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CHAPTER 1: INTRODUCTION 

1.1 Background 

Bedrock is the underlying relatively hard and solid rock beneath the soil, gravel, and other 

unconsolidated material. The bedrocks are either igneous, metamorphic, or sedimentary, 

depending on the formation process they undergo. The rock can be formed by the lithification of 

loose sediments over time, cooling and hardening of magma, or changing form. Thus, these 

underlying bedrocks have different strengths based on their formation, age, type, and depth. 

The age of the bedrock ranging from Precambrian to Cenozoic differs in strength and 

deformation properties. These bedrocks are the parent material for soil materials and take up 

the loads from the civil infrastructure during the design and construction. It is, therefore, 

essential to perform comprehensive experimental investigations on these bedrocks to 

understand their strength and deformation properties. 

In the case of transportation infrastructure in Wyoming, especially bridges, slopes, and 

roadways, different bedrock formations, such as White River, Wasatch, Fort Union, Green 

River, and Arikaree are often encountered. The engineering properties such as shear strength, 

elastic properties, failure parameters, stiffness, and bedrock quality of these bedrock formations 

are lacking due to the absence of advanced rock testing equipment. The lack of understanding 

rock behaviors and measured engineering parameters has created challenges in the design and 

construction of the transportation infrastructures in Wyoming. Although the correlations 

developed and published by researchers have been used to estimate some of these 

engineering properties, in the absence of measured properties of Wyoming bedrock, the 

applicability of these correlations has yet to be verified.  

A site investigation is performed by The Wyoming Department of Transportation (WYDOT) to 

determine the subsurface profile and geomaterial properties. The lithology of the Wyoming 

bedrock formations consists predominantly of shale, sandstone, siltstone, claystone, mudstone, 

and conglomerate. A standard penetration test, rock quality designation, geological strength 

index, and unconfined compressive strength (UCS) are measured and logged in the bedrock 

properties database. However, the shear strength properties of these bedrocks (internal friction 

angle and cohesion) and elastic properties (Young's modulus and Poisson's ratio) are usually 

estimated but not measured. Understanding and characterizing these properties of Wyoming 

bedrocks will yield prediction equations that are more representative of local bedrocks, 
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contribute a more significant economic benefit in the design and construction of transportation 

infrastructure, and increase the reliability of these infrastructures.  

1.2 Problem Statement 

The underlying bedrocks have natural variability depending upon the formation process they 

undergo. This creates increased uncertainty in the subsurface condition for the design and 

construction of the transportation infrastructures. The limited understanding of the bedrock 

behaviors and absence of strength and elastic properties leads to unforeseen construction 

challenges, especially in the case of deep foundation design in soft rocks (Mokwa and Brooks 

2008). This research includes measuring the rock properties of different lithology and locations 

within the state of Wyoming to advance the development of a geomaterial classification system 

(Adhikari et al. 2019). A comprehensive test data of the bedrock will reduce the uncertainties 

and discrepancy between design outcomes and construction performance by improving the 

engineering design efficiency. 

• During the construction of driven piles, especially in soft rocks, AASHTO (2020) 

recommends that the pile be driven in the same manner as soil. The static analysis 

method for soft rocks is not readily available for pile resistance estimation; hence, pile 

resistances are usually under-predicted (Ng and Sullivan 2017). The piles don't satisfy 

the Load and Resistance Factor Design (LRFD) strength limit at the end of driving and 

occasionally at the beginning of the last strike. Significant discrepancies between 

estimated and measured pile resistances were reported (Ng et al., 2015). This high 

uncertainty in pile performance could lead to construction challenges, especially in the 

case of a bridge project where foundation construction is critical. This research, 

therefore, can provide a database of bedrock properties that can be utilized to calibrate 

the static analysis method to improve the pile resistance estimation and decrease the 

discrepancy between the estimated and measured pile resistance in soft rocks. This will 

reduce the design and construction costs.  

• The empirical correlations for the Hoek-Brown (HB) parameters are developed based on 

general bedrocks that might not represent the Wyoming bedrocks. The measured 

properties of intact rock samples along with the UCS and geological strength index (GSI) 

records in the WYDOT Bedrock Properties Database can be used to calibrate the HB 

parameters, improve the unit end bearing (𝑞𝑝)  estimation, and increase the reliability of 

drilled shaft design and construction in Wyoming. This improvement can reduce the 

depth of the bedrock socket, and eventually the overall construction cost. 
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• Landslides and rock falls are common occurrences in Wyoming. This research will 

generate measured shear strength properties (internal friction angle and cohesion) and 

elastic properties (Young's modulus and Poisson's ratio) of Wyoming bedrocks used in 

rock stability evaluation and mitigation strategies for rock slope stabilization. This will 

increase the stability and reduce the cost of rock slope stabilization. 

• The design of spread footing on shallow bedrock requires the determination of HB 

parameters (Carter and Kulhawy 1988) or shear strength properties (Goodman 1989). 

Due to the challenges with determining the nominal bearing resistance on rocks, a 

shallow footing may be over-designed or under-designed leading to unforeseen changes 

in cost and design. This research will provide the necessary parameters to reduce the 

need for an expensive plate load test to determine the nominal bearing resistance.  

• Rock rippability or the ease of mechanical evacuation of rock is commonly encountered 

during road construction. The rock rippability depends on the geology and engineering 

properties of the bedrock. Seismic lines are run at sites to correlate drilling 

characteristics and seismic velocities to the rippability of the rock. Still, high torque and 

horsepower drills have made the comparison more difficult. The measured bedrock 

properties from this research will provide the technical background to improve rock 

rippability evaluation and excavation effort prediction, enhancing the preparation of the 

construction schedule and cost estimation.  

• Bedrock is a parent material of base aggregates used in flexible and rigid pavements. 

Although the laboratory-measured properties and resilient modulus of the local base 

materials in Wyoming have been recently quantified (Ng et al. 2019), little is known 

about the Wyoming bedrock as the parent material. A study by the Virginia Department 

of Transportation (DOT) concluded that limestone aggregates have a higher resilient 

modulus than granite aggregates (Hossain and Lane 2015). Hence, this research will 

provide the basis for future assessment of suitable bedrock sources for base aggregates 

in terms of degradation behavior, particle breakage, and mechanical properties. 

1.3 Research Objectives 

The main objective of this research was to understand the strength and deformation behaviors 

of Wyoming bedrock to improve the design and construction of transportation infrastructure. The 

research outcomes also look to address the strategic goals of WYDOT: acquiring and 

responsibly managing resources, providing a safe, reliable, and effective transportation system, 

and encouraging and supporting innovation to increase the efficiency in the design and 
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construction of the transportation infrastructures. This research also aimed at reducing the 

design and construction challenges due to the lack of measured engineering properties of 

bedrock representing Wyoming formations. The objectives of the research were as follows: 

• To determine the strength and deformation properties of the bedrock. This includes the 

shear strength properties (internal friction angle and cohesion) and elastic properties 

(Young's modulus and Poisson's ratio).  

• To develop locally calibrated relationships for bedrock properties in terms of index 

parameters, rock quality, and UCS. These parameters will be used to better define the 

HB criterion to achieve a more cost-effective design of drilled shafts and driven piles.  

• To expand WYDOT database of rock properties. This database currently has 2,100 

project and rock test records, and 523 were identified as tertiary formations. The 

database has measured bedrock density, percentage recovery, Rock Quality 

Designation (RQD), and Geological Strength Index (GSI) but lacks shear strength and 

elastic properties.  

• To improve the understanding between Wyoming geology and bedrock behaviors.  

1.4 Research Plan 

The research objectives were accomplished by completing  five research tasks. The first 

research task was to conduct a literature review pertinent to rock mechanics and bedrock 

properties. This task included a review of documents, books, papers, reports, catalogs, 

manuals, notes, and presentation slides about bedrock quality and properties relevant to civil 

engineering applications. This task also included documentation and reviewing the current 

knowledge and practice related to bedrock classification, description, testing, and properties. 

This research task also identified gaps in the knowledge and review of current specifications 

and guidelines by DOTs, AASHTO, and other agencies. 

The second research task included assessing the WYDOT electronic database and rock 

inventory data. In this task, a review and analysis of usable records like rock quality description,  

𝑞𝑢 value, and geology description from the WYDOT database was conducted for subsequent 

studies. This task helped identify relevant cores and usable rock samples from the WYDOT 

geology storage for laboratory testing. 

The third task included obtaining new rock samples from the geotechnical investigation of 

highway projects. The geology program performed a geotechnical investigation to obtain 

standard rock cores of diameters of about 1.91 inches. The geotechnical reports and subsurface 
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profiles of the projects were assessed to determine the underlying bedrock characteristics, 

stratigraphy, geological formation, and discontinuity. A minimum of three rock samples with a 

diameter-to- height ratio of 1:2 was obtained for laboratory testing. 

The fourth task was to conduct laboratory testing of the collected rock samples from Task 3. 

The laboratory testing included uniaxial and triaxial compressive tests following the ASTM 

D7012 (2014) using the servo-controlled testing system (GCTS RTR-1500). This task included 

testing 50 rock samples, i.e., at least 150 specimens, collected from all around Wyoming. These 

50 rock samples consisted of the typical lithology of Wyoming bedrock formations, 

predominantly shale, sandstone, siltstone, claystone, mudstone, and conglomerate. 

The fifth task included data analysis and prediction equation development using the data 

collected from the literature review in Task 1, collected data from the database in Task 2, and 

the laboratory-measured data from Task 4. This task focused on understanding bedrock failure 

and deformation behaviors. Combining uniaxial and triaxial test results, HB parameters and 

Mohr-Coulomb shear strength parameters were determined. The measured rock properties and 

the rock quality description were compiled for each Wyoming bedrock formation and lithology. 

The properties were presented with model comparison criteria. 

1.5 Report Focus and Organization 

This report aims to better understand the mechanical and deformation behavior of Wyoming 

bedrock to improve the design of WYDOT transportation infrastructures. Chapter 1 presents the 

background, objectives, and tasks of this research. A literature review follows in Chapter 2. 

Chapter 3 focuses on laboratory rock testing and sample preparation. Chapter 4 describes the 

summary of experimental testing of different rock types. Chapters 5, 6, 7, 8, and 9 present the 

analysis results in predicting the mechanical properties under uniaxial and triaxial conditions for 

sandstone, siltstone, shale, claystone, and carbonate rocks, respectively. Finally, summary and 

conclusions are given in Chapter 10, which is followed by the references.
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CHAPTER 2: LITERATURE REVIEW 

2.1 Mechanical Properties of Rocks 

Based on the process of formation, rocks are of three types: igneous, sedimentary, or 

metamorphic. The mechanical properties of these rocks, like the stress and strain, the 

compressive strength, and elastic constants (Young’s modulus, shear modulus, bulk modulus, 

and Poisson’s ratio), are affected by numerous factors. The compressive strength and Young's 

modulus are affected by the constitutive properties of the rock and test conditions. The 

constitutive properties include porosity, mineralogy, anisotropy, geological age, and density, 

whereas the test conditions are the confinement, strain rate, temperature, and sample condition.  

2.1.1 Mechanical Anisotropy 

Rock masses are complex materials that consist of intact rock pieces, fractures, and bedding 

planes at different orientations. These characteristics of rock masses affect their mechanical 

behaviors and cause anisotropy. Anisotropy is the variations of properties concerning the 

directions in analyzing the rock structure. The anisotropic nature of rocks creates variation in 

strength and deformation behaviors in different directions. The strength envelopes of these 

rocks vary significantly with axial and confining pressures. Anisotropy is generally observed in 

sedimentary rocks because of the orientation of clay, aligned fractures, cracks and pores, and 

fine layering (Nasseri et al. 2003). Rock anisotropy can be described as intrinsic and induced. 

The intrinsic anisotropy is caused by bedding planes, discontinuities, and constituting minerals 

whereas the induced anisotropy is caused by overburden pressure and sediment changes.  

Anisotropy plays an important role when microstructural observations are made of argillaceous 

rocks like shale and claystone. These rocks consist of porous fine-grained clay with embedded 

silt/sand grains. Therefore, the mechanical properties are altered by the ratio of these contents. 

The anisotropic properties of these rocks are rarely available or measured from small rock 

samples as they don't contain fractures with varying sizes, orientations, and bedding at large 

scales. Therefore, evaluating the anisotropic nature of the rocks is still a challenge in rock 

mechanics. Mechanical properties like Young's modulus and Poisson's ratio often describe the 

rocks' anisotropic behaviors.  
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2.1.2 Young's Modulus 

Young's modulus is defined as the measure of rock's stiffness or resistance to elastic 

deformation under the applied load. The lower the Young's modulus, the more ductile the rock, 

and the higher the Young's modulus, the more brittle the rock. Young’s modulus is a critical 

parameter in describing the rock behavior under loading due to the quasi-brittle nature of rocks 

(Bieniawski 1989, Hoek & Brown 1980). The International Society of Rock Mechanics (ISRM) 

has described three methods for determining Young's modulus: the tangent, secant, and 

average methods. Young’s modulus determined in this research is calculated by plotting the 

axial stress in the y-axis and the axial strain as a percentage in the x-axis as shown in Figure 

2.2 as an example. The linear portion of the curve given as a straight line is identified, and the 

gradient of this line is calculated. To express Young’s modulus in the same unit as the stress, 

the gradient is then multiplied by 100 so that the strain is in dimensionless decimal instead of 

percentage. Figure 2.1 represents the equation for the calculation of Young’s modulus. 

 

Figure 2.1: Equation. Young's modulus calculation 

 

Figure 2.2: Stress-strain curve to determine Young's modulus. 
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2.1.3 Poisson's Ratio 

Poisson's ratio is a ratio of change in width (radial deformation) to the change in length (axial 

deformation) of the rock under loading. Poisson's ratio measures the compressibility of rocks 

and provides a valuable measure of how much a material deforms under stress. The maximum 

value of Poisson's ratio for rocks is considered 0.5. Rock will have a Poisson's ratio of 0.5 if it 

deforms elastically at a low strain rate. Poisson's ratio of a rock core subjected to axial load is 

expressed in a dimensionless ratio of lateral strain to axial strain shown in Figure 2.4 (a) and the 

method of calculation from the unconfined compression test is shown in Figure 2.4 (b). 

Poisson's ratio (𝜈) calculated according to the equation shown in Figure 2.3 has a negative sign 

because the material will contract in the transverse direction when compressed or expand when 

stretched.  

 

Figure 2.3: Equation. Poisson's ratio formula. 

      Where, 𝑙 is the lateral strain, and 𝑎 is the axial strain. 

 

Figure 2.4: (a) Deformation of cylindrical specimen under uniaxial stress; (b) Unconfined 

compression test results to illustrate calculation method of Poisson’s ratio (ASTM D7012, 

2014). 
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2.2 Shear Strength  

The shear strength of intact rock developed along a potential rupture surface is described by 

two parameters: internal friction angle (𝜑) and cohesion (c). When the cohesion becomes zero, 

i.e., when a planar, clean fracture occurs in rocks with no infilling material, the shear strength of 

the rock is a function of internal friction angle. The cohesion and internal friction angle are 

determined from a Mohr-Coulomb envelope given by the equation shown in Figure 2.5 plotted 

against a series of Mohr’s circles as shown in Figure 2.6. Mohr’s circle is defined as the locus of 

points that represent the state of stress on individual planes at all their orientations.  

 

Figure 2.5: Equation. Mohr- Coulomb envelope. 

 Where  is the shear stress, 𝑐 is the y-intercept,   is the normal stress, and   is the internal 

friction angle. 

 

Figure 2.6: Plot of series of Mohr circle for the determination of cohesion and internal 

friction angle. 



11 
 

The strength and stiffness of intact rocks depend on factors like the rock type, degree of 

weathering, and mineralogy. Therefore, the strength of intact rock can vary across different 

rocks, and sometimes within the same rock type if the rock is anisotropic. 

2.2.1 Cohesion (c) 

Cohesion is an integral part of shear strength independent of inter-particle friction. The cohesion 

of rock is also known as inherent strength and is represented by the y-intercept of the Mohr-

Coulomb (MC) criterion (Figure 2.5). Table 2.1 shows the cohesion of some typical rock types 

reported in the literature (Goodman 1980). These cohesion values can only be used as a 

reference while laboratory testing of individual rock types is recommended.  

Table 2.1: Typical range of internal friction angle for a variety of rock types (Goodman, 

1980). 

Rock Type Cohesion (MPa) 

Berea Sandstone 27.2 

Muddy Shale 38.4 

Stone Mt. Granite 21.2 

Georgia Marble 21.2 

Sioux Quartzite 70.6 

Indiana Limestone 6.7 

 

 2.2.2 Internal Friction Angle () 

The size and shape of particle grains exposed on a fracture surface during failure determine the 

internal friction angle of the rock. Granular rocks like sandstone and siltstone have different friction 

angles depending on their grain size. Rocks can be categorized into three groups based on their 

grain sizes (fine, medium, and coarse). Fine-grained rocks like schists and shales generally have 

low internal friction angles. Medium-grained rocks like sandstones, siltstones, and gneiss have 

medium internal friction angles, and coarse-grained rocks like basalt, granite, limestone, and 

conglomerate have high internal friction angles. Table 2.2 shows a typical range of internal friction 

angles for various rock types (Barton 1973, and Jaeger and Cook 1976). Besides grain size, 

asperity, surface roughness, and shape of grains can also affect the internal friction angle. Hence, 

laboratory testing of rocks should be conducted to determine the internal friction angle precisely.  
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Table 2.2: Typical range of internal friction angles for various rock types (Wyllie et al., 

1996). 

Rock Class  Range (Degree) Typical Rock Type 

Low Friction 20 to 27 Schists, Shale, Marl 

Medium Friction 27 to 34 Sandstones, Siltstones, Gneiss, Chalk, Slate 

High Friction 34 to 40 Basalt, Granite, Limestone, Conglomerate 

 

2.3    Failure Criteria Overview 

The rock failure criterion describes the shear strength of rock under different normal stresses. A 

failure criterion, either linear or nonlinear, describes the maximum shear stress at maximum 

normal stress 𝜎𝑛 at which the rock will fail. The failure behavior depends upon the rock type, 

applied confinement, and rock mass discontinuities. Some other principal factors are mineral 

composition, bedding, water content, and state of stress in the rock mass. Rock failure criteria 

can be classified as isotropic or anisotropic depending on their application on rocks that exhibit 

anisotropic behavior or not. In the case of anisotropic rocks like shale, Ambrose et al. (2014) 

from the computed tomography (CT) scans reported that shales at bedding angles (β) of 0 

degree to 10 degrees and at 90 degrees show tensile failure, shales at 45 degrees to 75 

degrees show shear failure along the plane of weakness, and shales between 15 degrees to 30 

degrees show transitional failure i.e., mixed failure mode of tensile and shear. Similar findings 

were reported by Tien et al. (2006) for reconstituted argillaceous rocks under unconfined 

conditions. The failure mode is also found to be dependent on confining pressure as most 

unconfined compression tests showed brittle failure and as the confinement is increased, the 

failure mode gradually changed to ductile failure.  

