.4 

Folded OB 52.4 57.9 59.4 75.0 67.2 66.5 36.9 38.4 43.4 49.5 

           

Standard 

Deviation By 

Location 

        

Planar P 12.4 6.5 5.2 6.0 7.0 10.5 12.1 8.5 5.4 4.3 

Planar I 29.0 18.9 17.0 14.6 18.6 31.0 24.8 22.6 19.0 17.7 

Planar OB 20.8 18.8 19.1 13.2 15.5 18.9 26.5 24.8 18.8 25.1 

Folded PDB 27.6 23.4 21.6 19.3 20.1 - 33.2 28.3 24.7 19.1 

Folded OB 3.1 17.8 14.5 10.0 11.1 1.7 11.9 13.9 12.5 10.0 
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Table B3 continued 

 

 

 

 

 

  

Stress Phase 
Triaxial 

Loading 

Triaxial 

Loading 

Triaxial 

Loading 

Triaxial 

Unloading 

Triaxial 

Unloading 

Triaxial 

Unloading 

Uniaxial 

Loading 

Uniaxial 

Loading 

Uniaxial 

Loading 

Uniaxial 

Loading 

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

Ax. Diff. {Initial - 

Final} 

1-6 MPa 6-16 

MPa 

16- 21 

MPa 

21-16 

MPa 

16-6 MPa 6-1 MPa 1-10 

MPa 

10-20 

MPa 

20-30 

MPa 

30-45 

MPa 

           

Average by 

Foliation Type 
         

Planar 60.1 62.3 63.8 83.0 74.2 65.0 51.1 53.9 58.6 59.2 

Folded 54.1 58.0 60.3 76.5 69.0 59.9 40.0 40.8 46.1 52.3 

           

Standard 

Deviation By 

Foliation Type 

        

Planar 

21.1 

 15.9 15.0 11.2 13.7 19.9 22.8 21.0 16.6 15.3 

Folded 16.2 17.2 14.9 12.2 13.0 11.6 19.1 17.5 15.6 12.4 

Total Average          

 58.8 61.2 62.9 81.4 72.9 64.1 48.3 50.6 55.1 57.2 

           

Total Standard 

Deviation 
        

 19.9 15.9 14.7 11.5 13.4 18.5 22.0 20.6 16.9 14.5 
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Part 2: Time- Dependent Deformation and Failure of Microfractured Westerly 

Granite  
 

 

Abstract 
 

 In this study, we investigate the influence of microfractures, heat, and water on the time-

dependent deformation of Westerly granite. Microfractures were enhanced in samples through thermal 

heating up to 600°C and then cooled overnight. Each sample was subjected to a series of low-axial 

differential stress steps of 20, 40, and 60 MPa for 6 hours under an effective confining pressure of 30 

MPa. The low-stress steps revealed that microfractures significantly increase the creep strain response 

compared to ambient samples, and water and temperature do not have a significant influence on the creep 

strain rate. Following the series of low-stress creep measurements, the time-to-failure was measured 

through a final high-stress creep phase. Microfractured samples showed a significant increase in the 

secondary creep strain rate at high stress steps and a decrease in time-to-failure. Elevated temperatures of 

90°C in the microfractured samples further increased the creep strain rate and decreased the time to 

failure at high stress steps. We suggest that frictional sliding controls the creep behavior under low axial 

stress which is not influenced by temperature or water saturation. At high stresses, the decreased time-to-

failure observed with the presence of microfractures and heat is believed to be caused by subcritical crack 

growth which is accelerated by temperature.  
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10. Introduction 
 

Previous studies have shown that brittle rocks exhibit time-dependent deformation and strength 

behavior (Brantut et al., 2013; Heap et al., 2009; Kranz, 1980; Lajtai et al., 1987; Lockner, 1993; 

Paraskevopoulou et al., 2018; Wawersik & Brown, 1973). Understanding the delayed failure of rock 

under static loading conditions, known as static fatigue, is relevant to engineering applications such as the 

stability of underground openings and support structures like mine pillars. There is practical interest in 

predicting the time to failure which has led to empirical relationships between time to failure to applied 

stress (Lockner, 1993).  

Excavation of original rock mass is required for construction of underground openings. Due to the 

removal of material, the stress state of the remaining wall rock is altered as stresses are relieved or 

concentrated in new areas. These alterations of the stress state contribute damage to the rock mass 

through the formation of new fractures and opening of pre-existing fractures. As a result, damaged rock 

surrounds the free surface of the underground opening and may extend several meters into the intact rock 

(Gage et al., 2014).  

In addition to underground openings, damage zones are found around matured faults where stress 

concentrations, geometrical irregularities, and fracture interaction contribute to damage accumulation 

(Faulkner et al., 2006). Microfracture densities decrease with distance away from the fault core, thereby 

leaving behind a rock damage zone which varies in size and fracture characteristics.  

Previous studies of damage zone rock have focused on the change in elastic mechanical properties. 

Results from these studies show that the elastic modulus can vary by 10-20% in damage zone rock under 

in-situ pressure (Faulkner et al., 2006) and up to 50% in excavation damage zones when compared to 

undisturbed rock (Gage et al., 2014). Mechanical behavior of damage zone rocks is more compliant than 

the intact rock mass. This increased compliance may result in enhanced time-dependent behavior as well 
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which deviates from that of intact rocks. An understanding of the time-dependent deformation and failure 

may be critical when assessing the long-term stability of underground structures and rock subjected to 

natural damage. 

In this study, we produce samples analogous to damage zone rock by enhancing microfracture 

density in granite through thermal heating. Low stress-stepping creep experiments (Ax. Diff = 20, 40, 60 

MPa) were conducted with 30 MPa confining pressure under dry, water saturated, and high temperature 

conditions to compare the time-dependent deformation response of microfractured and ambient samples 

under shallow crustal stress conditions. Then we explore the influence of these parameters on rock 

strength and time-to-failure through high-stress creep tests.   
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11. Laboratory Methods 
 

11.1 Sample Preparation and Characterization 
 

Nine cylindrical samples of Westerly Granite were prepared from the same rock block. The 

preparation process followed ISRM suggested methods for triaxial compression measurements. Samples 

were approximately 1 inch in diameter and 2 inches in length. A high-precision saw and surface grinder 

were used to obtain flat-parallel ends within 30 microns. 

 Westerly granite was chosen for its small grain size of 0.75 mm, low porosity below 1%, and 

relatively isotropic behavior. Brace (1965) provides documented rock properties of Westerly granite and 

is often referenced in rock mechanics studies (Fredrich & Wong, 1986). Modal distribution analysis from 

the literature states the mineralogy to be 27.5% quartz, 35.4% microcline, 31.4% plagioclase with 

anorthite, and 4.9% mica with a dry density of 2.646 g/cc. After drying in a vacuum oven, the Westerly 

granite samples used in our study have an average dry density of 2.632 g/cc with a standard deviation of 

0.013 g/cc and porosity of 0.55% measured with a helium porosimeter. These measurements were 

obtained prior to the thermal microfracture process and show strong agreement between our samples and 

those cited in the literature.  

11.2 Microfracture Enhancement Process 
 

 In the laboratory, microfracture concentrations are enhanced in rocks through internal stress 

concentrations caused by a mismatch in the thermal expansion properties of different minerals (Fredrich 

& Wong, 1986). A batch containing six of the nine samples in this study were subjected to thermal 

heating to 600°C at a rate of 2°C / min in a laboratory oven. The heating rate and procedure were based 

off of previous studies investigating mechanical properties of microfractured rock (Fredrich & Wong, 

1986; Wang et al., 1989). A high-temperature thermocouple and data-logger were used to monitor and 
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record the temperature of the oven every 15 seconds. Once the oven reached 600°C, the temperature was 

held between 600-607°C for 15 minutes to allow the temperature to propagate fully through the sample. 

Then, the oven was turned off and the samples were left to cool overnight. Figure 19 plots the temperature 

heating history for the heat-treated samples. 

 

Figure 19: Temperature plot for enhancing microfractures in a laboratory oven. The target temperature was 600C. Samples 

were held at this temperature for 15 minutes before the oven was turned off and cooled. 

  

SEM images of heat-treated and non-heated samples were taken to compare the presence of 

microfractures (Figure 20). The images show considerably more microfractures along grain boundaries 

and crosscutting through grains for the heat-treated samples when compared to the non-heated samples. 