Many failure criteria have been proposed by researchers over the decades. The failure criteria 

discussed in this research are the Mohr-Coulomb (MC) failure criterion and the HB failure 

criterion because of their wide acceptance in engineering practice, mainly due to their simplicity 

and the sheer volume of experimental data available. The MC and HB are linear and nonlinear 

failure criteria, respectively.  

2.3.1     Mohr-Coulomb (MC) Failure Criterion 

The MC criterion is a linear failure criterion most widely used for quasi-brittle material like rocks. 

This criterion is commonly used in engineering practice because its material parameters have a 

clear physical meaning in terms of cohesion and internal friction angle. This criterion assumes 

that failure is controlled by maximum shear stress and the shear stress at failure depends on 
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the normal stress. It also assumes that the intermediate principal stress (𝜎2) doesn't affect the 

failure. The MC failure line is a straight line that best touches the Mohr circles as shown in 

Figure 2.7 and given by the equation in Figure 2.10. The MC failure criterion can be written as a 

function of major and minor principal stresses or normal and shear stresses. MC can be plotted 

in the major and minor principal stress plane or a normal and shear stress plane (Jaeger and 

Cook 1979). The derivation of the Mohr-Coulomb failure criterion in the normal stress ( ) vs 

shear stress () 2D plane is described by the equations presented in Figures 2.8, 2.9, and 2.10. 

 

Figure 2.7: Illustration of Mohr-Coulomb failure criterion in 2D. 

 From the Mohr circles we have, 

 

Figure 2.8: Equation. Normal stress. 

 

Figure 2.9: Equation. Shear stress. 

Where 𝑚  is the maximum shear stress; 𝜎𝑚 is the mean principal stress; 𝜎1 and 𝜎3 are the major 

and minor principal stresses respectively.  

The Mohr-coulomb criterion can therefore be written as. 

 

Figure 2.10: Equation. Mohr- Coulomb criterion. 
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The normal stress (𝑛) and shear stress (𝑛) on a failure plane (Figure 2.13) are given by the 

equations shown in Figures 2.11 and 2.12, respectively. 

 

Figure 2.11: Equation. The normal stress on a failure plane. 

 

Figure 2.12: Equation. The shear stress on a failure plane.             

 

Figure 2.13: 𝝈𝒏 and 𝝉𝒏 are the normal and shear stresses acting on the failure plane. 

2.3.2 HB Failure Criterion 

HB failure criterion (1980) is a nonlinear failure criterion that was derived from the brittle fracture 

criterion of intact and jointed rock mass (Griffith 1924). Hoek focused on rock fracture 

propagation and failure of rock samples following fracture initiation in the compression stress 

field, whereas Griffith's theory predicted failure strength in the tensile stress field.  

The HB criterion given by the equation in Figure 2.14 is based on the major principal stress (𝜎1) 

and minor principal stress (𝜎3) at failure and is a function of UCS or 𝜎𝑐𝑖, the rock mass constant 

𝑚𝑏 , and HB fitting coefficients 𝑎 and 𝑠, which depend upon the characteristics of the rock mass 
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(Hoek and Brown 1980). This criterion assumes that the rock is isotropic and doesn't consider 

tensile failure, i.e., neglects the value of confining pressure less than 0.  

The rock material constants 𝑎, 𝑠, and 𝑚𝑏 can be calculated using the equations shown in 

Figures 2.15, 2.16, and 2.17, respectively, based on the geological strength index (𝐺𝑆𝐼) and 

disturbance factor (𝐷). The 𝑚𝑏 constant for a rock mass is also related to the constant 𝑚𝑖  for an 

intact rock. 

 

Figure 2.14: Equation. The HB criterion. 

 

Figure 2.15: Equation. The material constant (a). 

 

Figure 2.16: Equation. The material constant (s). 

 

Figure 2.17: Equation. The material constant (𝒎𝒃). 

The GSI can be estimated directly from Rock Mass Rating (RMR), and the 𝐷 factor depends on 

the degree of disturbance that the rock suffers during blast damage and stress relaxation. The 

generalized HB criterion (Figure 2.18) for an intact rock can be derived by substituting the 

constants 𝑠 = 1 and 𝑎 =  0.5. 

 

Figure 2.18: Equation. The generalized HB criterion for intact rock.
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CHAPTER 3: LABORATORY ROCK TESTING AND MEASUREMENTS 

3.1 Introduction 

Mechanical properties of natural rocks vary significantly due to rock texture, discontinuities, 

bedding, and mineral composition. This variation is due to their mineralogy, geological age, 

formations, and other natural processes. Anisotropic rocks have highly variable mechanical 

properties which cannot be easily reproduced (Jaeger et al. 2007). Laboratory measurement of 

the mechanical properties of different rock types is necessary to evaluate their failure behavior, 

mechanical properties, and strength parameters.  

This study included various rock types (sandstone, siltstone, shales, etc.), tested at varying 

confining pressure. The rock samples collected from Wyoming include both drilled cores and 

surface boulders. Intact rock samples were tested for at least one unconfined compression test 

and several triaxial compression tests at different confinements. Uniaxial and triaxial 

compression tests were performed at the Engineering laboratory of the University of Wyoming in 

accordance with the ASTM D7012 (2014). For the compression triaxial tests, the stress 

condition of 𝜎1 > 𝜎2  =  𝜎3 is applied.   

3.2 Preparation of Rock Specimens 

According to the ASTM standard, a specific specimen size must be attained before proceeding 

with the mechanical testing of the rock specimen. The height-to-diameter ratio of the tested 

specimen should be equal to or greater than two but not less than two.  

3.2.1 Drilling of Rock Specimens from Surface Rock Boulders 

The drilling equipment used for rock coring is a 1200 hp top drive table drill from Ancker drilling 

company. Figure 3.1 shows a schematic representation of the drilling process using the Ancker 

drill. For the top drive drill, thrust (force) was applied from the top and the torque generated due 

to the spinning of the drill bit cuts through the rock boulder as shown in Figure 3.1c and Figure 

3.1b. Once the drill bit passed through the rock, the drill bit is lifted with the drilled rock core 

inside it as shown in Figure 3.1c. Figure 3.2 shows the drill used to core rock specimens from 

surface rock boulders. It has four adjustable drilling speeds of 250 rpm, 500 rpm, 800 rpm, and 

1400 rpm. Drill bits with outer diameters of 32mm and 57mm were used for drilling 25mm and 

50mm diameter rock specimens, respectively. The drill bits are especially designed for wet 
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drilling using a sufficient supply of water during the drilling to prevent the damage of the drill bits 

by overheating. The dry drilling can be done on soft rocks that break with water.  

 

Figure 3.1: Rotary drilling of cores from rock boulders. 

 

Figure 3.2: Drilling equipment and setup for rocks. 

The rock boulder to be drilled must be fastened tightly on the table before drilling. Although 

many setups can be used to fasten the rock onto the table, 2×4 Irwin quick grip clamps and C-

clamps as shown in Figure 3.3a were found to be adequate. The drilling process could 

encounter several problems if the rock boulder was not held properly. First, if the boulder is not 
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fastened properly, it might get thrown off the table during drilling. Second, if the rock is allowed 

to move during a high-speed rotation, the drill bit could hit the rock and cause rock vibration, 

preventing the drilling through the rock. This could break the rock specimen as shown in Figure 

3.3b. Lastly, if the boulder moves or shifts during the drilling process, a perfectly vertical and 

straight cylindrical rock specimen cannot be obtained. A similar setup was made when drilling 

smaller diameter cores from large diameter rock cores. 

 

Figure 3.3: (a) Fastening the rock boulder on the table using clamps, and (b) broken rock 

sample. 

After fastening the rock boulder on the table underneath the drill bit, a rotation speed of the drill 

bit was chosen depending on the rock’s hardness. For hard rocks like the gneiss and volcanic 

breccia, a slower drilling speed of 250-500 rpm with a full supply of water to cool the drill bit is 

recommended. Using a higher rotation speed risks damaging the drill bit and takes a lot more 

effort to push the drill bit through the rock. On the other hand, a higher drilling speed of 850-

1400 rpm with a controlled water supply is recommended for soft rocks like sandstones and 

shales. The longer the soft rocks are subjected to the vibration effect from the rotatory drill, the 

more likely breakage will occur.  

After fastening the rock boulder and determining the drilling speed, the drill bit was lowered 

using the lever control shown in Figure 3.3. For soft rocks, the lever should be held to maintain 

a constant force and achieve smooth drilling through the rock. For hard rocks, force should be 
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applied to the lever to facilitate rock drilling and prevent idle rotation in one place. Before and 

after the drilling process, the lever should be held tightly and fixed in place to avoid sudden 

falling of the drill setup and risk of breakage of the drill bit, bottom table, rock sample, or injury.  

The operation process produces deafening sounds and splashes of water, so it is important to 

wear ear and eye protection gear during drilling. The drill bit rotates at very high speed to 

produce the torque required for drilling the rock, it is thus very important to not wear loose 

clothing during the drilling process as it might get in contact with the rotating drill and cause 

injuries. Figure 3.4a shows the drilled sandstone sample and Figure 3.4b shows four long 

cylindrical rock cores obtained from the rock boulder. 

 

Figure 3.4: (a) Drilled rock boulder, and (b) drilled rock cores. 

3.2.2 Cutting of Rock Cores 

After the rock cores were extracted from the rock boulder, the rock core length was cut to obtain 

a length-to-diameter ratio (L/D) equal to 2. The rock cutting was accomplished using the 178mm 

portable wet cutting saw equipment shown in Figure 3.5. The cutting equipment has a 178mm 

continuous rim diamond blade, and water was used during the cutting process to keep the blade 

cool. The excess water from the tabletop was collected in a tray. The cutting equipment has a 

scale printed on the top and an adjustable linear guide that can be fixed at the desired distance 

from the saw to get a precise cut. The equipment can reach a saw cutting speed of up to 3400 
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rpm. The housing is made from anti-fire plastic material, and the tabletop is stainless steel. The 

equipment must be cleaned before and after each cutting operation to ensure the best cutting 

performance. The sample should be held tightly during cutting to get a smooth and even cut. 

Care should be taken while cutting as the blades of the cutting saw are exposed and injuries 

may occur if the hands touch the running blade. During the cutting process, a lot of water is 

splashed onto the body and eyes, thus wearing proper safety gear is highly recommended. 

 

Figure 3.5: Equipment for cutting and trimming rock specimens. 

3.2.3 Rock Trimming and Polishing 

After the rock specimens were cut to their desired lengths, both ends of the rock specimens 

were trimmed and polished to obtain a uniformly planar surface for testing as the top and bottom 

of the test specimen should be parallel to each other and perpendicular to the longitudinal axis. 

The finished top and bottom surfaces should not exceed the tolerance of 0.0254 mm (ASTM 

D4543 2008). Care should be taken while polishing softer rocks like sandstone to avoid 

breaking at the edges or making it too short. The polishing is accomplished by rotating the rock 

specimen and the milter gauge worktable assembly with an attached sanding belt shown in 

Figure 3.6. The aluminum worktable can be tilted from 0 to 45 degrees, and the sanding belt 

sander is 10×91 cm. There are two cast aluminum worktables for vertical and horizontal 

polishing. The maximum disc speed is 3450 rpm. A milter gauge is provided to fix the rock 
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specimen's proper angle, and a vacuum is connected to the machine to collect the produced 

dust particles.   

 

Figure 3.6: Polishing equipment with a sanding belt. 

3.3 Rock Testing System 

There were two types of rocks tested in the laboratory. Hard rocks were tested using the GCTS 

rapid Triaxial rock testing equipment RTR-1500, and soft soil-based rocks were tested using the 

GeoJac triaxial equipment.  

3.3.1 GCTS Rapid Triaxial Rock (RTR-1500) Testing Equipment 

The GCTS Rapid Triaxial Rock (RTR-1500) testing equipment shown in Figure 3.7 was used for 

the unconfined compression test and the triaxial test of the hard rock specimens. An automatic 

hydraulic lift and sliding base, a triaxial cell made of stainless steel, and two pressure 

intensifiers for controlling the cell and pore pressures are provided in the setup. The triaxial cell 

can accommodate cylindrical specimens of up to 75 mm. The equipment has a load frame with 

a stiffness of 1.75 MN/mm. This equipment is a digitally regulated closed-loop servo control of 

the axial actuator and is operated using a computer as shown in Figure 3.8. The setup includes 

a fully integrated SCON-2000 digital signal controller and CATS-TRX-ROCKS software. GCTS 

RTR-1500 has a rapid, easy, and safe operation with automated cell assembly and meets the 

specifications of the ISRM and ASTM standards for triaxial testing of the rock samples.  
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The axial load actuator has a capacity ranging up to 1500 kN and the triaxial cell can apply a 

maximum confining pressure of 140 MPa. The confinement was applied using an oil-filled 

stainless-steel chamber inside the frame. For confinement, a pressure intensifier for cell 

pressure was used. The pressure intensifier is housed inside a metal cabinet and includes a 20-

liter fluid reservoir, precise analog gauges, high pressure valves, and flow indicators. Both the 

cell and pore pressure intensifiers have a pressure transducer and linear variable differential 

transformer (LVDT) connected allowing for the servo control as a function of pressure, fluid 

volume control, or any other measured or calculated test parameter. A heat-shrink membrane 

was used to protect and separate the rock specimen from the oil. The connected computer 

controls the testing system and can be programmed for testing at different ASTM testing 

standards. The equipment was set up for testing 25 mm and 50 mm diameter rock specimens.  

Two axial and one radial strain linear variable differential transformers (LVDTs) were used for 

strain measurements. At the bottom, feed-through lines from the radial LVDT, axial LVDT’s and 

top & bottom platen were connected to measure the deformation and post-failure behavior 

studies. The equipment is also equipped with an ultrasonic measurement capacity to yield P-

wave and S-wave velocities. The high-performance equipment has a servo-controlled axial 

actuator used to control the maximum deformation of the axial strain for automatically 

completing the triaxial test.  

 

Figure 3.7: GCTS RTR-1500 triaxial testing equipment. 
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Figure 3.8: Computer operated SCON controller for RTR 1500 triaxial testing equipment. 

3.3.2 GeoJac Triaxial Equipment 

The GeoJac triaxial equipment shown in Figure 3.9 is a compact and lightweight automated 

testing system for the mechanical testing of soil-based rock specimens. The machine has an 

axial load capacity of 9 kN and a 0.38 m stroke that can be configured to perform various triaxial 

tests. The setup is operated using a computer system that can be programmed to perform 

unconsolidated undrained (UU), consolidated undrained (CU), and consolidated drained (CD) 

tests. The test setup consists of a load actuator mounted on two vertical stands which can be 

used to automate the three triaxial test types. The GeoJac equipment can perform testing under 

a closed-loop control of axial deformation, load, or pressure.  

The triaxial tests were mainly conducted under a controlled axial deformation, with 15 percent 

as the peak strain As the rock specimens are soil-like, it undergoes bulging when the load was 

applied, hence for the safety of equipment and to avoid the destruction of samples, the test was 

stopped at a 15 percent strain limit. The specimen can be sheared in various modes like 

constant deformation rate, constant rate of loading, or a series of step loads to reach the final 

axial deformation value. The GeoJac device has a cylindrical glass side wall placed on the base 

part with a bottom pedestal to place the rock specimen. The top of the cylindrical sidewall is 

mounted with the piston setup. Water is used to apply uniform confining pressure to the 

specimen during the test, and the device can withstand a confining pressure of up to 0.55 MPa. 

A plastic membrane was used to protect the rock specimen from the water. A cell pressure 



25 
 

sensor was placed on the top part of the cell chamber to take the Stress-strain measurements 

during the shearing stage. 

 

Figure 3.9: GeoJac equipment setup in UW laboratory. 

3.4 Rock Testing Procedure 

3.4.1 GCTS Rapid Triaxial Rock Testing Procedure 

The height, diameter, and weight of each rock specimen were measured as shown in Figure 

3.10. The specimen was then placed between the bottom and top platens. A heat-shrink tubing 

was then wrapped on the rock specimen using a heat gun. A steel chain for the radial LVDT 

sensor was wrapped around the mid depth of the rock specimen. For the measurement of the 

axial deformation of the specimen, two axial LVDTs are inserted vertically through the two rings, 

and for the measurement of the radial deformation, the radial LVDT was inserted horizontally 

through the chain as shown in Figure 3.11.  

The installed specimen setup was then slid into the loading frame and beneath the cylindrical 

cell wall, and the cell wall was lowered and closed. The cell wall was then filled with oil, and the 

desired confining pressure was applied to the rock specimen. The initial seating pressure of 50 

psi was applied before the shearing stage. The rock was then subjected to an axial shearing 

stage using a controlled axial strain setup at a constant strain rate of 0.1 percent per minute for 

hard rocks and 0.05 percent per minute for softer rocks. The rock failed, and the test was 
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stopped. After that, the specimen's failure plane and failure angle were determined as shown in 

Figure 3.12. The results of the confining stage and the shearing stage were stored in two 

separate files for analysis. 

 

Figure 3.10: Measurement of height, diameter, and weight of each rock specimen. 
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Figure 3.11: Triaxial setup with three LVDT sensors. 

 

Figure 3.12: Rock specimen after testing. 
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3.4.2 GeoJac Triaxial Procedure 

The height, diameter, and weight of the specimen were measured. A porous stone was placed 

on the base pedestal, followed by filter paper. The rock specimen was placed on top of filter 

paper followed by a top filter paper and the top pedestal. The specimen was wrapped in a 

rubber membrane that was held tightly against the top and bottom platens using O-rings. The 

specimen was enclosed in the cylindrical glass cell wall, and a piston was placed on the top of 

the cell wall, which was fixed in place using three rods as shown in Figure 3.13a. The cell was 

then filled with water, and the cell pressure was changed to confining pressure using the valve 

in a red circle (Figure 3.13b). We then unlocked the top piston to allow the application of axial 

load and the specimen was then sheared until the axial strain reached the maximum limit of 15 

percent. The applied strain rate should fall between 0.3 percent to 1 percent per minute so that 

failure occurs in more than 15 minutes. The specimen during loading and at failure is shown in 

Figure 3.14a and Figure 3.14b. The experimental data was then recorded and saved for further 

analysis. 