While a formal, quantitative measurement of crack density has not been performed for the heat-treated 

and non-heated samples, porosity and density of the heat-treated samples showed a change from the non-

heated samples. The average porosity of the heat-treated rocks increased to 2.57% +/- 0.13%, which is an 

average increase of 2% porosity from the non-heated samples. The heat-treated sample density decreased 

to 2.581 g/cc with a standard deviation of 0.004 g/cc. The change in porosity and density of the heat-
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treated samples suggests that microfractures were successfully enhanced through the process of thermal 

heating.  From here on, we will refer to the three non-heated samples as “ambient” samples (WG6, WG2, 

WG30) and the heat-treated samples as “microfractured” samples (WG18, WG12, WG20, WG11, WG32, 

WG31). 

 

    

 

Figure 20: Back-scattered electrom SEM images of the samples to compare the presence of microfractures in (a) non-heated 

samples with (b) samples heated at 600°C . The image in (b) shows an increased amount of microfractures within and around 

grain boundaries compared to the non-heated sample. 

 

(b) Heat-treated 

(“Microfractured”) 

(a) Non-heated 

(“Ambient”) 
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11.3 Triaxial Creep Experiments 
 

All samples underwent stress-stepping creep experiments using a servo-controlled conventional 

triaxial apparatus. Each experiment consisted of four stages: (1) “equilibrate” vessel conditions (2) 

hydrostatic pressure stage (3) low stress creep (4) maximum strength or constant stress time-to-failure. 

 

Figure 21: The stress history for the creep experiments. Low axial differential stress creep steps were performed at 20, 40 and 60 

MPa of axial differential stress. Following the low-stress creep stage response, the samples were loaded continuously until 

failure or until a target stress was reached for time-to-failure measurements. 

 

Prior to starting the triaxial creep experiments, three microfractured samples were subjected to 

either heat and/or water conditions to see how these environmental conditions influence the creep 

behavior. For the water saturated samples, a pore pressure of 2 MPa was applied to the bottom of the 

sample using a syringe pump. The pressure at the top and bottom of the sample were monitored to detect 
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when the pore pressure was equal across the sample. At this point, the sample was considered to be 

saturated. Pore pressure of 2 MPa was maintained throughout the rest of the experiment steps. 

 The high temperature samples (“High T”) were tested under a constant temperature of 90°C. 

After filling the pressure vessel with confining oil, the exterior of the pressure vessel was heated and the 

exterior vessel temperature was controlled until the temperature inside the vessel was constant near 90°C. 

The interior vessel temperature was monitored using a resistance temperature detector sensor. Once the 

inner vessel temperature was stable near the target temperature, the test began.  

  

 Low-Stress Steps Stage 

 

Temperature of the oil in the pressure vessel was allowed to equilibrate for 1 hour before 

confining pressure was applied. Effective confining pressure (Peff = PC –PP) was applied in three stress 

steps in 10 MPa increments of 10, 20, and 30 MPa. Each confining pressure stage was held for 6 hours to 

allow existing cracks to close. The 30 MPa of effective confining pressure was held for an additional 30 

hours until strain rates were reasonably low and constant so that most of the crack closure had completed. 

Ultrasonic velocity measurements were taken with a 200 kHz piezoelectric crystal to detect crack closure 

in the microfractured and granite samples. Each ultrasonic measurement took place directly after the 

effective confining pressure was raised.  

Next, 30 MPa effective confining pressure was held constant while axial differential stress was 

applied in three stress steps of 20, 40, and 60 MPa each. Each stress-step was held constant for 6 hours to 

observe the strain response. 
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 Time-to-Failure Failure Stage 

 

Following the low-stress stepping stage, the test moved in to stage 4 which consisted of either the 

short-term strength or the time to failure test. The short-term strength, or maximum strength, was 

determined by applying axial stress at a constant strain rate of 7 x 10 -6 until the sample failed. The peak 

stress before failure was noted as the maximum rock strength. After the maximum strength of ambient 

and microfractured samples were known, target stresses below the maximum strength were determined 

for the time-to-failure tests. Once the target stress was reached, the stress was held constant until the rock 

failed and the time-to-failure was determined. Time-to-failure is defined as the duration between reaching 

the target stress and sample failure. The time from the onset of axial differential stress loading to sample 

failure (defined by “time from loading”) was measured to account for loading that takes place before the 

target stress is reached (Figure 22). 

  

Figure 22: Axial Differential stress with time to determine the time-to-failure. Time-to-failure is measured as the time from which 

the target constant stress is reached to the time the sample fails. To account for time differences during the loading of the sample, 

the time from which loading started to the time at which the sample failed is denoted as the “time from loading”. 
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12. Results 
 

12.1 Ultrasonic Velocity 
 

Ultrasonic velocity was measured for one ambient and one microfractured sample at the end of 

each of the three 6-hour confining pressure stages to monitor the closure of microcracks. Before confining 

pressure was applied, the velocity in the microfractured sample was significantly reduced as a result of 

the microfracture treatment in comparison with the ambient sample (Figure 23). As confining pressure 

increased, the velocity in the microfractured sample increased as well indicating the closure of 

microcracks. The P-wave velocity of the microfractured sample increased significantly from 0 to 20 MPa 

of confining pressure. At 30 MPa, the P-wave velocity was approximately 500 m/s slower in the 

microfractured sample whereas the S wave velocity between the microfractured sample and ambient 

sample were nearly the same. Thus, 30 MPa of confining pressure was sufficient to close the majority of 

microfractures so that the porosity of the microfractured and ambient samples were similar before the first 

triaxial creep stage. However, the velocity was not fully recovered in the microfracture sample which 

suggests the porosity of the microfractured samples was slightly higher than the ambient samples before 

the low-stress creep stages started. 
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Figure 23: Ultrasonic velocity measured on one ambient and one microfractured sample at the end of each of the three 6-hour 

confining pressure stages to monitor the closure of microcracks. 

  

 

12.2 Low-Stress Young’s Modulus and Poisson’s Ratio 
 

Young’s modulus and Poisson’s ratio were measured during the elastic loading (∆ = 25 MPa) and 

unloading (∆ = 5 MPa) sections of each stress step. All microfractured samples show a significantly 

lower Young’s modulus and Poisson’s ratio compared to the ambient samples. Between 20 and 60 MPa, 

microfractured samples show a 32-78% increase in loading Young’s modulus which suggests 

significantly more stiffening compared to the 3% increase for ambient samples. The percent increase in 
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Poisson’s ratio with stress is slightly higher at 4-8% for the ambient samples and 42-85% for the 

microfractured samples. The Young’s modulus and Poisson’s ratio values are provided in Table 8. 

 

Figure 24: Young's modulus and Poisson's ratio measured during the elastic loading/unloading portion of the three stress steps 

(20, 40, and 60 MPa). Microfractured samples show significantly lower elastic moduli compared to the ambient samples. 

 

Table 8: Young's Modulus and Poisson's Ratio measured the three elastic loading stages and the two unloading stages. 

    Young's Modulus, E (GPa) Poisson's Ratio, n 

    1st, 2nd, 3rd Loading 
1st, 2nd 

Unloading 
1st, 2nd, 3rd Loading 

Sample Sample Condition 
1 - 20 

MPa 

15  - 40 

MPa 

35 - 

60 

MPa 

20 -15 

MPa 

40 - 

35 

MPa 

20 

MPa 

40 

MPa 

60 

MPa 

WG6 Amb. Room Dry 76.0 77.4 78.3 79.6 79.9 0.24 0.24 0.25 

WG2 Amb. Room Dry 66.8 67.7 68.8 72.6 71.3 0.24 0.25 0.26 

WG30 Amb. Room Dry 75.9 74.6 75.3 76.6 77.0 0.24 0.25 0.25 

WG18 Mfr. Room Dry 37.7 46.5 53.9 53.5 59.4 0.14 0.18 0.20 

WG12 Mfr. Room Dry 29.0 39.4 49.5 46.8 56.8 0.11 0.17 0.21 

WG20 Mfr. Room Dry 39.9 48.9 56.1 56.4 61.5 0.14 0.18 0.21 

WG11 Mfr. Room Wet 43.1 54.7 62.1 60.9 67.6 0.18 0.23 0.25 

WG32 Mfr. 90 Dry 32.5 49.2 57.8 54.1 64.8 0.11 0.18 0.20 

WG31 Mfr. 90 Wet 39.7 46.6 52.2 51.1 57.3 - - - 
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12.3 Low-Stress Creep Strain 
 

Figure 25 shows the 6-hour axial creep strain response at 20, 40, and 60 MPa axial differential stress 

steps. Microfractured samples demonstrate a significantly higher accumulation of axial strain for each 

stress stage compared to ambient samples where creep strain beyond the first hour could not be resolved 

at the 20 and 40 MPa stress steps. On average, the strain responses among the microfractured samples 

show quite similar behavior despite having different environmental conditions. The increase in axial 

strain with time reached a constant, linear rate in the microfractured samples except for the water-

saturated and high temperature sample which does not show a consistent increase in axial strain with time 

until 60 MPa. It appears there is a slight decrease in total creep strain from 20 to 60 MPa among the 

microfractured samples whereas the ambient samples show a small increase in total creep strain 

suggesting the influence of stress level is minor.  