 

Figure 3.13: (a) GeoJac triaxial setup, and (b) switchboard for applying confining 

pressure. 
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Figure 3.14: (a) Application of axial load during the shearing stage, and (b) final deformed 

shape of the specimen. 

3.5 Determination of Porosity 

The porosity (n) is the total volume inside a rock for the passage and storage of fluid and gas. It 

can be represented as 1 − (𝑉𝑠/𝑉) , where 𝑉𝑠 is the volume of rock solid, and 𝑉 is the total 

volume of the rock. The porosity of a rock is intrinsic to the rock's bulk matrix, which controls the 

flow and transport processes inside the rock that typically decreases with age and depth of 

burial and differs with rock type, pore distribution, and composition. Depending upon the rock 

type, porosity can be determined using the saturation method or calculated using the measured 

specific gravity of rock solid. The saturation method is suitable for harder rocks that would not 

break or integrate in water while the specific gravity method is recommended for softer rocks 

that break or disintegrate on the action of the water.  

3.5.1 Porosity Determination Using the Specific Gravity Method 

To determine a rock's porosity using this method, we first determine the specimen specific 

gravity (𝐺𝑠) and water content. The specific gravity was determined using the AASHTO-100 

standard test method. The rock specimen was ground into solid particles and tested using the 

calibrated 250 ml Pycnometer. The dry weight, weight of Pycnometer filled with de-aired water, 
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and temperature were noted. The weight of the Pycnometer with water at 2 degrees above and 

below the measured temperature was calculated. Solid particles between 30-40 gm are added 

to ¾ full Pycnometer and vacuumed for 10 minutes as shown in Figure 3.19 left. The 

Pycnometer was then filled up to the mark, and its weight was measured. The whole mix was 

then transferred onto an evaporating dish, leaving no solid particles in the Pycnometer. The flow 

of the mixture coming out from the Pycnometer was controlled by lowering the lip above the 

water as shown in Figure 3.19 right. The evaporating dish with the mixture was placed inside 

the oven for at least 24 hours to dry out the water completely. The weight of the evaporating 

dish with the remaining solids was measured and deducted from the empty weight of the dish to 

get the weight of the solids. The calculation of the specific gravity is then given by Figure 3.15 

below. 

 

Figure 3.15: Equation. Specific gravity formula. 

The specific gravity can be calculated using the equation below for 𝐾 selected based on 

temperature 𝑇𝑜 using the equation shown in Figure 3.16. 

 

Figure 3.16: Equation. Specific gravity calculation at temperature of 20⁰C. 

 
Where 𝐾 is the correlation factor, 𝑊𝑜 is the dry weight of solids, 𝑊𝑎 is the weight of Pycnometer 

and de-aired water, 𝑊𝑏 is the weight of Pycnometer, solid, and de-aired water. 

After Specific gravity, we determined the water content of the rock specimen. The moist weight 

of the rock was measured and oven-dried for at least 24 hours before measuring the dry weight. 

Then we calculated water content from these two weights using the equation shown in Figure 

3.17, 

 

Figure 3.17: Equation. Water content formula. 

 
Where 𝑊1 = empty weight of a can, 𝑊2 = weight of the can and moist rock specimen before 

drying, and 𝑊3 = weight of the can and rock specimen after oven-drying. 
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When the porosity and water content of the rock had been measured, we then measured the 

height (L) and diameter (D) of an intact rock specimen in inches and the moist weight of the rock 

specimen (Wm) in grams. We calculate the intact rock's volume, dry weight, and dry bulk density 

(ρ) and determine the porosity of the intact rock by 

 

Figure 3.18: Equation. porosity of intact rock formula. 

 

            

 

Figure 3.19: (a) Vacuuming the sample and deaired water mix, and (b) pouring the mix 

into evaporating dish for drying. 

3.5.2 Porosity Determination Using the Saturation Method 

The rock specimen is prepared to be tested with length (𝐿) and diameter (𝐷) such that 
𝐿

𝐷
≥ 2. 

The rock specimen is then placed inside an oven to dry for at least 24 hours, and the dry weight 

of the rock (𝑊𝑑) is measured. The oven-dried sample is then placed inside the saturation vessel 

as shown in Figure 3.21 left, and the vacuum is turned on for 24 hours as shown in Figure 3.21 

right. After 24 hours, the first saturated weight is taken, and the vacuum is turned on again for 

the next 24 hours. This process is repeated until the difference in the last two consecutive 

weights is less than 1 percent. The previous weight measurement is noted as 𝑊𝑠. From the 
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length and diameter, the volume of the intact rock specimen is calculated, and the porosity of 

the rock is calculated using the equation shown in Figure 3.20, 

 

Figure 3.20: Equation. The porosity of rock. 

Where, 𝑊𝑠 is the saturated weight, 𝑊𝑑 is the dry weight, 𝐷𝑤 is the density of water and 𝑉 is the 

volume of the rock. 

       

Figure 3.21: (a) Saturation vessel, and (b) saturation vessel connected to vacuum. 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

  

a b 
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CHAPTER 4: BEDROCK DATABASE AND TEST RESULTS 

Fifty-six rock samples were collected from different locations around the State of Wyoming. 

These samples were a mix of different rock types, formations, geologic ages, and depths. 

Figure 4.1 shows the location of the individual samples on the geographical map of Wyoming. 

Each sample was identified with an identification number from 1 to 56. Among the 56 samples, 

six samples (3, 7, 8, 26, 38, and 52) were not usable for various reason ns indicated in Table 

4.1, and hence, 50 rock samples are considered usable. 

4.1 Master Summary of Tested Samples 

The information about individual samples obtained is shown in Table 4.1. Representative rocks 

from all four geological eras; Precambrian, Paleozoic, Mesozoic, and Cenozoic were collected 

and tested in this project. The samples also represent all three geological rock types: Igneous, 

Sedimentary, and Metamorphic. The samples collected were a mixture of surface boulders and 

rock cores obtained from a depth up to 65 m so that the strength properties of rocks can be 

compared for all major civil engineering applications. 

The number of samples based on rock types, ages, and depths are shown in Tables 4.2, 4.3, 

and 4.4, respectively. Table 4.2 shows 13 rock types collected and tested in this project, their 

geological type, and the count of each rock type. Table 4.3 shows the list of geological ages, 

their respective geological era, and the count of rock samples from each geological age. Table 

4.4 shows the number of rock samples that are obtained either as a surface boulder or from a 

subsurface depth by various coring methods. 

Table 4.2 shows that sandstone (30.36 percent), siltstone (23.24 percent), and shale (14.29 

percent) made up the majority of rock samples used in this study; hence most of the rock 

samples are sedimentary rocks. Other notable rock types encountered were limestone (7.14 

percent), granite (5.36 percent), and claystone (5.36 percent). Other less notable rock types 

were amphibolite (1.79 percent), anorthosite (1.79 percent), conglomerate (3.57 percent), 

dolostone (1.79 percent), gneiss (1.79 percent), volcanic breccia (1.79 percent), and welded tuff 

(1.79 percent). 
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Figure 4.1: Location of tested samples with their formation names (Esri ArcGIS 10.3). 
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Table 4.1: Summary of 56 rock samples with different identifications, ages, formations, types, depths, and locations. 

Sample 
ID 

Period Formation Rock Type Depth (m) Location Comments 

1 Miocene Ogallala Claystone 19.82-20.20 Terry Ranch Road  

2 Cretaceous Cody Shale Shale 15.55-16.16 Walsh Drive, Casper  

3 Jurassic Morrison Shale 1.92-2.80 Narrow Backslope 
Dried out and short 

length of cores 

4 Cretaceous Undifferentiated Shale 13.11-13.72 Mail Cabin Landslide  

5 Permian Goose Egg Siltstone 3.57-3.96 Toms Pit  

6 Jurassic Sundance Siltstone 8.08-10.06 Lower Red Canyon Slide  

7 Cretaceous Aspen/Bear River Siltstone 12.04-13.48 Bear River Slide 3 
Dried out and short 

length of cores 

8 Eocene Pass Peak Clayey Siltstones 13.72-17.62 Spud Slide 
Dried out and short 

length of cores 

9 Oligocene Wiggins Volcanic Breccia 64.82-65.43 The Rock, Togwotee Pass  

10 Cretaceous Cloverly Conglomerate 28.02-29.09 Narrows Backslope  

11 Eocene Wasatch Siltstone 17.80-21.80   

12 Paleogene White River Siltstone 21.68-23.05   

13 Cretaceous Aspen/Bear River Siltstone 10.43-11.04 Swinging Bridge  

14 Cretaceous Cody Shale Shale 17.93-23.78 North Platte River Bridge  

15 Cretaceous Cody Shale Shale 13.11-16.16 Walsh Drive  

16 Cambrian Flathead Sandstone 3.05-19.97 Ski Area Slide  

17 Cretaceous Cloverly Sandstone 29.88-30.55 Narrows Backslope  

18 Jurassic Sundance Sandstone 0.91-17.68 Lower Red Canyon Slide  

19 Cretaceous Aspen/Bear River Sandstone 6.10-12.50 Hoback Jct. Bridge  

20 Cretaceous Aspen/Bear River Sandstone 8.08-10.73 Hoback Jct. Bridge  

21 Paleocene Fort Union Shale 14.63-16.16 Tongue River Bridge  

22 Cretaceous Cody Shale Shale 15.55-18.14 F-St. Bridge over North Platte  

23 Cretaceous Lance 
Graywacke 
Sandstone 

Surface MP 65.8, US 120, South of Cody  

24 Cretaceous Lance Siltstone Surface MP 65.8, US 120, South of Cody  

25 Mississippian Madison Limestone Limestone Surface 
MP 122.5, US20/WY789, Wind River 

Canyon 
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Sample 
ID 

Period Formation Rock Type Depth (m) Location Comments 

26 Eocene Willwood Sandstone Surface Paddy Pit, Hot Springs County 
Rock boulder broke 

during drilling and no 
cores were extracted 

27 Permian Goose Egg Limestone Surface Toms Pit, Washakie County  

28 Precambrian No Designation Granite Surface MP 7.6, WY 296  

29 Archeon No Designation 
Hornblende 

Gneiss 
Surface MP 56, US16, Powder River Basin  

30 Cretaceous Bear River Siltstone 11.59-13.41 Bear River Slide  

31 Pennsylvanian Tensleep Sandstone Sandstone Surface MP 44.3, US16/14/20 West of Cody  

32 Lower Miocene Arikaree 
Coarse 

Sandstone 
Surface TY Bluff Road  

33 Lower Miocene Arikaree 
Medium 

Sandstone 
Surface I25 cut at Chugwater  

34 Lower Miocene Arikaree Siltstone Surface East I25 Frontage Road, MP 38  

35 Paleogene Hanna Siltstone 57.01-57.93 Hanna Power Pole  

36 Triassic Chugwater Siltstone Surface 
US20/WY789, MP 112.9, Red Bed 

Slide 
 

37 Miocene Ogallala Siltstone 24.70-29.27 Terry Ranch Road, Cheyenne  

38 Paleogene Hanna Claystone 
9.45-13.41, 
20.12-22.56 

Hanna Power Pole 

Only two testable 
samples, other cores 

were too short for 
testing 

39 Paleogene Hanna Fine Sandstone 43.60-47.87 Hanna Power Pole  

40 Paleogene Hanna Shale 32.32-35.37 Hanna Power Pole  

41 Paleogene Hanna 
Coarse 

Sandstone 
23.17-26.22 Hanna Power Pole  

42 Jurassic Twin Creek Limestone Surface MP 94.7, US89, North of Afton  

43 Eocene Wind River 
Medium 

Sandstone 
Surface MP 95.5, US20/26, East of Shoshoni  

44 Eocene Wind River Silty Claystone Surface MP 95.5, US20/26, East of Shoshoni  

45 Ordovician Big Horn Dolomite Dolostone Surface MP 45.05, US14/16/20  
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Sample 
ID 

Period Formation Rock Type Depth (m) Location Comments 

46 Cambrian Gros Ventre 
Limestone 

Pebble 
Conglomerate 

Surface MP 45.1, US14/16/21  

47 Devonian Jefferson Formation Limestone Surface MP 44.84, US14/16/22  

48 Eocene Absoraka Supergroup Welded Tuff Surface MP 23.6, US 14/16/23  

49 Eocene Bridger 
Medium 

Sandstone 
Surface MP 3.0, WY530  

50 Paleocene Fort Union 
Medium 

Sandstone 
Surface MP 131, I-80  

51 Paleocene Fort Union Fine Sandstone Surface MP 206, I-80  

52 Proterozoic Sherman Granite 
Granite 

Pegmatite 
Surface MP 422.6, US 287 

Rock boulder broke 
during drilling and no 
cores were extracted 

53 Proterozoic Lac Wheatland Anorthosite Surface MP 25, WY34  

54 Archeaon No Designation Amphibolite Surface MP 116.6, US20  

55 Proterozoic Sherman Granite Granite Surface MP 28.8, WY210  

56 Permian Casper Sandstone Surface MP 323.6, I-80  

Note: M‒Medium; MP‒Mile post.
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Table 4.2: Summary of rock sample counts based on rock types. 

Rock Type Geological Rock Type Count 
Weightage 
(Percent) 

Amphibolite Metamorphic 1 1.79 

Anorthosite Igneous 1 1.79 

Claystone Sedimentary 3 5.36 

Conglomerate Sedimentary 2 3.57 

Dolostone Sedimentary 1 1.79 

Gneiss Metamorphic 1 1.79 

Granite Igneous 3 5.36 

Limestone Sedimentary 4 7.14 

Sandstone Sedimentary 17 30.36 

Shale Sedimentary 8 14.29 

Siltstone Sedimentary 13 23.21 

Volcanic Breccia Igneous 1 1.79 

Welded Tuff Igneous/Sedimentary (Pyroclastic) 1 1.79 

 

Based on the geological age of rocks summarized in Table 4.3, most rock samples were from 

the Cretaceous Period (26.79 percent), followed by Eocene (12.5 percent), Paleogene (10.71 

percent), Miocene (8.93 percent), Jurassic (7.14 percent), Permian (5.36 percent), and 

Paleocene (5.36 percent). This suggests that most rock samples were from the Mesozoic era 

(252-66 million years ago) and the Cenozoic era (66 million years ago to present). The details of 

the geological time scale are discussed in Table 4.3 

 

Table 4.3: Summary of rock sample counts based on geological ages and eras. 

Geological Period Geological Era Count 
Weightage 
(Percent) 

Miocene Cenozoic 5 8.93 

Cretaceous Mesozoic 15 26.79 

Jurassic Mesozoic 4 7.14 

Permian Paleozoic 3 5.36 

Eocene Cenozoic 7 12.50 

Oligocene Cenozoic 1 1.79 

Paleogene Cenozoic 6 10.71 

Paleocene Cenozoic 3 5.36 

Mississipian Paleozoic 1 1.79 

Precambrian Precambrian 1 1.79 

Archeon Precambrian 2 3.57 

Pennsylvanian Paleozoic 1 1.79 

Triassic Mesozoic 1 1.79 

Ordovician Paleozoic 1 1.79 

Cambrian Paleozoic 1 1.79 

Devonian Paleozoic 1 1.79 

Proterozoic Precambrian 3 5.36 
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The rock samples were collected either as surface boulders or rock cores from drilling. One or 

two-inch diameter rock specimens were drilled out from the surface boulders using the drilling 

machine for testing described in Chapter 3. Table 4.4 indicates that the number of rock samples 

collected as surface boulders and rock cores were almost equal at 48.21 percent and 51.79 

percent, respectively. The stress-strain plots of all tested specimens in addition to the post 

failure pictures are given in Appendices A (Khatri 2022). 

Table 4.4: Summary of rock sample counts based on rock depths. 

Sample No. Rock Depth Count 
Weightage 
(Percent) 

1 Surface 27 48.21 

2 Rock cores from subsurface drilling 29 51.79 

 

4.2 Sandstones 

Among the 17 sandstone samples tested, ten samples were obtained as surface boulders, and 

7 samples were obtained as rock cores drilled out from various projects around the state. Figure 

4.3 shows the description of the tested sandstone samples, and Figure 4.4 shows the location 

map of the sandstone samples. The specimens were prepared at either 25mm diameter or 

50mm diameter. The length to diameter ratio (L/D) ratio of the test specimen was maintained 

between 2 to 2.5 and the top and bottom of the test specimen should be parallel to each other 

and perpendicular to the longitudinal axis. The finished top and bottom surfaces should not 

exceed the tolerance of 0.0254 mm (ASTM D4543 2008). The length and diameter of all the 

specimens are provided in Figure 4.3.  

The water content of the tested sandstones ranged from 0.14 percent to 6.58 percent. It is 

desirable to have the lowest possible water content as the presence of moisture in a 

sedimentary rock like sandstone can cause a drastic reduction in its compressive strength by 

the reduction of the fracture toughness and friction coefficient (Corentin Noël 2021). In a study 

of 35 British sandstones by Hawkins & McConnell (1992), they found that the sensitivity of 

sandstone to the effect of water content depends on the quartz and clay mineral content. 

Sandstones with higher amounts of quartz, a principal constituent of the sandstone, and low 

clay content were found to be less susceptible to moisture.  

The amount of quartz also affected the specific gravity of sandstones. The higher the quartz 

content, the closer the specific gravity of sandstone to 2.65, which is the specific gravity of 

quartz. The specific gravity of the tested sandstones is found to be between 2.556 to 2.725. The 
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compressive strength of sandstones reduces as the porosity of the rock increases (Martin and 

Chandler 1994, Hoek and Martin 2014, Eremin 2020, and Corentin Noël 2021). The porosity of 

the tested sandstones in this project ranged from a minimum of 3.73 percent to a maximum of 

25.86 percent. 