 

 

Figure 25: Axial strain over 6 hour stages of 20, 40, and 60 MPa of axial differential stress. 
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Strain rate, 휀̇, was calculated for each sample and axial differential stress stage with Equation (18) 

to examine how different conditions and stresses influence the rate of deformation. A data window of 

1000 points (or 1000 seconds for a data sampling rate of 1 second) was sufficient to capture changes in 

the strain rate over each 6-hour stress step. Here, the letter “k” represents the data index at the beginning 

of the window. Using this 1000 second window, 21 strain rates were calculated for each 6-hour stress 

step. 

 

휀̇ =
휀2 − 휀1

𝑡2 − 𝑡1
 (18) 

휀1 = 𝑠𝑡𝑟𝑎𝑖𝑛 𝑎𝑡 𝑝𝑜𝑖𝑛𝑡 1 = 휀(𝑘)  

휀2 = 𝑠𝑡𝑟𝑎𝑖𝑛 𝑎𝑡 𝑝𝑜𝑖𝑛𝑡 2 = ε(𝑘 + 1000)  

𝑡1 = 𝑡𝑖𝑚𝑒 𝑎𝑡 𝑝𝑜𝑖𝑛𝑡 1 = t(𝑘) 

𝑡2 = 𝑡𝑖𝑚𝑒 𝑎𝑡 𝑝𝑜𝑖𝑛𝑡 2 = t(𝑘 + 1000) 

 

 

We are interested in comparing the steady, linear strain rate that defines the secondary creep 

phase. This phase is understood to most closely describe the deformation behavior of rocks at shallow 

crustal depths. Figure 26 shows that over time, the strain rate decreases more quickly for the ambient 

samples compared to the microfractured samples due to the lack of creep deformation in the ambient 

samples. The strain rates of the microfractured samples continue to decrease for the first three hours 

during the primary creep phase and tend to level off and stabilize between 4 and 6 hours. While there is 

still some variability during the final two hours, an average of the strain rates between hours 4 and 6 

provide a reasonable determination for the steady state strain rate during secondary creep. 
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Figure 26: Strain rate calculated using a window of 1000 seconds between data points for the low stress creep stages. 

 

The average strain rate between hours 4 and 6 is shown against axial differential stress for each 

sample (Figure 27) with values provided in Table 9. The standard deviation of the strain rate during the 

last two hours is shown with error bars. While the error bars span a considerable range of strain rate, it is 

possible to distinguish the ambient samples as having negligible strain rates whereas the microfractured 

samples have detectable steady state strain rates between 1x10 -10 and 1x10 -9 s-1 except for the water-

saturated high temperature sample. Among the microfractured samples, the water-saturated and high 

temperature samples do not show a significant change in the average strain response compared to the dry 

microfractured samples. Thus, at low axial stress, the average strain rate appears to be caused by the 

presence of microfractures. 
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Figure 27: Average creep strain rates with axial differential stress measured between hours 4 and 6 of each axial differential 

stress step. The errorbars show the standard deviation of the creep strain rates measured between hours 4 and 6 .  

 

Table 9: Average axial strain rates for each sample under the three different axial differential stress conditions of 20, 40, and 60 

MPa 

Sample Sample Condition 


Ax. Diff. = 20 

MPa 

Ax. Diff. = 40 

MPa 

Ax. Diff. = 60 

MPa 

WG6 Amb. ROOM DRY -5.4E-11 -2.7E-11 3.9E-11 

WG2 Amb. ROOM DRY -1.1E-11 5.4E-12 -5.0E-11 

WG30 Amb. ROOM DRY 2.3E-11 1.4E-11 4.2E-11 

WG18 Mfr. ROOM DRY 6.5E-10 6.4E-10 6.0E-10 

WG12 Mfr. ROOM DRY 6.9E-10 8.2E-10 7.4E-10 

WG20 Mfr. ROOM DRY 6.2E-10 5.4E-10 5.7E-10 

WG11 Mfr. ROOM WET 5.1E-10 4.6E-10 3.9E-10 

WG32 Mfr. 90 DRY 3.1E-10 2.4E-10 3.0E-10 

WG31 Mfr. 90 WET -7.4E-10 -4.8E-10 8.3E-10 
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12.4 High-Stress Creep Strain 
 

Stress-strain curves from the final stage of testing (maximum strength or time-to-failure) show a 

larger change in axial strain with stress in the microfractured sample group compared to the ambient 

sample group during elastic loading (Figure 28). We observe a larger accumulation of axial strain during 

the high-stress creep portion of the test (from the onset of constant stress until sample failure) in the 

microfractured samples compared to the ambient samples. This suggests that the presence of 

microfractures allow the granite to appear more compliant.   

 

Figure 28: Stress-strain curves shown during the final test stage where sample failure occurred. Maximum strength samples were 

failed under a constant strain rate whereas the time-to-failure samples were maintained at a constant stress below the maximum 

strength until sample failure occurred. The "X" marks indicate the stress and strain at which sample failure occurred. 
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 The strain rate during the high-stress creep stage was calculated using Equation 18 and adjusting 

the data window depending on the duration of the high-stress creep stage for each sample. First, the strain 

rate decelerates as the primary creep slows down and transitions into secondary creep where the strain 

rate would be constant. Then, the strain rate accelerates and transitions from the secondary creep stage to 

tertiary creep and quickly approaches failure. Figure 29 shows the high-stress strain rate history of each 

sample. A comparison of the microfractured samples under a constant stress of 95.6% of the maximum 

strength shows that high temperature significantly increases the minimum strain rate and thus the sample 

fails more quickly.  

 

Figure 29: Strain rate during the high stress creep phase. The presence of temperature increases the minimum strain rate and 

thus shortens the time-to-failure of the microfractured samples. 
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The minimum strain rate reflects the constant strain rate during the secondary creep phase where 

cracks are thought to develop independently and not interact until near the end of secondary creep and the 

transition to tertiary creep (Lockner, 1993). The minimum strain rate is shown against the axial 

differential stress normalized by the maximum strength for the ambient or microfractured groups (Figure 

30). The maximum strength values for each group were determined from the average of two 

microfractured and two ambient samples respectively. Starting with the minimum strain rate for the 

maximum strength samples, the minimum creep strain rate is significantly lower in the ambient samples 

compared to the microfractured samples. This shows that when under the same stress conditions with 

respect to the rock strength, the secondary creep strain rate is significantly enhanced by the presence of 

microfractures. Within the presence of microfractures, elevated temperature continues to increase the 

minimum strain by nearly one order of magnitude.      

 

Figure 30: The minimum strain rate from Figure 29 during the high stress creep phase versus the axial differential stress 

normalized with the maximum strength. The maximum strength samples (failed at a constant strain rate) are plotted where axial 

differential stress= maximum strength. The presence of microfractures and high temperature decreases the minimum strain rate 

before sample failure under high stress. 
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12.5 Time-to-Failure 
 

The influence of the microfractures, water saturation, and heat on the time-to-failure is most clearly 

shown when plotted against the normalized stress (Figure 31) as described in section 0.  Circles mark the 

time-to-failure while vertical error bars account for the time from loading. Although the maximum 

strength samples were believed to fail instantaneously meaning the time-to-failure would be 0 seconds, 

we plot the maximum strength ambient and microfractured samples on the 100 (1 second) axis which is 

the minimum resolvable time in the experiments considering the data sampling interval of 1 second. 

Wedge shapes group the time-to-failure results between the microfractured samples and the ambient 

samples. The trends observed from the wedge shapes plotted against normalized stress are influenced by 

how well constrained the maximum strength is. Due to time constraints, only two maximum strength tests 

could be performed for both the ambient and microfractured sample groups under dry conditions. The 

average maximum strength is used to normalize the axial differential stress in Figure 31. 