4.2.1 Individual Test Results    

A series of uniaxial and triaxial compressive strength, porosity, and specific gravity tests were 

conducted on these samples, and the results in terms of Mohr-Coulomb failure parameters, HB 

failure parameters, elastic properties, particle size effect, and crack thresholds are discussed in 

the following subsections. Figure 4.5 consists of the test results of the sandstone samples. The 

confinement, peak stress, β, strain rate while loading, failure mode, failure behavior, and failure 

angle of each tested specimen are provided in Figure 4.5. The Specimen ID nomenclature is not 

in alphabetical order as not all prepared test specimens were used for testing. 𝜖𝑎, 𝜖𝑟, and 𝜖𝑣 in 

the figure legends represent the axial, radial, and volumetric strains, respectively. Some of the 

tests ended in a few seconds generating very few data points and thus, an unusual stress-strain 

plot. The reason for the sudden failure had been attributed to the strain rate, which was too high 

for some specimens. 

4.2.2 Mohr-Coulomb Parameters 

The UCS ranged from 2.54 MPa to 84.48 MPa, the cohesion (c) ranged from 1.1 MPa to 20.34 

MPa, and the internal friction angle ranged from 8 to 56 degrees. The lowest UCS, cohesion, 

and internal friction angle were observed in sandstone from Cretaceous Lance Formation. Table 

4.5 shows the variation of UCS for all sandstone samples. The greatest difference between the 

UCS and cohesion is observed in Wind River Formation of Eocene age (81.17 percent) 

whereas the least difference is seen in Sundance Formation of Jurassic age (32.79 percent). 

This difference is due to the contribution of the internal friction angle. For comparison, we 

calculate the UCS using the equation shown in Figure 4.2 and compare the calculated value 

with the measured UCS. 

 

Figure 4.2: Equation. Uniaxial Compressive Strength (UCS). 

The calculated UCS is higher than the measured UCS in all sandstone formations except the 

Cloverly Formation (Sample ID 17) as shown in Table 4.5. The greatest difference between the 
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measured and calculated UCS values at about 25 percent is seen in Fort Union Formation 

(Sample ID 51) and the least difference at about 3 percent is observed in Lance Formation 

(Sample ID 23). Comparing cohesion with the calculated UCS, the greatest difference increased 

to about 85 percent in Wind River Formation and the lowest difference is seen in Lance 

Formation at about 57 percent.    

 

 

 

 

 



42 
 

 

Figure 4.3: Summary of tested sandstone samples. 
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Figure 4.3 (Continued): Summary of tested sandstone samples. 
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Figure 4.3 (Continued): Summary of tested sandstone samples. 
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Figure 4.4: Location of tested sandstone samples with their formation names (Esri ArcGIS 10.3).
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Figure 4.5: Summary of test results of sandstones. 
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Figure 4.5 (Continued): Summary of test results of sandstones. 
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Table 4.5: Mohr-Coulomb results of tested sandstones. 

Sample 
ID 

Formation 
Measured 

UCS, (MPa) 
Calculated 
UCS, (MPa) 

Cohesion, 
c (MPa) 

Internal 
friction Angle, 

𝝋 (deg) 

16 Flathead N/A 81.61 20.34 37 

17 Cloverly 11.61 10.23 3.45 22 

18 Sundance 9.03 16.70 6.07 18 

19 Aspen/Bear River 22.60 28.77 5.38 49 

20 Aspen/Bear River N/A 84.48 5.52 49 

23 Lance 2.47 2.54 1.10 8 

26 Willwood N/A N/A N/A N/A 

31 
Tensleep 

Sandstone 
55.91 68.27 13.10 48 

32 Arikaree 12.19 15.58 2.76 51 

33 Arikaree 17.01 19.10 3.10 54 

39 Hanna 9.39 12.29 2.48 46 

41 Hanna 9.65 11.05 2.34 44 

43 Wind River 47.61 58.65 8.97 56 

49 Bridger 13.92 15.22 4.48 29 

50 Fort Union 6.00 7.00 1.38 47 

51 Fort Union 26.09 35.00 5.52 55 

56 Casper 39.01 47.41 7.93 53 
Note: UCS‒ Unconfined compressive strength (MPa); N/A ‒Unavailable specimen for testing. 

Comparing the measured with the calculated UCS (Figure 4.2), we observed that for the UCS 

less than 20 MPa, the data points were on or near the one-to-one line; whereas, for UCS 

greater than 20 MPa, the calculated UCS was higher than the measured ones as indicated by 

the points above the one-to-one line in Figure 4.6. This indicated that UCS is likely over 

predicted above 20 MPa.  
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Figure 4.6: Comparison of measured and calculated UCS values. 

4.2.3 HB Parameters 

The non-linear failure criterion proposed by Hoek and Brown (1997) was used to calculate the 

non-linear shear strength of the tested samples. The HB material constant for intact rock (𝑚𝑖) 

was calculated using the statistical method proposed by Hoek and Brown (2019) based on test 

results on a principal axes plane. The HB criterion was applied on the intact rock taking the HB 

parameters 𝑎 = 0.5 and 𝑠 = 1, to estimate the cohesion and internal friction angle. Tensile 

strength (𝜎𝑡) of each rock sample was also back-calculated as discussed in Chapter 2. The HB 

criterion fitting to Mohr circles is presented in Appendices B (Khatri 2022).  

The calculation of the material constant 𝑚𝑖 was conducted from a series of uniaxial and triaxial 

tests performed on intact rock specimens for each sample. In this process, the major and minor 

principal stresses of the tested specimens were plotted, and a curve HB line was fitted through 

the points by substituting 𝑎 = 0.5, 𝑠 = 1, and 𝑚𝑏= 𝑚𝑖 in the generalized HB criterion given by the 

equation in Figure 4.7 in terms of major and minor principal stresses (𝜎1 and 𝜎3) and 𝜎𝑐  is the 

UCS value. The only unknown in the equation is the 𝑚𝑖, which can be easily back calculated. 

The determination of 𝑚𝑖  from the back calculation method was found to provide results that are 

comparable to the values proposed by Hoek and Brown (1997) for sandstones, and hence was 
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preferred in the calculations of the cohesion and internal friction angle. The 𝜎1- 𝜎3 plots for the 

determination of 𝑚𝑖 values are presented in Appendices C (Khatri 2022). 

 

Figure 4.7: Equation. The generalized HB criterion. 

 
At least one UCS and two triaxial tests are required for the determination of 𝑚𝑖 value. Samples 

with fewer than two triaxial tests were not reported.  

Hoek & Brown (1997) and Marinos & Hoek (2000) recommended the range of 𝑚𝑖 values of 

sandstone as 17 ± 4. However, we observed that the calculated 𝑚𝑖  values range from 2.97 to 

66.38, significantly varying from the proposed range. Hoek & Brown (1997) reported that the 

𝑚𝑖 value can vary significantly with different rock β angles as the failure could occur along a 

weakness plane. The difference in 𝑚𝑖 values could be attributed to the effect of bedding of the 

intact rock specimens while the tested intact rock specimens in this study did not show any 

apparent beddings. 

Bandyopadhyay et al. (2013) reported that the indirect tensile strengths of weak and strong 

sandstones measured using the Brazilian method are 1 MPa and 1.40 MPa, respectively. They 

also reported that the UCS and tensile strength are directly proportional to each other. Table 4.6 

shows that the tensile strengths of Arikaree, Fort Union, Aspen/bear River, and Hanna 

Formations were lower than 1 MPa and the rest of the formations were within the range 

reported by Bandyopadhyay et al. (2013). The experimental results except for Sundance and 

Cloverly Formations shown in Figure 4.8 confirmed the direct relationship between UCS and 

tensile strength.  

Table 4.6: HB results of tested sandstones. 

Sample 
ID 

Formation 
𝒎𝒊 

(measured) 
c (MPa) 𝝋 (deg) 𝝈𝒕 (MPa) 

16 Flathead 6.34 22.81 35.00 12.86 

17 Cloverly 2.97 3.52 16.00 3.44 

18 Sundance 4.18 5.27 17.00 3.32 

19 Aspen/Bear River 44.57 4.79 48.00 0.51 

20 Aspen/Bear River 26.36 4.58 51.00 0.88 

23 Lance - - - - 

26 Willwood N/A N/A N/A N/A 

31 Tensleep Sandstone 21.60 11.30 50.00 2.59 

32 Arikaree 49.03 2.40 51.00 0.25 

33 Arikaree 46.88 3.00 55.00 0.37 
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Sample 
ID 

Formation 
𝒎𝒊 

(measured) 
c (MPa) 𝝋 (deg) 𝝈𝒕 (MPa) 

39 Hanna 32.80 2.09 46.00 0.28 

41 Hanna 20.03 2.54 39.00 0.48 

43 Wind River 33.64 7.92 57.00 1.41 

49 Bridger 7.76 4.41 28.00 1.79 

50 Fort Union - - - - 

51 Fort Union 66.38 4.48 56.00 0.39 

56 Casper 30.56 7.48 52.00 1.28 
Note: c‒Cohesion; 𝜎𝑡‒Tensile strength; 𝜑 ‒ Internal friction angle; 𝑚𝑖‒HB parameter; N/A‒Unavailable 

specimen for testing; - ‒Not enough tests for calculation. 

The cohesion (c) and internal friction angle (𝜑) obtained from the linear MC criterion and the 

non-linear HB criterion were comparable as illustrated in Figure 4.9 and 4.10, respectively. 

Figure 4.9 showed that most of the cohesion values fell along the one-to-one line while few 

cohesion values from HB criterion were higher than that from MC criterion. A similar agreement 

was observed between the internal friction angles from both criteria while several internal friction 

angles from HB criterion were higher than that from MC criterion.  

 

Figure 4.8: Comparison of UCS values from measured and MC Criteria for all sandstones. 
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Figure 4.9: Comparison of Cohesion values from HB and MC Criteria for all sandstones. 

 

Figure 4.10: Comparison of internal friction Angle values from HB and MC Criteria for all 

sandstones. 
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4.2.4 Elastic Properties 

Figure 4.11 summarizes the calculated Young’s modulus (𝐸) and Poisson’s ratio (𝜈) of the 

sandstone samples. The 𝐸 value of the tested sandstones varied from 2.34 GPa for Fort Union 

Formation to 137.39 GPa for Flathead Formation of the Cambrian, the oldest geological period 

of the sandstone samples. About 50 percent of sandstone samples had Young’s modulus 

values that fell within the typical 𝐸 values between 11.03 GPa and 39.99 GPa (Xu Hao et al. 

2016). Similarly, the 𝜈 value of the rocks under compression ranged between 0.03 for Fort 

Union Formation Sample 51 to 0.42 for Clovery Formation.  

 

Figure 4.11: Mohr-Coulomb results of tested sandstones. 
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Figure 4.11 (Continued): Mohr-Coulomb results of tested sandstones. 

4.3 Siltstones 

Among the 13 siltstone samples tested, three samples were obtained as surface boulders, and 

ten samples were obtained as rock cores drilled out from various projects around the state. The 

prepared test specimens were either 25mm in diameter or 50mm in diameter. The length to 

diameter ratio (L/D) of the test specimens was maintained between 2 to 2.5. The top and bottom 

of the test specimen should be parallel to each other and perpendicular to the longitudinal axis. 

The finished top and bottom surfaces should not exceed the tolerance of 0.001 (ASTM D4543 

2008). The description of the tested samples is shown in Figure 4.12 and their location map is 

shown in Figure 4.13. 
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The water content of the tested siltstones ranged from 0.57 percent to 22.25 percent. A 

decreasing trend of rock strength with the increase in water content was observed by other 

researchers (Yang et al. 2011, Zhang et al. 2011, Al-Bazali 2013, and Yang Qi. 2016). These 

researchers reported that the effect of particle size on the cohesion and compressive strength 

values of the siltstones was not apparent. 

 

4.3.1 Individual Test Results    

A series of uniaxial and triaxial compressive strength, porosity, and specific gravity tests were 

conducted on these samples, and the results in terms of Mohr-Coulomb failure parameters, HB 

failure parameters, and elastic properties are discussed in the following subsections. Figure 

4.14 summarizes the test results of the siltstone samples. The confinement, peak stress, β, 

strain rate while loading, failure mode, failure behavior, and failure angle of each tested 

specimen were summarized. The Specimen ID nomenclature is not in alphabetical order as not 

all test specimens prepared were used for testing. 𝜖𝑎, 𝜖𝑟, and 𝜖𝑣 in the figure legends represent 

the axial, radial, and volumetric strains, respectively. The failure behaviors were categorized as 

ductile, transitional, and brittle. 
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Figure 4.12: Summary of tested siltstone samples. 
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Figure 4.12 (Continued): Summary of tested siltstone samples. 
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Figure 4.13: Location of tested siltstone samples with their formation names (Esri ArcGIS 10.3). 
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4.3.2 Mohr-Coulomb Parameters 

The UCS ranged from 0.43 MPa to 122.28 MPa, the cohesion (c) ranged from 0.2 MPa to 27.58 

MPa, and the internal friction angle ranged from 5 to 49 degrees. The lowest UCS of 0.43 MPa 

and cohesion of 0.2 MPa were observed for the Eocene Wasatch Formation, and the lowest 

internal friction angle of 5 degrees was observed for the Permian Goose Egg Formation. Figure 

4.15 shows the variation of UCS for all siltstone samples. The largest difference of 94.69 MPa 

between UCS and cohesion was observed in the Cretaceous Aspen/Bear River Formation 

whereas the least difference of 0.23 MPa was seen in the Eocene Wasatch Formation. This 

difference was due to the contribution of the internal friction angle. Hence, UCS is calculated 

using the equation shown in Figure 4.2 and compared to the measured UCS in Figure 4.15.  

The calculated values were higher than the measured UCS for all siltstone formations except for 

the Chugwater Formation (Sample ID 36). The largest difference between the measured and 

calculated UCS value at about 12.49 MPa was seen for the Goose Egg Formation (Sample ID 

5) and the smallest difference at about 0.006 MPa was observed for the White River Formation 

(Sample ID 12). Comparing the cohesion with the calculated UCS, the largest difference 

increases to about 30 MPa in the Lance Formation and the smallest difference seen was in the 

Goose Egg Formation of 16.18 MPa.  

 All the formations with larger internal friction angles had higher cohesion values (Table 4.7). 

Forbes (2011) reported that the typical range of internal friction angles for dry siltstones is 31 to 

33 degrees. The tested siltstones in this study had internal friction angles ranging from 5 to 49 

degrees, which significantly vary from the ones reported in the literature. 

Comparing the measured with the calculated UCS, the UCS less than 17 MPa and above 68 

MPa agreed well following the one-to-one line. For UCS values between 17 and 68 MPa, the 

calculated UCS was higher than the measured UCS as shown in Figure 4.15.  
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Figure 4.14: Summary of test results of siltstone. 
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Figure 4.14 (Continued): Summary of test results of siltstone. 
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Table 4.7: Mohr-Coulomb results of tested siltstones. 

Sample 
ID 

Formation 
Measured 
UCS (MPa) 

Calculated 
UCS (MPa) 

Cohesion, 
c (MPa) 

Internal 
Friction Angle, 

𝝋 (deg) 

5 Goose Egg 17.38 29.88 13.69 5 

6 Sundance 5.52 7.46 2.76 17 

7 
Aspen/Bear 

River 
N/A N/A N/A N/A 

8 Pass Peak N/A N/A N/A N/A 

11 Wasatch 0.43 0.46 0.20 8 

12 White River 1.06 1.06 0.35 23 

13 
Aspen/Bear 

River 
122.28 126.89 27.59 43 

24 Lance 22.21 36.89 6.90 49 

30 Bear River 81.46 82.57 21.03 36 

34 Arikaree 17.14 20.31 4.00 47 

35 Hanna 33.53 38.30 7.93 45 

36 Chugwater 16.53 16.27 3.79 40 

37 Ogallala N/A N/A N/A N/A 
Note: UCS ‒Unconfined compressive strength (MPa); N/A ‒ Unavailable specimen for testing. 

 

Figure 4.15: Comparison of measured and calculated UCS values of siltstones. 
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4.3.3 HB Parameters 

The non-linear failure criterion proposed by Hoek and Brown (1997) was used to calculate the 

non-linear shear strength of the tested samples. The HB material constant for intact rock (𝑚𝑖) 

was calculated using the statistical method proposed by Hoek and Brown (2019) based on test 

results on a principal stress plane. The HB criterion was applied by taking the HB parameters 

𝑎 = 0.5 and 𝑠 = 1, to estimate the cohesion and internal friction angle. The calculated 𝑚𝑖 values 

in were comparable to the values proposed by Hoek and Brown (1997) for siltstones as 7± 2 

and hence were used in the calculation of the cohesions and internal friction angles. 

The major and minor principal stresses of the tested specimens were plotted, and HB curve line 

was fitted through the points by substituting𝑎 = 0.5, 𝑠 = 1, and 𝑚𝑏= 𝑚𝑖 in the generalized HB 

equation given by the equation in Figure 4.7. The only unknown in the equation is the value of 

𝑚𝑖, which can be back calculated. At least one UC and two triaxial tests were required for the 

determination of 𝑚𝑖 value. Samples with fewer than two triaxial tests were not reported.  

Table 4.8: HB results of tested siltstones. 

Sample ID Formation 𝒎𝒊 c (MPa) 𝝋 (deg) 𝝈𝒕 (MPa) 

5 Goose Egg 4.73 7.37 11.00 3.68 

6 Sundance 3.55 2.06 18.00 1.55 

7 Aspen/Bear River N/A N/A N/A N/A 

8 Pass Peak N/A N/A N/A N/A 

11 Wasatch 0.73 0.20 2.00 0.58 

12 White River 2.86 0.37 21.00 0.37 

13 Aspen/Bear River 8.39 32.26 38.00 14.56 

24 Lance 42.67 4.71 48.00 0.52 

30 Bear River 4.61 24.50 31.00 17.67 

34 Arikaree 26.42 3.72 47.00 0.65 

35 Hanna 16.04 7.63 45.00 2.09 

36 Chugwater 12.47 4.19 39.00 1.32 

37 Ogallala N/A N/A N/A N/A 
Note: c‒Cohesion; 𝜎𝑡‒Tensile strength; 𝜑 ‒ Internal friction angle; 𝑚𝑖‒HB parameter; N/A‒Unavailable 

specimen for testing. 

The 𝑚𝑖  values of siltstone samples are summarized in Table 4.8 along with the cohesion (c), 

internal friction angle (𝜑), and tensile strength (σt). Hoek & Brown (1997) and Marinos & Hoek 

2001 recommend the range of 𝑚𝑖 values of siltstone as 7 ± 2, which were determined based on 

rock specimens tested normal to bedding. However, the calculated 𝑚𝑖 values ranged from 0.73 

to 42.67, which were significantly different from the recommended range. Hoek & Brown (1997) 
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reported that the 𝑚𝑖 value can change significantly due to the rock bedding plane as failure 

could occur along a weakness plane, the compressive and shear strength are directly affected 

by the bedding plane. However, the intact rock specimens tested in the study did not have any 

apparent bedding.  

The cohesion (c) and internal friction angle (𝜑) obtained from the linear MC criterion and non-

linear HB criterion were comparable as illustrated in Figure 4.16 and 4.17, respectively. Figure 

4.16 shows that most of the cohesion values fell on the one-to-one line while a few cohesion 

values from HB criterion were higher than those from MC criterion. A similar agreement was 

observed between internal friction angles from both criteria while several internal friction angles 

from HB criterion were higher than those from MC criterion.  

 

Figure 4.16: Comparison of Cohesion values from HB and MC Criteria for all siltstones. 
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Figure 4.17: Comparison of internal friction angle values from HB and MC Criteria for all 

siltstones. 

4.3.4 Elastic Properties 

Figure 4.18 summarizes the calculated Young’s modulus (𝐸) and Poisson’s ratio (𝜈) of the 

siltstone samples. Young’s modulus values of the tested siltstones varied from 0.12 GPa for 

White River Formation to 41.03 GPa for Cretaceous Aspen/Bear River Formations. About 50 

percent of the siltstone samples had 𝐸 values that fell within the typical range between 6.56 

GPa and 93.50 GPa (Davarpanah et al. 2020). Similarly, Poisson’s value, or the deformability of 

the rocks under stress ranged between 0.03 for Bear River Formation and 0.47 for Sundance 

Formation. About 50 percent of the siltstone samples with 𝜈 values fell between the typical 

range of 0.06 and 0.27 (Davarpanah et al. 2020).  
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Figure 4.18: Elastic properties of tested siltstones. 
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4.4 Shales 

Among the 8 shale samples tested, all samples were obtained as rock cores drilled out from 

various projects around the state. Figure 4.19 shows the description of the tested shale 

samples, and Figure 4.20 shows the location map of the samples. The test specimens were 

prepared at either 25mm diameter or 50mm diameter. The length to diameter ratio (L/D) ratio of 

the test specimen was maintained between 2 to 2.5. The top and bottom of the test specimen 

should be parallel to each other and perpendicular to the longitudinal axis. The finished top and 

bottom surfaces should not exceed the tolerance of 0.001 (ASTM D4543 2008). The length and 

diameter of all the specimens tested are provided in Figure 4.19. A series of uniaxial and triaxial 

compressive strength, porosity, and specific gravity tests were conducted on these samples, 

and the results in terms of Mohr-Coulomb failure parameters, HB failure parameters, elastic 

properties, the effect of particle size and crack thresholds are discussed in the following 

subsections. 

 

4.4.1 Individual Test Results    

Table 4.9 consists of the test results of shale samples. Information about the confinement, peak 

stress, β, strain rate while loading, failure mode, failure behavior, and failure angle of each 

tested specimen is provided in the table. The Specimen ID nomenclature is not in alphabetical 

order as not all test specimens prepared were used for testing. 𝜖𝑎, 𝜖𝑟, and 𝜖𝑣 in the figure 

legends represent the axial, radial, and volumetric strains, respectively. The failure behavior is 

categorized as ductile, transitional, and brittle. 
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Figure 4.19: Summary of tested shale samples. 
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Figure 4.19 (Continued): Summary of tested shale samples. 
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Figure 4.20: Location of tested shale samples with their formation names (Esri ArcGIS 10.3). 
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4.4.2 Mohr-Coulomb Parameters 

The UCS ranged from 0.32 MPa to 32.21 MPa, the cohesion (c) ranged from 0.16 MPa to 7.93 

MPa, and the internal friction angle ranged from 2 to 44 degrees. The lowest UCS and cohesion 

were observed in shale from an undifferentiated formation of Cretaceous age and the internal 

friction angle was lowest for the Cretaceous Cody Shale Formation. The greatest difference 

between the UCS and cohesion was observed for the Paleogene Hanna Formation whereas the 

least difference was seen for the undifferentiated formation of Cretaceous age. This difference 

was due to the contribution of the internal friction angle. For comparison, we calculate the UCS 

(Figure 4.2) and compare the calculated value with the measured UCS.  

The calculated UCS was higher than the measured UCS in all shale formations except for the 

Cody Shale Formation (Sample ID 15). The greatest difference between the measured and 

calculated value was seen in undifferentiated Cretaceous formation (Sample ID 4) at about 20 

percent and the least difference was observed in Cody Shale Formation (Sample ID 2) at about 

0.7 percent. All the formations had higher cohesion for higher internal friction angles. 

Table 4.9: Mohr-Coulomb results of tested shales. 

Sample 
ID 

Formation 
Measured 

UCS, (MPa) 
Calculated 
UCS, (MPa) 

Cohesion, 
c (MPa) 

Internal 
Friction Angle, 

𝝋 (deg) 

2 Cody Shale 1.06 1.06 0.35 23 

3 Morrison N/A N/A N/A N/A 

4 Undifferentiated 0.32 0.40 0.16 13 

14 Cody Shale 1.86 1.91 0.88 5 

15 Cody Shale 1.00 0.41 0.31 2 

21 Fort Union N/A 0.46 0.05 N/A 

22 Cody Shale 1.35 1.61 0.68 10 

40 Hanna 32.21 37.37 7.93 44 
Note: N/A‒ Unavailable specimen for testing. 

Comparing the measured UCS with the calculated UCS presented in Table 4.9 we observed 

that for the UCS less than 14 MPa, the data points were on or near the one-to-one line; 

whereas, for UCS greater than 14 MPa, the calculated UCS was higher than the measured one 

as indicated by one point above the one-to-one line in Figure 4.21. This indicated that there was 

over prediction of the UCS value above 14 MPa.  



72 
 

 

Figure 4.21: Comparison of measured and calculated UCS values. 

 

4.4.3 HB Parameters 

The non-linear failure criterion proposed by Hoek and Brown (1997) was used to calculate the 

non-linear shear strength of the tested samples. The HB material constant for intact rock (𝑚𝑖) 

was calculated using the statistical method proposed by Hoek (2019) based on test results on a 

principal axes plane. The HB criterion was applied on the intact rock taking the HB 

parameters 𝑎=0.5 and 𝑠=1, to estimate the cohesion and internal friction angle. The 

determination of 𝑚𝑖  from the back calculation method was found to provide results that were 

comparable to the values proposed by Hoek and Brown (1997) for sandstones and hence was 

preferred in the calculations of the cohesion and internal friction angle. 

The calculation of the material constant 𝑚𝑖 was conducted from a series of uniaxial and triaxial 

tests performed on intact rock specimens for each sample. In this process, the major and minor 

principal stresses of the tested specimens were plotted, and a curve HB line was fitted through 

the points by substituting 𝑎 = 0.5, 𝑠 = 1, and 𝑚𝑏= 𝑚𝑖  in the generalized HB criterion (Figure 4.7) 

in terms of major and minor principal stresses (𝜎1 and 𝜎3) and 𝜎𝑐  is the UCS value. The only 

unknown in the equation is the 𝑚𝑖, which can be easily back calculated. At least one UCS and 

two triaxial tests were required for the determination of 𝑚𝑖 value. Samples with fewer than two 

triaxial tests were not reported.  
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Figure 4.22: Summary of test results of tested shales. 
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Figure 4.22 (Continued): Summary of test results of tested shales. 
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Table 4.10: HB results of tested shales. 

Sample 
ID 

Formation 
𝑚𝑖 

(measured) 
c (MPa) 𝜑 (deg) 𝜎𝑡 (MPa) 

2 Cody Shale 2.86 0.37 21.00 0.37 

3 Morrison N/A N/A N/A N/A 

4 Undifferentiated 2.32 0.13 13.00 0.14 

14 Cody Shale 0.28 0.91 1.00 6.63 

15 Cody Shale 1.64 0.21 48.00 0.61 

21 Fort Union N/A N/A N/A N/A 

22 Cody Shale 1.74 0.56 12.00 0.78 

40 Hanna 21.05 7.50 44.00 1.52 
Note: c‒ Cohesion; 𝜎𝑡‒ Tensile strength; 𝜑 ‒ Internal friction angle; 𝑚𝑖‒ HB parameter; N/A‒ Unavailable 

specimen for testing. 

The intact rock material constant (𝑚𝑖) values for all shale samples are provided in Table 4.10 

along with the cohesion (c), internal friction angle (𝜑), and tensile strength (σt). Hoek & Brown 

(1997), and Marinos & Hoek (2001) provided the range of 𝑚𝑖 value of shale as 6 ± 2. However, 

we observed that the calculated values of 𝑚𝑖  ranged from 0.28 to 21.05, significantly lower and 

higher than the proposed range. Hoek & Brown (1997) reported that the value of 𝑚𝑖 can change 

significantly with variations in the rock β angle as the failure will occur along a weakness plane. 

The reason for the variation observed could be because the values reported are for intact rock 

specimens tested normal to bedding whereas the intact rock specimens tested in the project do 

not show any apparent beddings.  

Comparing the values of the cohesion (c) and internal friction angle (𝜑) obtained from the linear 

MC criterion and non-linear HB criterion, the values were comparable as illustrated by Figure 

4.23 and 4.24, respectively. Figure 4.23 shows that most values fell along the one-to-one line 

and some values from the HB criterion are lower than those from MC criterion. A similar 

agreement was observed between the internal friction angles from both criteria while several 

internal friction angles from HB criterion were higher than that from MC criterion.  

 

4.4.4 Elastic Properties 

Figure 4.25 summarizes the calculated Young’s modulus (𝐸) and Poisson’s ratio (𝜈) of the shale 

samples. The 𝐸 value of the tested shales varied from 0.02 GPa for undifferentiated formation 

Sample 4 to 280.31 GPa for Cody Shale Formation sample 14 of the Cretaceous, the oldest 

geological age of the shale samples. Similarly, Poisson’s value or the deformability of the rocks 

under stress ranged between 0.03 for Hanna Formation sample 40 to 0.50 for Cody Shale 

Formation sample 22.  
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Figure 4.23: Comparison of cohesion values from HB and MC Criteria for all shales. 

 

Figure 4.24: Comparison of the internal friction angle values from HB and MC Criteria for 

all shales. 
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Figure 4.25: Elastic properties of tested shales. 
 

4.5 Other Rocks 

Among the 17 rock samples tested, fourteen samples were obtained as surface boulders, and 

three samples were obtained as rock cores drilled out from various projects around the state. 

Figure 4.26 shows the description of the tested rock samples, and Figure 4.27 shows the 

location map of the rock samples. Test specimens were prepared at either 25mm diameter or 

50mm diameter. The length-to-diameter ratio (L/D) ratio of the test specimen was maintained 

between 2 to 2.5. The top and bottom of the test specimen should be parallel to each other and 
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perpendicular to the longitudinal axis. The finished top and bottom surfaces should not exceed 

the tolerance of 0.001 (ASTM D4543 2008). The length and diameter of all the specimens 

tested are provided in Figure 4.26. A series of uniaxial and triaxial compressive strength, 

porosity, and specific gravity tests were conducted on these samples, and the results in terms of 

Mohr-Coulomb failure parameters, HB failure parameters, and elastic properties, are discussed 

in the following subsections. 
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Figure 4.26: Summary of tested rock samples. 
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Figure 4.26 (Continued): Summary of tested rock samples. 
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Figure 4.27: Location of other rock samples with their formation names (Esri ArcGIS 10.3). 
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4.5.1 Individual Test Results    

A series of uniaxial and triaxial compressive strength, porosity, and specific gravity tests were 

conducted on these samples, and the results in terms of Mohr-Coulomb failure parameters, 

Hoek and Brown (HB) failure parameters, and elastic properties are discussed in the following 

subsections. Figure 4.28 consists of the test results of the tested rock samples. Information 

about the confinement, peak stress, β, strain rate while loading, failure mode, and failure 

behavior and failure angle of each tested specimen is provided in the table. The Specimen ID 

nomenclature is not in alphabetical order as not all test specimens prepared were used for 

testing. 𝜖𝑎, 𝜖𝑟, and 𝜖𝑣 in the figure legends represent the axial, radial, and volumetric strains, 

respectively. The failure behavior is categorized as ductile, transitional, and brittle. 

4.5.2 Mohr-Coulomb Parameters 

The UCS ranged from 11.33 MPa to 61.27 MPa, the cohesion (c) ranged from 3.10 MPa to 

11.86 MPa, and the internal friction angle (𝜑) ranged from 6 to 58 degrees for limestone. 

Similarly, UCS ranged from 0.41 MPa to 20.61 MPa, c ranged from 0.089 MPa to 5.51 MPa, 

and 𝜑 ranged from 25 to 46 degrees for claystone. The UCS, c, and 𝜑 for other rock types are 

summarized in Table 4.11. The lowest UCS and cohesion in Limestone were observed for the 

Devonian Jefferson Formation, and the lowest internal friction angle was observed for 

Mississippian Madison Formation. Similarly, for claystone, the lowest UCS, cohesion, and 

internal friction angle were observed for Miocene Ogallala Formation. The greatest difference 

between the UCS and cohesion for limestone was observed for the Madison Formation, with 

cohesion being 85 percent lower than UCS. In the Jefferson Formation cohesion was 75 

percent lower than UCS. Similarly, for claystone, the greatest difference between the UCS and 

cohesion was observed for the Ogallala Formation (78 percent) and the least difference for the 

Eocene Wind River Formation (71 percent). The difference was due to the contribution of the 

internal friction angle. For comparison, we calculated the UCS (Figure 4.2) and compared it with 

the measured UCS.  
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Figure 4.28: Summary of test results of tested rocks. 
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Figure 4.28 (Continued): Summary of test results of tested rocks. 
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The calculated UCS was higher than the measured UCS for all rock types except claystone 

from the Ogallala Formation, breccia from Wiggin’s Formation, and limestone from Madison 

Formation. Except for these three formations, the greatest difference between the measured 

UCS and calculated UCS was seen in limestone for the Jefferson Formation, 204.80 MPa, and 

the least difference was also observed in limestone for Madison Formation, 3.91 MPa. Barton & 

Choubey (1977), reported the internal friction angle of dry limestone as 31-37 degrees, 

conglomerate as 35, Amphibolite as 32, and Gneiss as 26-29 degrees. The observed values for 

these rocks were much higher than the ones reported by Barton & Choubey (1977). 

Comparing the measured with the UCS calculated, we observed that the calculated UCS was 

much higher than the measured UCS in Figure 4.29. For all rock types, the mean bias was 0.91 

and the coefficient of variation (COV) of 0.72. Limestone had a mean bias of 1.33 and COV of 

1.13. Similarly, mean bias and COV for claystone, conglomerate, and granite were 0.97 & 0.43, 

0.80 & 0.17, and 0.74 & 0.08 respectively. Among all the rocks, limestone had the most 

variation among the three limestone samples. 

 

Figure 4.29: Comparison of measured and calculated UCS values. 
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Table 4.11: Mohr-Coulomb results of tested rocks. 

Sample ID Age Rock Type 
Measured 

UCS, (MPa) 
Calculated UCS, 

(MPa) 
Cohesion, c 

(MPa) 
Internal friction 
Angle, 𝝋 (deg) 

1 Miocene Claystone 0.41 0.28 0.09 25 

9 Oligocene Breccia 7.66 5.71 1.24 43 

10 Cretaceous Conglomerate 11.26 15.97 3.72 40 

25 Mississippian Limestone 27.59 9.19 4.14 6 

27 Permian Limestone 61.27 65.18 11.86 50 

28 Precambrian Granite 87.97 112.79 17.24 56 

29 Archaeon Gneiss 36.68 46.57 6.90 57 

38 Paleogene Claystone 20.61 27.31 5.52 46 

44 Eocene Claystone 8.50 11.95 2.41 46 

45 Ordovician Dolostone 23.13 32.21 5.86 50 

46 Cambrian Conglomerate 40.69 45.34 7.59 53 

47 Devonian Limestone 11.33 216.13 3.10 58 

48 Eocene Welded Tuff 21.13 22.74 4.83 44 

52 Proterozoic Granite N/A N/A N/A N/A 

53 Proterozoic Anorthosite 44.26 53.59 8.97 53 

54 Archeaon Amphibolite 60.52 74.56 10.69 58 

55 Proterozoic Granite 26.77 38.21 6.21 54 
Note: N/A ‒Unavailable specimen for testing. 
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4.5.3 HB Parameters 

The non-linear failure criterion proposed by Hoek and Brown (1997) was used to calculate the 

non-linear shear strength of the tested samples. The HB material constant for intact rock (𝑚𝑖) 

was calculated using the statistical method proposed by Hoek (2019) based on test results on a 

principal axes plane. The HB criterion was applied on the intact rock taking the HB parameters 

𝑎 = 0.5 and 𝑠 = 1, to estimate the cohesion and internal friction angle. The determination of 

𝑚𝑖 from the back calculation method was found to provide results that are comparable to the 

values proposed by Hoek and Brown (1997) for sandstones and hence was preferred in the 

calculations of the cohesion and internal friction angle. 

The calculation of the material constant 𝑚𝑖 was conducted from a series of uniaxial and triaxial 

tests performed on the intact rock specimens for each sample. In this process, the major and 

minor principal stresses of the tested specimens were plotted, and a curve HB line was fitted 

through the points by substituting 𝑎 = 0.5, 𝑠 = 1, and 𝑚𝑏= 𝑚𝑖 in the generalized HB criterion 

(Figure 4.7) in terms of major and minor principal stresses (𝜎1and 𝜎3) and 𝜎𝑐  is the UCS value. 

The only unknown in the equation is the 𝑚𝑖, which can be easily back calculated. At least one 

UCS and two triaxial tests were required for the determination of 𝑚𝑖 value.  

Table 4.12: HB results of tested rocks. 