Figure 31 clearly shows that the presence of microfractures reduces the time-to-failure from 

ambient conditions. The presence of water appears to have a negligible effect on the time-to-failure 

compared to the dry samples. Elevated temperature conditions at 90°C decreases the time-to-failure by 

nearly one order of magnitude when samples are either dry or saturated by water.  
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Figure 31:The time-to-failure of the microfractured and ambient granite samples under dry, wet, and heated conditions against 

the axial differential stress normalized with the maximum strength. 

 

Table 10: Sample test conditions, axial differential stress, and time-to-failure measurements . The maximum strength of the 

ambient and microfractured groups are indicated by the “100%” value for maximum strength 

Sample 

Name 
Sample Condition 

Strength 

Measurement 

Axial 

Differential 

Stress (MPa) 

% of 

Maximum 

Strength 

Time from 

Loading 

(seconds) 

Time-to-

Failure 

(seconds) 

Avg Amb. Amb. ROOM DRY Max Strength 484.9 100.0% 1154 - 

Avg Mfr. Amb. ROOM DRY Max Strength 443.5 100.0% 1152 - 

WG2 Amb. ROOM DRY 
Time-to-

Failure 
472.5 97.4% 7717 3769 

WG30 Amb. ROOM DRY 
Time-to-

Failure 
463.3 95.5% 113559 112538 

WG12 Mfr. ROOM DRY 
Time-to-

Failure 
435.4 98.2% 4486 589 

WG20 Mfr. ROOM DRY 
Time-to-

Failure 
424.1 95.6% 25803 24802 

WG11 Mfr. ROOM WET 
Time-to-

Failure 
423.7 95.5% 39831 38847 

WG32 Mfr. 90 DRY 
Time-to-

Failure 
424.1 95.6% 199693 780 

WG31 Mfr. 90 WET 
Time-to-

Failure 
424.1 95.6% 6291 5293 
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13. Comparing the Creep Strain Response at Low and High Stress Steps 
 

Under both low and high stress conditions, we observe that the presence of microfractures enhances 

the axial creep strain which makes the microfractured granite appear more compliant compared to 

ambient granites. However, the influence of saturation and temperature conditions on the creep strain 

response differs markedly between the low and high stress strain responses. Under low stress conditions, 

the presence of water and heat do not influence the creep strain rate of the microfractured samples and the 

creep appears to still be largely controlled by the presence of microfractures. We suspect the axial creep 

strain in the low stress stages could result from frictional sliding at the grain scale which results in 

compaction and an overall reduction in porosity. At the grain scale, frictional sliding is facilitated at the 

contact of asperities where stresses are concentrated to a higher level than the far-field average stress. 

When the asperity overcomes the frictional strength, it slips and creates a new stress concentration and the 

process continues. Increasing the concentration of microfractures increases the sites at which these grain 

scale sliding can occur, explaining why creep strain is not observed from the ambient samples.  

Previous experimental results show that for granites, friction is not influenced by elevated 

temperatures up to around 700 Kelvin (Paterson & Wong, 2005). No consistent effect of water on friction 

is observed in the literature (Paterson & Wong, 2005) although Byerlee (1967) reports a slight decrease in 

the coefficient of friction for westerly granite with water. A previous study on thermally-fractured La 

Pyrette granite (similar in modal composition to Westerly granite) showed no significant water weakening 

effect on the mechanical strength. It is possible that even if friction was reduced, the change may not be 

significant enough to distinguish a change in creep strain behavior of microfractured samples. Therefore, 

the fact that low-stress creep behavior was not influenced by temperature or water-saturation is also 

indicative that low-stress creep was facilitated by frictional sliding along microfractures. 

In the high stress step, the creep strain rate (or minimum strain rate) is significantly increased by 

elevated temperature conditions at 90°C. Heat accelerated the strain response, and thus the time-to-
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failure, which signifies that the creep behavior at high stress is governed by a failure process, subcritical 

crack growth, occurring at the crack tips. Rate of subcritical crack growths are governed by its activation 

energy; thus, the increase in high-stress creep strain rates with temperature. Future time-to-failure 

experiments on ambient granite at elevated temperature may be helpful to isolate the influence of elevated 

temperature from the influence of microfractures observed in this study.  
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14.  Conclusion 
 

In this study, we compared the influence of microfractures, temperature, and water conditions on the 

time-dependent deformation of Westerly granite. From our results, we observed the following: 

 At low axial differential stresses of 20, 40, and 60 MPa, the presence of microfractures increased 

the axial creep strain response while water and temperature conditions had no influence. We 

suggest that creep strain in the microfractured samples is a result of frictional sliding occurring 

along microfractures.  