Sample ID Age Rock Type 𝒎𝒊 c (MPa) 𝝋 (deg) 𝝈𝒕 (MPa) 

1 Miocene Claystone 1.63 0.17 14.00 0.26 

9 Oligocene Breccia 24.18 2.52 26.00 0.32 

10 Cretaceous Conglomerate 18.33 2.74 42.00 0.61 

25 Mississippian Limestone 53.80 5.43 51.00 0.51 

27 Permian Limestone 17.42 14.57 43.00 3.52 

28 Precambrian Granite 30.55 17.77 50.00 2.88 

29 Archaeon Gneiss 54.02 5.92 58.00 0.68 

38 Paleogene Claystone N/A N/A N/A N/A 

44 Eocene Claystone 46.27 2.20 39.00 0.19 

45 Ordovician Dolostone 39.40 5.14 46.00 0.59 

46 Cambrian Conglomerate 13.30 12.02 32.00 3.05 

47 Devonian Limestone 125.00 3.10 58.00 1.44 

48 Eocene Welded Tuff 19.19 5.57 38.00 1.10 

52 Proterozoic Granite N/A N/A N/A N/A 

53 Proterozoic Anorthosite 28.39 7.37 57.00 1.56 

54 Archeaon Amphibolite 41.99 12.53 49.00 1.44 

55 Proterozoic Granite 41.93 4.86 54.00 0.64 
Note: c‒ Cohesion; 𝜎𝑡‒ Tensile strength; 𝜑 ‒ Internal friction angle; 𝑚𝑖‒ HB parameter; N/A‒ Unavailable 

specimen for testing. 
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The intact rock material constant (𝑚𝑖) values for all the tested rock samples are summarized in 

Table 4.12 along with the cohesion (c), internal friction angle (𝜑), and tensile strength (σt). Hoek 

& Brown (1997) and Marinos & Hoek (2001) recommended the range of 𝑚𝑖 values of limestone 

as 12 ± 3, claystone 4 ± 2, granite 32 ± 3, and gneiss 28 ± 5. However, we observed that the 

calculated values of 𝑚𝑖  ranged from 17.42 to 125 for limestone, 1.63 to 46.27 for claystone, 

significantly varying from the proposed range. Hoek & Brown (1997) reported that the value of 

𝑚𝑖 can vary significantly with variations in the rock β angle as the failure will occur along a 

weakness plane. The reason for the variation observed could be because the values reported 

are for intact rock specimens tested normal to bedding whereas the intact rock specimens 

tested in the project do not show any apparent beddings.  

The cohesion (c) and internal friction angle (𝜑) obtained from the linear MC criterion and non-

linear HB criterion some values were comparable with each other while some show significant 

variation as illustrated in Figure 4.30 and 4.31, respectively. c and 𝜑 values from the HB 

criterion were potted on the Y-axis and the values from the MC criterion were on the X-axis. 

Figure 4.30 shows that the cohesion values fell along the one-to-one line while few cohesion 

values from the HB criterion were higher than that from the MC criterion. A similar agreement 

was observed between the internal friction angles from both criteria.  

 

Figure 4.30: Comparison of cohesion values from HB and MC Criteria for all rocks. 
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Figure 4.31: Comparison of internal friction angle values from HB and MC Criteria for all 

rocks. 

 

4.5.4 Elastic Properties 

Table 4.24 summarizes the calculated Young’s modulus (𝐸) and Poisson’s ratio (𝜈) of the rock 

samples. The 𝐸 value of the tested limestones varied from 14.08 GPa for the Jefferson 

Formation (Sample 47) to 35.75 GPa for the Madison Formation (Sample 25). For Claystone, 

Young’s modulus ranged from 0.01 GPa for the Ogallala Formation (Sample 1) to 0.42 GPA for 

the Wind River Formation (Sample 44). Similarly, the 𝜈 value or the deformability of the rocks 

under stress ranged between 0.09 for Madison Formation (Sample 25) to 0.11 for the Jefferson 

Formation (Sample 47). For Claystone, 𝜈 ranged from 0.07 for the Hanna Formation (Sample 

38) to 0.33 for the Ogallala Formation (Sample 1). 
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Figure 4.32: Elastic properties of tested rocks. 
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Figure 4.32 (Continued): Elastic properties of tested rocks. 

 

4.6 Effect of Rock Specimen Size  

The selection of specimen size for experimental studies and determining rock strength 

properties depends on various factors such as design requirements, sample geometry and size, 

rock condition, and cost. The International Society of Rock Mechanics (ISRM) suggests using a 

length-to-diameter ratio (L/D) ratio of the test specimen is proposed between 2 and 2.5. Hoek 

and Brown (1997) derived the equation shown in Figure 4.33 based on UCS results of different 

rock types to correct the UCS value for the specimen diameter (𝑑) to an equivalent UCS 50 value 

of a 50-mm diameter specimen. The empirically derived constant (𝑘) is suggested as 0.18 by 

Hoek and Brown (1997). 

 

Figure 4.33: Equation. Corrected UCS value. 

Hoek and Brown (1997) found that the UCS increases with the decrease in the specimen 

diameter. Many other researchers have studied the effect of specimen size and reported similar 

findings (Broch and Franklin 1972, Thuro et al. 2001, and Prakoso et al. 2011). To determine 

the sample size effect, two rock types (granite of Sample 29 and sandstone of Sample 39) were 

selected for the preparation of 25mm and 50mm diameter specimens. Triaxial tests at a 

confining pressure of 10 MPa were conducted on the granite specimens and UC tests were 
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performed on the sandstone specimens. The test results and the strength ratio (the ratio of 

compressive strengths for the 25mm specimen to the 50mm specimen) are shown in Figure 

4.34. 

 

Figure 4.34: Effect of specimen sizes. 

Granite exhibited a greater size effect as suggested by the strength ratio of 2.74. Under a UC 

condition, the UCS of sandstone increased when the specimen diameter reduced from 50mm to 

25mm, but the strength ratio was lower at 1.74. The results confirmed the effect of specimen 

sizes on compressive strengths under both UC and triaxial conditions. 
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CHAPTER 5: MECHANICAL PROPERTIES OF SANDSTONE UNDER UNIAXIAL 

AND TRIAXIAL CONDITIONS 

Sandstone is a common sedimentary rock that is widely distributed on the crust surface of the 

earth (Huang et al. 2021). An understanding of the strength and deformation behaviors of 

sandstone is essential for the design and simulation of geotechnical structures for underground 

environments and underground reservoirs for mineral extraction and subsurface storage (Hua et 

al. 2018). Although the mechanical behaviors of sandstone have been investigated in past 

studies, a more comprehensive study that involves a wide variety of sandstone formations under 

different loading conditions is important to understand sandstone behaviors and application in 

engineering designs and constructions.  

5.1 Research Methods and Analysis 

A total of 17 sandstone samples of different formations and porosities from Wyoming were 

tested under uniaxial and triaxial compression conditions and at room temperature. Most 

sandstone samples were collected from depths of 3 to 44m, and nine surface samples were 

also collected for testing. The sandstones had water contents (𝑤) ranging from 0.14 to 13.30 

percent and porosity (n) from 2.20 to 31.20 percent. In addition, historical UCS test data from 

the Wyoming Department of Transportation (WYDOT) for four sandstone formations were also 

included in the analysis. 

The selected model can be evaluated by comparing the observed values of the response variable 

(𝑦𝑖) to the predicted values of the response variable (𝑦̂𝑖). Two commonly used measures for this 

comparison are the Root Mean Square Error (RMSE) given by the equation shown in Figure 5.1 

and the Mean Absolute Deviation (MAD) given by the equation shown in Figure 5.2.   

 

Figure 5.1: Equation. Root Mean Square Error (RMSE). 

 

Figure 5.2: Equation. Mean Absolute Deviation (MAD). 
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Where num is the number of observations. It is desirable to have a small RMSE and MAD for a 

reasonable candidate model. Predictions were generated for both the training dataset and the 

testing dataset. Predictions based on the training dataset were used to assess the goodness-of-

fit of a set of initially proposed models. Predictions based upon the testing dataset were used to 

assess the predictive ability of models proposed by this research and those models appearing in 

the literature.  

5.2 Mechanical Properties under Uniaxial Compression  

UCS is one of the most commonly measured rock parameters in rock engineering (Yagiz 2009). 

Compressive strength generally decreases with the increase in water content, porosity, and 

mean grain size. Based on statistical results using R Studio software version 2022.02.2, the 

recommended model for the true mean UCS was linear in the predictors mean grain size (𝑑𝑚 in 

mm), porosity (n in percentage), and water content (𝑤 in percentage) as shown in Figure 5.4 

and given by the equation in Figure 5.5 based on the training dataset that contained 193 data 

points with 31 formations from literature and 4 formations from Wyoming. Figure 5.3 and Table 

5.1 represent uniaxial compression test results of Wyoming sandstone and sandstone collected 

from a historical database developed by WYDOT, respectively. Figure 5.6 represents 

experimental data for sandstones collected from the literature. 

 

Figure 5.3: Summary of the UC test results of sandstone formations in Wyoming. 
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Table 5.1: A summary of UC test data from historical WYDOT database. 

Formation 
Geological 

Period 
D, 

mm 
n, 

Percent 
Number of 

UC test 
𝒘, 

Percent 
UCS, MPa 

Flathead Cambrian 50 2.10 12 
4.49 - 
8.88 

1.86 – 12.79 

Cloverly Cretaceous 50 18.00 10 
0.27 – 
5.33 

10.56 – 61.21 

Sundance Jurassic 50 23.00 5 
3.44 – 
5.74 

14.38 – 38.62 

Aspen Cretaceous 50 3.40 9 
0.51 – 
3.19 

11.43 – 161.43 

Note: D‒ Specimen diameter (mm); n‒ Porosity (Percent); 𝑤‒ Water content (Percent); UCS‒ Unconfined 

compressive strength (MPa). 

 

 

Figure 5.4: Linear trend associated with the predictor variables on the true mean of the 

response UCS. 

 

Relationship between the rock’s physical properties and UCS 

The relationship between UCS and physical properties such as porosity, water content, and 

mean grain size was investigated, in addition to the relationship between UCS and Young’s 

modulus. 

 

Figure 5.5: Equation. The estimated Uniaxial Compressive Strength (UCS). 

 



96 
 

 

Figure 5.6: Summary of UC test results of sandstones from literature. 
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Figure 5.6 (Continued): Summary of UC test results of sandstones from literature. 
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The negative linear trend in water content on predicting UCS from the equation shown in Figure 

5.5 was consistent with past findings that explain the water weakening effect as a combination 

of mechanical and chemical processes that occur at a microscopic scale (Noël et al. 2021). The 

water weakening effect includes the dissolution of cement inside the rock that leads to the 

loosening of the internal microstructure (Geng & Cao 2020). Furthermore, the increase in water 

saturation means more voids are occupied with water and increases the likelihood of slippage 

between solid particles. For example, the UCS of Shanxi Sandstone in Figure 5.6 with a 

porosity of 7.90 percent decreases from 66.45 to 40.62 MPa or 39 percent when the water 

content increases from 0 to 2.96 percent, emphasizing the weakening effect of saturation (Lu et 

al. 2017).  

Similarly, an increase in porosity reduced the predicted UCS values of both dry and saturated 

sandstones because pores are considered weak points within a rock matrix that induces stress 

concentration. Hence, more porous sandstones have more voids and higher porosity, reducing 

the strength of the rock skeleton (Ludovico-Marques et al. 2012). The negative linear trend of 

the mean grain size on the predicted UCS (Figure 5.5) was consistent with the past findings on 

artificial sandstones (Fattahpour et al. 2014). This observation can be explained by the fact that 

larger grains have longer grain boundaries which provide more flaws for the nucleation of cracks 

and stress concentration (Qi et al. 2022).  

Table 5.2 summarizes several relationships for predicting the UCS of specific sandstone 

formations reported in the literature. These relationships were developed based on a single 

predictor variable of either water content (𝑤) or porosity (n) in percentage. According to the 

independent testing dataset that contains 78 data points and includes 19 sandstone formations 

from literature and four sandstone formations from Wyoming, the proposed equation for UCS 

prediction fitted the testing dataset better than other equations according to the lowest RMSE 

and MAD values summarized in Table 5.3.  
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Table 5.2: Assessment of prediction equations for UCS based on the testing dataset. 

Sandstone 
Formation 

Sandstone Location Equation RMSE MAD Reference 

Tables 5.1, 5.2, 
and Figure 5.5 

Wyoming and 
literature data 

𝑈𝐶𝑆̂ = 109.87 − 2.39 𝑛% −
9.12 𝑤% − 33.74 𝑑𝑚  

31.60 22.13 This study 

Red Sandstone 
Jiangxi Province, 

China 
𝑈𝐶𝑆̂ = 70.8734 𝑒−0.3188 𝑤% + 26.84  37.01 26.59 Zhao et al. (2021) 

Red Sandstone 
Hunan Province, 

China  40.63 29.82 Tang et al. (2018) 

Black Sandstone 
Sichuan Province, 

China  46.44 34.11 Shibin Tang (2018) 

Gosford Sandstone 
Sydney Basin, 

Australia  48.50 36.60 Masoumi et al. (2017) 

NA 
Shanxi Province, 

China  46.80 37.24 Chen et al. (2021) 

NA 
Krishna-Godavari 

Basin, India  50.91 38.72 
Chatterjee and 

Mukhopadhyay (2002) 

NA 
Atouguia da Baleia, 

Portugal 
𝑈𝐶𝑆̂ = 206.7 𝑒−0.129 𝑛% 50.55 38.64 

Ludovico-Marques et al. 
(2012) 

NA Cauvery Basin, India  58.31 45.55 
Chatterjee and 

Mukhopadhyay (2002) 
Note: NA‒Unavailable; UCS ‒Unconfined compressive strength (MPa); 𝑤‒water content (Percent); n‒rock porosity (Percent); RMSE-Root Mean 

Square Error; MAD-Mean Absolute Deviation. 

𝑈𝐶𝑆̂ = 55.21 𝑒−0.7502 𝑤% + 51.6 

𝑈𝐶𝑆̂ = 80.604 𝑒−0.9044 𝑤% + 43.17 

𝑈𝐶𝑆̂ = 43.63 𝑒−0.20 𝑤% 

𝑈𝐶𝑆̂ = 44.6 𝑒−0.399 𝑤% + 66.60 

𝑈𝐶𝑆̂ = −2.16 𝑛% + 52.84 

𝑈𝐶𝑆̂ = −0.79 𝑛% + 30.88 
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Relationship between Young’s Modulus and UCS 

The data presented in Table 5.1 and Figures 5.3 and 5.5, and Figure 5.5 were split randomly 

into training and testing datasets. The relationship between Young’s modulus and UCS 

according to the training dataset is shown in Figure 5.7. The plot illustrated a linear increase in 

𝐸 as UCS increases with 𝑅2of 0.87.  

 

Figure 5.7: Relationship between UCS and Young's modulus E of the training dataset. 

The prediction equation (Figure 5.8) described a linear increase in predicted Young’s modulus 

with an increase in UCS according to the training dataset that contained 90 UC data points with 

16 sandstone formations from literature and 12 sandstone formations from Wyoming. Other 

studies related the predicted UCS linearly to 𝐸 as summarized in Table 5.3 (Rohde and Feng 

1990, Chatterjee & Mukhopadhyay 2002, and Malkowski et al. 2018).  

 

Figure 5.8: Equation. The predicted Young's modulus of sandstone. 
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A comparison of the proposed equation with other relationships reported in the literature is 

presented in Table 5.3. According to the testing dataset that contained 39 data points with 13 

sandstone formations from literature and one sandstone formation from Wyoming, the proposed 

equation (Figure 5.8) had the lowest RMSE of 9.79 and MAD of 7.05 compared to those from 

literature, indicating a better prediction of Young’s modulus.   
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Table 5.3: Assessment of prediction equations for Young’s modulus based on the testing dataset. 

Sandstone 
Formation 

Sandstone 
Location 

Equation Reference RMSE MAD 

Tables 5.1 and 
Figure 5.5 

Wyoming and 
literature data 

𝐸̂ = 0.1455 𝑈𝐶𝑆 + 1.3802 This study 9.79 7.05 

Island Creek 
US Bureau of 

Mines  Rohde and Feng (1990) 12.17 10.59 

Krishna-Godavari 
and Cauvery basin 

India  
Chatterjee and 

Mukhopadhyay (2002) 
33.35 26.90 

Upper Silesia Basin Poland 𝐸̂ = 0.17 𝑈𝐶𝑆 + 2.907 Malkowski et al. (2018) 9.81 8.13 
Note: RMSE‒Root mean square error; MAD‒Mean absolute deviation; UCS ‒Unconfined compressive strength (MPa); E‒Young’s modulus 

(GPa). 

𝐸̂ = 0.05 𝑈𝐶𝑆 + 20.6 

𝐸̂ = 0.73 𝑈𝐶𝑆 + 0.17 
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5.3 Mechanical Properties under Triaxial Compression 

Conventional triaxial compression tests were conducted on 17 samples from 13 sandstone 

formations. GCTS RTR-1500 equipment has rapid, easy, and safe operation with automated 

cell assembly and meets the specifications of the ISRM and ASTM standards for triaxial testing 

of the rock samples. The axial load actuator has a capacity ranging up to 1500 kN and the 

triaxial cell can apply a maximum confining pressure of 140 MPa. The confinement was applied 

using an oil-filled stainless-steel chamber inside the frame. The initial seating pressure of 0.345 

MPa is applied before the shearing stage. A summary of the triaxial compression test results of 

Wyoming Sandstone is given in Figure 5.10. Additional test results collected from the literature 

are summarized in Figure 5.11. 

The mean 𝜎1 decreased with the increase in n. An increase in the internal surface area per unit 

rock volume resulting from a higher n decreases the predicted integrity of the rock and hence 

reduces its strength (Atapour and Mortazavi 2018a). On the other hand, the mean 𝜎1 generally 

increases linearly with an increase in the confining pressure (𝜎3) due to the strengthening effect 

of confinement on compressive strength.  

Statistical results indicate that both n and 𝜎3 are important predictors of mean 𝜎1. The proposed 

equation (Figure 5.9) contains a polynomial of order two to capture the nonlinear relationship 

between n in percentage, 𝜎3 in MPa, and the true mean 𝜎1 in MPa based on the training dataset 

that contained 61 data points with 17 sandstone formations from literature and 13 sandstone 

formations from Wyoming.  

 

Figure 5.9: Equation. Predicted compressive strength of sandstone. 