 Under high axial stress, the creep strain rate is accelerated by the presence of microfractures and 

elevated temperature conditions.  

 The time-to-failure is significantly reduced by one order of magnitude between the room 

temperature and elevated temperature microfractured samples. The microfractured samples 

overall had a lower time-to-failure compared to the ambient samples. 

 We suggest that the high-stress creep strain of the microfractured samples results from subcritical 

crack growth occurring at microfracture tips. 
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16. Appendix C: Data Tables 
 

Table C1: Sample dimension, mass, and porosity conditions before any microfracture treatment 

Sample # 
Sample 

Condition 

Strength 

Measurement Type 

Temperature 

Condition ( C) 

Fluid 

Condition 

Initial 

Length 

(mm) 

Initial 

Diameter 

(mm) 

Initial 

Mass (g) 

Initial 

Density 

(g/cc) 

He Initial 

Porosity  

(%) 

WG#6 Ambient Max Strength ROOM DRY 49.84 25.67 67.98 2.635 - 

WG#2 Ambient Time-to-Failure ROOM DRY 50.44 25.51 68.00 2.638 - 

WG#30 Ambient Time-to-Failure ROOM DRY 50.83 25.52 68.50 2.634 - 

WG#18 Microfractured Max Strength ROOM DRY 50.72 25.62 69.00 2.638 - 

WG#12 Microfractured Time-to-Failure ROOM DRY 50.44 25.66 68.80 2.639 0.492 

WG#20 Microfractured Time-to-Failure ROOM DRY 50.70 25.65 69.10 2.638 - 

WG#11 Microfractured Time-to-Failure ROOM WET 50.63 25.68 69.10 2.636 0.463 

WG#32 Microfractured Time-to-Failure 90 DRY 50.42 25.67 67.90 2.601 - 

Avg.        2.632  

Std. Dev        0.013  
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Table C2: Helium porosimeter measurements performed on samples prepared from the same rock block used to quantify the ambient sample porosity and microfractured porosity. 

Sample 

# 

He 

Initial 

Porosity  

(%) 

He Post-

Microfracture 

Porosity (%) 

Initial 

Length 

(mm) 

Initial 

Diameter 

(mm) 

Initial 

Mass 

(g) 

Initial 

Density 

(g/cc) 

Post-

Heat 

Length 

(mm) 

Post-

Heat 

Diameter 

(mm) 

Post-

Heat 

Mass 

(g) 

Post-

Microfracture 

Density (g/cc) 

Temp Heat 

Treatment 

(degC) 

WG#1 0.573 - 50.43 25.575 68.20 2.633 - - - - Ambient 

WG#5 0.578 2.671 50.406 25.517 69.100 2.681 50.7 25.69 67.8 2.580 Microfractured 

WG#11 0.463 2.5 50.63 25.677 69.100 2.636 50.97 25.83 68.988 2.583 Microfractured 

WG#12 0.492 - 50.436 25.655 68.800 2.639 50.73 25.82 68.654 2.585 Microfractured 

WG#13 0.622 2.62 50.53 25.655 69.000 2.642 50.88 25.83 68.805 2.581 Microfractured 

WG#15 - 2.44 50.622 25.652 69.100 2.641 50.93 25.82 68.916 2.584 Microfractured 

WG#18 - 2.77 50.718 25.623 69.000 2.638 51.04 25.79 68.847 2.582 Microfractured 

WG#20 - 2.55 50.702 25.650 69.100 2.638 51.05 25.84 68.942 2.575 Microfractured 

WG#29 - 2.51 50.696 25.653 69.13 2.638 51.01 25.83 68.998 2.581 Microfractured 

WG#31 - 2.73 49.73 25.520 67.10 2.638 50.04 25.71 66.952 2.577 Microfractured 

WG#32 - 2.38 50.42 25.673 67.900 2.601 50.76 25.84 68.708 2.581 Microfractured 

Avg. 0.55 2.57 50.48 25.62 68.68 2.64 50.81 25.80 68.56 2.58  

Std Dev. 0.07 0.13 0.28 0.06 0.67 0.02 0.30 0.05 0.67 0.00  

 