Previously published relationships related 𝜎1 to 𝜎3 without considering the effect of porosity 

(Table 5.4). Having the lowest RMSE and MAD values based on an independent testing dataset 

that contained 27 data points and included 13 sandstone formations from literature and five 

sandstone formations from Wyoming, the combined effect of n and 𝜎3 (Figure 5.9) provided a 

better prediction of the 𝜎1.   
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Figure 5.10: Summary of triaxial compression test results of sandstones from Wyoming. 
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Figure 5.10 (Continued): Summary of triaxial compression test results of sandstones from Wyoming. 
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Figure 5.11: Summary of triaxial compression test results of sandstones from literature. 
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Table 5.4: Assessment of prediction equations based on the testing dataset. 

Formation Location Equation Reference RMSE MAD 

Figures 5.9 and 
5.10 

Wyoming and 
literature data 

𝜎1̂ = 36.57 + 39.46 𝑛% − 5.84 𝑛%2 +
0.29 𝑛%3 − 0.0047 𝑛%4 + 2.99 𝜎3  

This study 50.10 38.70 

Red Sandstone Shandong 𝜎1̂ = 3.9766 𝜎3 + 109.1850 Wu et al. (2018) 53.88 45.02 

Yellow Sandstone Zunyi 𝜎1̂ = 4.36 𝜎3 + 77.33 Yang et al. (2020) 51.52 43.00 

NA Linyi 𝜎1̂ = 9.008 𝜎3 + 83.56 Gong et al. (2019) 146.46 104.18 
Note: NA‒ Unavailable; 𝜎1‒ Compressive strength (MPa); 𝜎3‒ Confining pressure (MPa); n‒ Porosity (Percent); RMSE‒ Root mean square error; 

MAD‒Mean Absolute Deviation. 
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CHAPTER 6: MECHANICAL PROPERTIES OF SILTSTONE UNDER UNIAXIAL AND 

TRIAXIAL CONDITIONS 

Siltstones may be massive or laminated, composed of quartz and clay minerals, but unlike 

shales, they show little effect of bedding on their compressive strength. Siltstones are generally 

interbedded with shales or fine-grained sandstones and rarely form thick deposits like shale and 

sandstone. Independent studies of the mechanical properties of siltstone like compressive 

strength and deformability are not commonly found. These properties are often deemed similar 

to other commonly occurring sedimentary rocks like sandstone. Although siltstones are not 

found in abundance, the effect of factors like temperature, confining pressure, mineral 

composition, porosity, and water content on their mechanical properties should be studied to 

improve the design of our civil infrastructures.  

6.1 Research Methods and Analysis 

A total of 42 siltstone samples from eleven locations in Wyoming were tested for UCS and used 

in the triaxial tests. Most siltstone samples were collected from depths of 6 to 28 m, and three 

surface samples were collected for testing. The siltstones had water contents (w) ranging from 

0.57 percent to 21 percent and the porosity (n) ranged from 1.5 percent to 43.5 percent. In 

addition, historical UC test data from the Wyoming Department of Transportation (WYDOT) for 

eleven siltstone formations were also included in the analyses. Akaike Information Criterion 

(AIC) (Akaike 1974) and Bayesian Information Criterion (BIC) (Schwarz 1978) were selected as 

the comparison criteria for evaluating and selecting nonlinear prediction models. The Residual 

standard error (RSE) was also determined to improve the assessment of the nonlinear models. 

Mean bias, the ratio of measured over predicted, and coefficient of variation (COV) were also 

used to measure the relationship between the measured and predicted values. COV provides a 

statistical measure of dispersion of values around the mean and was calculated as a ratio of 

standard deviation to mean bias.  

6.2 Mechanical Properties under Uniaxial Compression  

The UC test results described in this chapter were primarily based on unpublished test data of 

siltstone rock cores obtained from the WYDOT. The analysis comprised two parts: first 

considering all siltstone data from literature and Wyoming, and later considering only the 

Wyoming Siltstone data. A summary of the Wyoming Siltstones used for UC tests is shown in 
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Table 6.1. The geological ages were listed from youngest to oldest. The porosity and water 

content of samples from younger ages were higher than that from older ages while samples 

from younger ages exhibited lower UCS than that from older ages. 

Table 6.1: UC test data for different siltstone formations in Wyoming and literature. 

Siltstone Formation 
Avg Depth 

(m) 
Avg n 

(Percent) 
Avg 𝒘 

(Percent) 
Avg UCS 

(MPa) 
Reference 

White River 23.84 49.88 35.28 0.60 WYDOT 

Ogallala 28.33 51.05 37.29 0.15 WYDOT 

Green River 15.29 31.95 18.31 3.56 WYDOT 

Upper Lance Creek 14.14 30.08 16.89 1.55 WYDOT 

Frontier 6.05 5.76 2.22 19.74 WYDOT 

Aspen 6.95 7.41 3.08 14.25 WYDOT 

Bear River 22.83 19.18 9.52 11.28 WYDOT 

Cody 9.28 15.50 6.80 13.86 WYDOT 

Cloverly 12.27 16.00 2.29 27.92 WYDOT 

Chugwater 20.62 15.70 7.31 12.54 WYDOT 

Goose Egg 25.28 24.62 12.29 0.30 WYDOT 

Eidsvold Basin - - 0.0 61.58 
Wanniarachchi et 

al. (2018) 

Zhungdong - - 1.60 56.76 Li et al. (2019) 
Note: Avg‒ Average; n‒ Porosity (Percent); 𝑤‒ Water content (Percent); UCS ‒ Unconfined compressive 

strength; WYDOT‒ Wyoming Department of Transportation. 

UCS of siltstone was related to easily measured physical properties such as water content, 

porosity, and ρ. Also, UCS was related to mechanical properties such as Young’s modulus and 

axial strain at the peak stress.  

Water Content (𝑤) 

A study on siltstone from Zhundong coalmine, China by Li et al. (2019) showed that the UCS 

varies nonlinearly with water content, and saturation of siltstone resulted in up to 50 percent 

reduction in UCS. The relationships between UCS in MPa and water content in percentage for 

siltstones reported by various researchers are summarized in Figure 6.1. 
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Figure 6.1: Comparison of nonlinear models for UCS based on water content for siltstones. 
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Figure 6.6 shows a comparison of UCS and 𝑤 for siltstones from literature and Wyoming. A 

power model was given by the equation in Figure 6.2 to describe this relationship. The UCS 

decreased with the increase in water content. The mean bias and coefficient of variation (COV) 

for the models from literature and the proposed models are provided in Figure 6.1. The COV for 

the model by Li et al. (2019) is 1.4 and the proposed model had a COV of 1.1 for all data and 

0.7 for data from Wyoming Siltstones only. The RSE, AIC and BIC values for the proposed 

power model (Figure 6.2) for all siltstone data were lower than the model proposed by Li et al. 

(2019), and thus the proposed model yielded a better prediction of UCS.  

A similar trend between UCS and 𝑤 was observed based on Wyoming Siltstone data, and a 

nonlinear power model given by the equation shown in Figure 6.3 can be used to describe this 

relationship (Figure 6.3). This proposed power model had RSE, AIC and BIC values of 9.573, 

746.90, and 754.75, respectively, which were lower than the power model considering all 

literature data. This was expected as we limit the data to certain formations or geological ages, 

the mechanical properties of siltstones were similar to each other. The comparison based on 

statistical indices suggested that the proposed power models had lower AIC and BIC values and 

provided a more accurate UCS prediction than the model from the literature.  

 

Figure 6.2: Equation. Predicted UCS for siltstone from literature and Wyoming. 

 

Figure 6.3 : Equation. Predicted UCS for Wyoming siltstone only. 

Wyoming Siltstones were from different formations and geological ages. The two most 

prominent geological ages of Wyoming Siltstones were the Cretaceous (135-66 million years 

ago) and the Triassic (250-205 million years ago). Figure 6.88a and 6.8b compare the UCS and 

water content for siltstones with the geological ages of Cretaceous and Triassic, respectively.  

The power models for the Cretaceous and Triassic periods are given by the equations in 

Figures 6.4 and 6.5, respectively. For the Cretaceous period, the RSE, AIC, and BIC values 

were 12.51, 398.50, and 404.24, respectively. For the Triassic period, the RSE, AIC, and BIC 

values were 5.09, 259.89, and 265.10 respectively. The RSE, AIC, and BIC values of equation 

in Figure 6.4 for Cretaceous Siltstone and equation in Figure 6.5 for Triassic Siltstone were 

much lower than the model comprising of all siltstone data (Figure 6.2). This was expected as 
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the siltstones from the same age and location have similar physical properties and show similar 

trends in compressive strength. This was evident by the decreasing value of AIC and BIC from 

all data to Wyoming data followed by Wyoming data from individual geological ages. The higher 

AIC and BIC values of the equation in Figure 6.2 were attributed to a wider scatteredness of 

data from different geological ages and locations.  

 

Figure 6.4: Equation. Predicted UCS for Cretaceous siltstone. 

 

Figure 6.5: Equation. Predicted UCS for Triassic siltstone. 
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Figure 6.6: UCS vs water content for siltstone. 
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Figure 6.7: UCS vs water content for Wyoming Siltstone. 
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Figure 6.8: (a) UCS vs water content for Wyoming Siltstones with the geological ages of 

Cretaceous, and (b) Triassic. 

Li et al. (2019) reported a gradual decrease in Young’s modulus with increasing water content in 

siltstones. He reported a 35 percent reduction in Young’s modulus of saturated siltstone when 
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compared to dry siltstone. Young’s modulus was found to reduce nonlinearly and could be 

described by an exponential equation given by the equation shown in Figure 6.9. Erguler and 

Ulusay (2009), Hu et al. (2014), and Bian et al. (2019) have reported a loss of UCS and Young’s 

modulus of about 90 percent on siltstones. Figure 6.11 shows the observed relationship 

between Young’s modulus and water content for Wyoming Siltstones given by the equation in 

Figure 6.10. The RSE, AIC, and BIC of Li et al. (2019) model and the power model from this 

study are provided in Figure 6.12. 

 

Figure 6.9: Equation. Predicted Young's modulus (Li et al. 2019). 

 

Figure 6.10: Equation. Predicted Young's modulus for Wyoming siltstone.  

The mean bias of Li et al. (2019) was low at 0.1 because of the constant 9.79 GPa value in the 

model. The observed value of Young’s modulus in Wyoming Siltstones was very low at 0.08 to 

2.85 GPa. The equation in Figure 6.9 over predicted the Young’s modulus value. Although the 

mean bias of the equation in Figure 6.9 was lower, the COV, RSE, AIC and BIC values of 

equation in Figure 6.10 developed based on Wyoming Siltstones were lower indicating that the 

power model was the best in describing Young’s modulus based on water content. 



117 
 

0 5 10 15 20 25 30 35 40 45

0

1

2

3

 Upper Lance Creek

 Frontier

 Aspen 

 White River/Ogallala

 Ogalla

 Green River

 Chugwater

 Cody

 Power Model

Y
o
u

n
g
's

 M
o
d

u
lu

s 
(G

P
a
)

Moisture Content (%)
 

Figure 6.11: Young’s modulus vs water content for Wyoming Siltstones. 
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Figure 6.12: Comparison of nonlinear models for E based on water content for siltstones. 

 

Figure 6.13: Comparison of nonlinear models for UCS in terms of porosity for siltstones. 
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Porosity (n) 

Prediction equations for UCS in terms of porosity for siltstones were rarely developed and 

reported in the literature. Rzhevsky and Novick (1971) described a decreasing trend of UCS 

with porosity for carbonate and argillaceous rocks. Yasar et al. (2010) developed the prediction 

model for siltstones summarized in Table 6.4. Using the siltstone data from literature and 

Wyoming, Figure 6.18 showed that the UCS decreased with the increase in porosity, and a 

power model given by the equation shown in Figure 6.14 was established to describe this 

relationship. The RSE, AIC and BIC values for the literature model were higher than the two-

power model developed in this study (Figures 6.14 and 6.15). A power model given by the 

equation shown in Figure 6.15 for Wyoming Siltstone only. 

 

Figure 6.14: Equation. The predicted UCS for siltstone from literature and Wyoming. 

 

Figure 6.15: Equation. The predicted UCS for Wyoming siltstone. 

Figures 6.19a and 6.19b compare the UCS versus porosity for siltstones with geological ages of 

Cretaceous and Triassic, respectively. The linear and power function fitting the Cretaceous and 

Triassic periods is given by the equation shown in Figures 6.16 and 6.17, respectively. The 

linear fit in the Cretaceous period has 𝑅2of 46 percent. RSE, AIC, and BIC values of equation in 

Figure 6.16 and Figure 6.17 are shown in Figure 6.13. The comparison of models showed that 

the literature model fitted the least followed by power models from all data and Wyoming only 

siltstone data. The AIC and BIC of models from the Cretaceous and Triassic periods were even 

lower as siltstones from specific locations and geological ages had similar properties which 

improved the goodness of correlation. 

 

Figure 6.16: Equation. Predicted UCS for siltstone from Cretaceous age. 
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Figure 6.17: Equation. Predicted UCS for siltstone from Triassic age. 
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Figure 6.18: UCS vs porosity for all siltstone data. 

  

Figure 6.19: (a) UCS vs porosity for Wyoming Siltstones with the geological ages of 

Cretaceous, and (b) Triassic. 
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Bulk Density () 

Figure 6.21 shows a positive relationship between UCS and ρ of Wyoming Siltstones. Aspen 

Formation showed a sharp increase in UCS values from 0.47 MPa to 37.52 MPa with a minimal 

increase in ρ from 2.33 g/cm3 to 2.59 g/cm3. Aspen Formation also showed an increase from 

12.51 MPa to 27.68 MPa in UCS with the increase in ρ from 2.51 g/cm3 to 2.56 g/cm3. In 

contrast, Green River Formation showed a slight decrease in UCS with the increase in ρ. 

Hence, the ρ cannot be directly applied as a single variable to predict the UCS and the 

prediction model given by the equation in Figure 6.20 has a relatively low 𝑅2 of 40 percent.  

The prediction model has the RSE, AIC, and BIC values of 9.89, 961.03, and 969.88, 

respectively. The AIC and BIC values might increase or decrease when UCS vs  data from 

other locations and formations of siltstones were included in the analysis. The RSE, AIC, and 

BIC values of UCS vs , when compared to UCS vs 𝑤 and UCS vs n, were lower when all data 

were considered. When only Wyoming data were considered, AIC and BIC values from models 

based on water content and porosity were lower than that based on ρ.  

 

Figure 6.20: Equation. the predicted UCS of Wyoming siltstones.  
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Figure 6.21: UCS vs bulk density for Wyoming Siltstones. 
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Young’s Modulus (𝐸) 

An increase in the porosity of siltstone reduced Young’s modulus and UCS. Figure 6.25 shows 

the decreasing exponential trend of Young’s modulus with an increase in porosity given by the 

equation shown in Figure 6.22. The RSE, AIC, and BIC of the exponential model were 0.37, 

61.89, and 68.59 respectively. These values were much less than the models for UCS vs 

porosity, hence 𝐸 correlated better than UCS with porosity. 

 

Figure 6.22: Equation. Predicted Young's modulus of Wyoming siltstones. 

Comparing Young’s modulus (𝐸) with the ρ of siltstone, we observed an exponential increase in 

𝐸 with an increase in . Figure 6.26 shows the increasing exponential trend of Young’s modulus, 

in GPa, with an increase in ρ, in g/cm3, given by the equation shown in Figure 6.23.  The RSE, 

AIC, and BIC of the exponential model were 0.36, 62.54, and 69.24, respectively. These values 

were similar to the models for UCS vs ρ. Based on the statistical parameters, Young’s modulus 

and UCS had a similar relationship with ρ. 

 

Figure 6.23: Equation. The predicted Young's modulus of Wyoming siltstones. 

Experimental data based on Wyoming Siltstone showed a linear relationship between 𝐸 in GPa 

and UCS in MPa as illustrated in Figure 6.27. The linear relationship can be described by the 

equation shown in Figure 6.24 with a coefficient of determination (𝑅2) of 86 percent. The RSE, 

AIC, and BIC values were 0.4789, 152.78, and 160.86, respectively.  

 

Figure 6.24: Equation. The predicted Young's modulus of Wyoming siltstone in terms of 

UCS. 
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Figure 6.25: Young’s modulus vs porosity for Wyoming Siltstones. 
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Figure 6.26: Young’s modulus vs bulk density for Wyoming Siltstones. 
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Figure 6.27: Young’s modulus vs UCS for Wyoming Siltstone. 

 
Axial Strain at Peak Stress 

Figure 6.28 showed no apparent relationship between axial strain at peak stress (percent) and 

the UCS for Wyoming Siltstones. The axial strains at peak stress for the Cody, Upper Lance 

Creek, Frontier, Aspen, Bear River, Green River, Chugwater, and Cloverly Siltstones ranged 

from 1.8-2.5 percent, 3.6-4.5 percent, 1.6-2.4 percent, 0.8-2.2 percent, 1.8-4.8 percent, 2.3-4.91 

percent, 2.2-2.9 percent, 1.9-5.5 percent, and 1.3-2.9 percent, respectively. Chugwater and 

Green River Siltstones showed a wide range of axial strains at failure whereas, Cody Siltstones 

showed a narrower range of axial strains at failure. Similar to UCS, the axial strain at peak 

stress (percent) showed no apparent relation with Young’s modulus (𝐸) as shown in Figure 

6.29. White River/Ogallala Formations showed a wide variation of Young’s modulus from 0.01 

GPa to 0.14 GPa, when the axial strain rate changed from 1 percent to 3.5 percent whereas, the 

Cody Formation showed very little change in Young’s modulus from 0.41 GPa to 1.27 GPa, 

when axial strain rate changed from 1.6 percent to 4.5 percent.  

The difference in observed Young’s modulus can be attributed to the mineral composition and 

physical properties of the individual formations. As this study did not focus on the mineral 

composition of siltstones, a clear description of the observed behavior cannot be made. 
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Figure 6.28: UCS vs axial strain at peak stress for Wyoming Siltstone. 
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Figure 6.29: Young’s modulus vs axial strain at peak stress for Wyoming Siltstone. 
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6.3 Mechanical Properties under Triaxial Compression  

The analysis comprised all the literature data and tested Wyoming Siltstone data. Table 6.2 

summarizes the geological age, formation, average depth, porosity, and water content of 

Wyoming Siltstone samples and samples from the literature. 

Confining Pressure and Porosity 

Triaxial compression tests conducted on Repetto Siltstones revealed that increasing the 

confining pressure (𝜎𝑐) at a constant temperature increased the peak strength (Handin et al. 

1958). Similar observations have been made on sedimentary rocks by other researchers (Mogi 

1971, Kumar et al. 2010, and Tang et al. 2018). In this study, the peak stress was plotted 

against the normalized confining pressure with porosity (
𝜎𝑐

𝑛
) in Figure 6.31. The test data 

showed that the peak stress increased with the increase in the ratio 
𝜎𝑐

𝑛
. This relationship can be 

described by a power model (Figure 6.30). The peak stress is in MPa and the ratio 
𝜎𝑐

𝑛
  in 

MPa/percent. The RSE, AIC and BIC values of the equation were 10.32, 289.15, and 294.07, 

respectively. The variation in data could be attributed to siltstone formations of different 

geological ages.   
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Table 6.2: Summary of different siltstone formations for triaxial tests. 

Formation Avg Depth (m) 
Avg n 

(Percent) 
Avg w 

(Percent) 
Confining 

Pressure (MPa) 
Peak Stress 

(MPa) 
Reference 

Goose Egg 4 21.13 0.57 1-10 31-42 UW 

Sundance 9 26.07 5.32 1-10 9-23 UW 

Aspen/Bear River 13 - - - - UW 

Pass Peak 16 - - - - UW 

Wasatch 20 33.17 22.25 0.3-10 0.8-11 UW 

White River 22 - - 0.1-0.7 1.4-2.7 UW 

Aspen 11 3.25 1.48 1-20 137-222 UW 

Lance Surface 3.84 1.44 4-10 22-76 UW 

Bear River 13 1.68 1.22 1-4 81-95 UW 

Arikaree Surface 12.98 2.65 4-10 45-82 UW 

Hanna 57 4.25 1.65 4-10 57-93 UW 

Chugwater Surface 7.16 0.62 4-10 35-62 UW 

Ogallala 27 42.92 21.29 0.3-0.4 0.4-0.6 UW 

Jurong - 0.18 0.22 1.25-10 143-367 Diyuan Li et al. (2012) 

Zhungdong - - 2.8 5-40 77-236 Li et al. (2019) 
Note: Avg‒ Average; n‒ Porosity (Percent); 𝑤‒Water content (Percent); UW‒ University of Wyoming. 
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In Figure 6.32, Young’s modulus was plotted against confining pressure with no visible trend. 

Unlike the peak strength, Young’s modulus doesn’t increase with an increase in confinement. In 

some formations like the White River, Aspen, and Bear River, a decrease in Young’s modulus 

with an increase in confinement was observed.  

 

Figure 6.30: Equation. The predicted peak stress for siltstone from literature and 

Wyoming. 

 

Figure 6.31: Relationship between peak stress and the ratio of confining pressure to 

porosity. 
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Figure 6.32: The relationship between Young’s modulus and the ratio of confining 

pressure to porosity. 

Young’s Modulus (𝐸) 

Young’s modulus decreased with the increase in rock porosity (Rzhevsky and Novick 1971). 

Figure 6.33 compares Young’s modulus with the porosity of siltstones, and no apparent 

relationship can be observed. Wasatch, Sundance, Arikaree, and Hanna Siltstones showed an 

increase in Young’s modulus with the increase in porosity while Bear River and Goose Egg 

Siltstones exhibited a decrease in Young’s modulus with the increase in porosity. A comparison 

of Young’s modulus to Poisson’s ratio is shown in Figure 6.34. No relationship was observed 

between Young’s modulus and Poisson’s ratio for Wyoming Siltstone. 
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Figure 6.33: Young’s modulus vs porosity for siltstone. 

0.0 0.2 0.4 0.6

0.01

0.1

1

10

100

1000

 Goose Egg

 Sundance

 Wasatch

 White River

 Aspen/Bear River

 Lance

 Bear River

 Arikaree

 Hanna

 Chugwater

 Ogallala

 Jurong

 Zhungdong

Y
o

u
n

g
’s

 M
o

d
u

lu
s 

(G
P

a
)

Poisson’s Ratio  

Figure 6.34: Young’s modulus vs Poisson’s ratio for siltstone. 
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Cohesion & Internal Friction Angle (c & 𝜑) 

Figure 6.37 shows that the cohesion decreased nonlinearly with the increase in porosity. A 

power equation (Figure 6.35) was developed to describe this relationship. Siltstones with 

porosity ranging from 0-5 percent exhibit a higher cohesion, and the cohesion of siltstones 

decreased gradually for porosity greater than 5 percent. To account for the effect of porosity on 

cohesion, the cohesion was normalized with the porosity and plotted against the water content 

in Figure 6.38 in an inverse relationship given by the equation shown in Figure 6.36. 

 

Figure 6.35: Equation. The predicted cohesion for siltstone from literature and Wyoming. 

 

Figure 6.36: Equation. The normalized cohesion with respect to porosity for siltstone. 
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Figure 6.37: Cohesion vs porosity for Wyoming Siltstones. 
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Figure 6.38: The ratio of cohesion to porosity vs water content for siltstone. 

The RSE, AIC and BIC values of the equation in Figure 6.35 were 8.07, 66.86, and 67.45 and of 

equation in Figure 6.36 are 70.6, 131.36, and 131.59 respectively. The comparison of AIC and 

BIC suggested that cohesion better correlated to porosity alone and incorporating water content 

into the equation reduced the goodness of the fit. Hence, the equation in Figure 6.35 should be 

used to calculate cohesion from porosity for siltstones.  

No relationship between the internal friction angle and porosity was observed in Figure 6.39. For 

siltstones with porosity ranging from 0 and 15 percent, the internal friction angles ranged from 

35 and 50 degrees. When the porosity increased to 20 and 35 percent, the internal friction angle 

reduced to less than 20 degrees. 
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Figure 6.39: Internal friction angle vs porosity for siltstone. 
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CHAPTER 7: MECHANICAL PROPERTIES OF SHALE UNDER UNIAXIAL AND 

TRIAXIAL CONDITIONS 

Due to the layered structure, shale tends to split into thin layers along the laminations (fissile). 

Although geologically, shale is an argillaceous sedimentary rock, the classification for 

engineering purposes is not straightforward. Martin et al. (2016) provided a general 

geomechanical classification of argillaceous soil and rocks shown in Table 7.1. Underwood 

(1967) classified shales as “soil-like” and “rock-like” to distinguish between compacted shale 

and cemented shale, respectively.  

Extensive research on shales for wellbore stability, reservoir simulation, and as a source of 

shale gas has been conducted in past decades. The mechanical properties (strength and 

Youngs modulus) of shales are of utmost interest in assessing borehole stability and 

hydrofracturing. Some studies have been made to study the geomechanical behavior of shale 

with temperature (Johnston 1987, and Masri et al. 2014) and creep behavior (Sone and Zoback 

2013a, Sone and Zoback 2014). These studies are limited to a specific shale formation and a 

specific location. In addition, the mechanical properties of shales for civil infrastructure projects, 

including foundation, tunneling, and drilling, are not adequately quantified. Hence, this study 

focuses on the mechanical properties of shales from different formations and geological 

locations for a wide range of applications.  

7.1 Research Methods and Analysis 

A total of 33 shale samples from eight different locations in Wyoming were tested under both 

uniaxial and triaxial compression. Most shale samples were collected from depths of 13 to 33 m, 

while five surface samples were tested. Results from published literature on shales were 

collected for correlation analysis and the development of strength relationships. The mechanical 

properties of shales vary due to their anisotropic nature. Past research works have been 

conducted to study the effect of compaction, lithology, and diagenesis on the geomechanical 

properties of shales (Marsden et al. 1992, Horsrud et al. 1998, Dewhurst and Hennig 2003, 

Nygard et al. 2004, and Dewhurst et al. 2008). These shales have water content ranging from 5 

percent to 22 percent and porosity from 12 percent to 38 percent. Akaike Information Criterion 

(AIC) (Akaike 1974) and Bayesian Information Criterion (BIC) (Schwarz 1978) were selected as 

the comparison criteria as they are widely used for nonlinear models that are proposed for 

describing the strength relationships.  
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7.2 Mechanical Properties under Uniaxial Compression 

The UC test results described in this chapter were primarily based on unpublished test data of 

rock cores obtained from the state of Wyoming. The correlation analyses were conducted by 

considering shale test data from both literature and Wyoming and later considering only the 

Wyoming Shale data.  

The literature data collected was from published papers for different formations of shales from 

different geographic locations. Most data are from USA, followed by China, Canada, and others. 

The type of shale encountered is a mix of soil-like and rock-like shales as defined by 

Underwood (1967). The number of tests for a specific formation of shale ranged from 1 to 161. 

The maximum porosity observed from the literature was 40 percent for Nigerian Shale, the 

maximum water content reported was 35 percent for Kansas Shale, and the maximum UCS was 

318 MPa for Bowland Shale. Shales from Wyoming have a maximum porosity of 39 percent, 

maximum water content of 22 percent, and maximum UCS of 17 MPa. One of the factors for 

lower UCS of Wyoming Shale can be attributed to their depth of formation.  

Wyoming Shales was collected from a shallow depth of below 30m, whereas shales from 

literature were mostly collected from deep mining and oil gas borings that run more than a 

couple hundred meters. The description of Wyoming and literature data used in the analysis are 

listed in Figure 7.1. 

Shales UCS was related to physical properties such as water content, porosity, ρ, and β. Also, 

shale UCS was related to mechanical properties such as Young’s modulus, Poisson’s ratio, and 

axial strain at the peak stress.  

 
Water Content (w) 

It has been reported that the saturation of shales reduced the compressive strength by 90 

percent and Young’s modulus by 84 percent. The effect of water content on the mechanical 

properties of fine-grained sedimentary rocks has been reported by many researchers. An 

experimental study on coal mine Shale found that the increase in water content reduced 

compressive strength and Young’s modulus but increased Poisson’s ratio (Van Eeckhout 1976). 

Tandanand (1985) concluded that the compressive strength and tangent modulus of Illinois 

Shale decrease linearly with water content and lose most of their strength when the water 

content reaches 8 percent. Steiger and Leung (1992) found that the UCS of dry shales was 2-10 
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times greater than wet shales. Hsu and Nelson (1993) also reported a significant decrease in 

the compressive strength of clay shales in North America with the increase in water content. 

UCS and Young’s modulus increase on desaturation and decrease on resaturation of the shale 

samples. 

Lin & Lai (2013) reported a reduction in UCS and Young’s modulus with the increase in water 

content on Barnett Shale. Similar to Van Eeckhout (1976), Lin & Lai (2013) also reported an 

increase in Poisson’s ratio with the increase in water content. The reduction of Young’s modulus 

and UCS of shales with the increase in the water content have also been reported by (Ghafoori 

1995, Lashkaripour & Ghafoori 2002, Romana & Vasarhelyi 2007, Talal Al-Bazali 2012, and 

Cheng et al. 2015).  

The reduction of compressive strength with an increase in water content can be attributed to the 

interaction of water with mineral surfaces altering their surface properties and the aid of pore 

water pressure, causing instability along the plane of weakness (Koncagul 1999). The 

relationships between water content vs UCS reported by various researchers and from this 

study are summarized in Figure 7.2. 
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Figure 7.1: Prediction models for UCS of shales based on water content. 
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Figure 7.4 compares the UCS with water content and illustrates the fitting of the power model 

proposed (Figure 7.2), from this study and the exponential model (Lashkaripour et al. 2000) 

from the literature. The root mean square error (RMSE), RSE, AIC, and BIC for the literature 

models and the proposed model are listed in Figure 7.1. RMSE is one of the most popular 

measures of estimating accuracy of predicted values of a proposed model. RMSE was chosen 

to describe the best model from literature as we cannot calculate individual AIC and BIC of 

many exponential equations for the same set of data. The lowest RMSE from literature was 

37.78 based on the exponential model by Lashkaripour et al. (2000), and the proposed power 

model yields an RMSE of 19.73. The models from the literature were developed specifically for 

shales from a particular formation or location; however, the proposed model incorporates test 

data from all over the world including Wyoming. The RSE, AIC and BIC values for the proposed 

power model were lower than literature model suggesting a better prediction of UCS based on 

the proposed model.  

Figure 7.5 shows an exponential model represented by the equation shown in Figure 7.3, for the 

UCS -water content relationship based on Wyoming Shale data only. The RSE, AIC, and BIC 

values of exponential model for data from Wyoming only were 4.0, 710.91, and 719.42. When 

fitting the exponential model with all data, the RSE, AIC, and BIC were higher than the power 

model, indicating that the power model provides the best prediction of UCS values of shale. This 

was because the formation and geological age of Wyoming Shales were similar, hence the 

relative scatterness of data was lower as indicated by the lower RSE, AIC, and BIC values but 

incorporating different formations and geological ages, the power model showed lower values of 

RSE, AIC, and BIC.   

 

Figure 7.2: Equation. The predicted UCS for shales from literature and Wyoming. 

 

Figure 7.3: Equation. The predicted UCS for Wyoming shale only. 
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Figure 7.4: UCS vs water content for all shales. 
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Figure 7.5: UCS vs water content for Wyoming Shales. 
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The relationship between Young’s modulus and water content for Mud Shale studied by Fang et 

al. (2022) showed an exponential relationship. Young’s modulus (𝐸) of Mud Shale decreased by 

around 34 percent when the shale was saturated compared to the dry state. According to 

Chang et al. (2014), many factors like water content and porosity affecting the rock strength also 

affected Young’s modulus. The study of Wyoming data and combined literature data 

represented in Figure 7.9 showed that the power model was the best fit model. The statistical 

summary and model comparison criteria are shown in Figure 7.6. The mean of Fang et al. 

(2022) was so low because of the constant 9.267 in the equation, it heavily over predicted 

Young’s modulus in Wyoming Shales which have much lower values compared to the literature 

shales. The COV, however, was highest for the literature model and lowest for the power model, 

(Figure 7.7), developed for all shales. RSE, AIC and BIC values for the literature model were 

highest and lowest for the power model, the equation for Wyoming Shales only represented in 

the equation shown in Figure 7.8 and the data shown in Figure 7.10. Although the AIC and BIC 

values of the Wyoming Shale power model were negative, it’s still the lowest and hence was the 

best model to estimate E from 𝑤. 

 

Figure 7.6: Prediction models for Young’s modulus of shale based on water content. 

 

Figure 7.7: Equation. The predicted Young's modulus for shales from literature and 

Wyoming. 

 

Figure 7.8: Equation. The predicted Young's modulus for Wyoming shales only. 
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Figure 7.9: Young’s modulus vs water content for shales. 
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Figure 7.10: Young’s modulus vs water content for Wyoming Shales. 
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Porosity (n) 

Lashkaripour and Dusseault (1993) used a large set of published literature and lab data on 

shale with porosity of less than 20 percent and found a hyperbolic relationship between UCS 

and porosity. Horsrud (2001) conducted laboratory tests on shales with high porosity of 30-55 

percent, Porosity showed an inverse nonlinear relationship with the strength of rocks. Kumar et 

al. (2012) found that porosity plays a critical role in the mechanical properties of shale. The 

prediction models describing the relationship between UCS and porosity for shale are 

summarized in Figure 7.13. 

Figure 7.14 compares the UCS with the porosity along with the power model, represented by 

the equation shown in Figure 7.11, proposed in this study. The proposed model suggested that 

the mean UCS was 141 MPa for an “ideal” shale with zero porosity, and UCS decreases with 

the increase in porosity. The UCS approached zero when the porosity of shale reached about 

50 percent. The RMSE, RSE, AIC, and BIC for the prediction models from the literature and the 

proposed model are summarized in Figure 7.13. The lowest RMSE of 20.60 was for the 

prediction model developed for all shales in this study, and the proposed model for Wyoming 

Shales only was higher at 34.43. The RSE, AIC, and BIC values for the proposed power model 

were lower than literature, suggesting a better prediction of UCS from the proposed power 

model.  

Figure 7.15 shows a power model represented by the equation shown in Figure 7.12, for the 

UCS -porosity relationship based on Wyoming Shale data only. When fitting the power model 

(Wyoming only) with all data, the RSE, AIC, and BIC were lower than the power model 

(considering all data) as the scatteredness of data from Wyoming only was relatively low 

because all the shales were from a nearby location and similar geological age. The power 

model (considering all data) provided better results and was more applicable to a wider range of 

shale formations and geological ages. 

 

Figure 7.11: Equation. The predicted UCS for all shale data. 

 

Figure 7.12: Equation. The predicted UCS for Wyoming shale only. 
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Figure 7.13: Prediction models for UCS of shales based on porosity. 
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Figure 7.14: UCS vs porosity for shale. 
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Figure 7.15: UCS vs porosity for Wyoming Shale. 
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Kumar (2012) observed a linear relationship between Young’s modulus and porosity for four 

different shales with Young’s modulus decreasing with an increase in porosity as the increase in 

porosity tends to weaken the rock matrix framework. Hui Li (2016) also concluded that the 

impact of porosity on Young’s modulus is indeed significant. Figure 7.20 shows the comparison 

of models from the literature and this study for 𝐸 vs n. An exponential model for all shales and a 

power model observed for the shales from Wyoming only are shown in Figures 7.18 and 7.19 

respectively.  

The mean of Kumar et al. (2012) and Shukla et al. (2013) is very low because of the constants 

67 and 73.45 respectively. The predicted value for Wyoming Shales from these models was 

very high compared to the measured value. The power model for data from literature and 

Wyoming and an exponential model for Wyoming Shales only have lower COV than the 

literature models. This suggests that these models predicted values of 𝐸 closer to the actual 

measured values. The model from combined shale data resulted in lower RSE, AIC, and BIC 

than the power model. We can thus say that the exponential model was better for the prediction 

of 𝐸 based on n for shales. 𝐸 vs n models for all shale and Wyoming Shale only from this study 

is given by the equations in Figures 7.16 and 7.17, respectively. 

 

Figure 7.16: The predicted Young's modulus for all shale data. 

 

Figure 7.17: The predicted Young's modulus for Wyoming shale only. 
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Figure 7.18: Young’s modulus vs porosity for shale. 
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Figure 7.19: Young’s modulus vs porosity for Wyoming Shale. 
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Figure 7.20: Prediction models for Young’s modulus of shales based on porosity. 
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Bedding Angle (β) 

Higgins et al. (2008) stated that bedding planes have a significant impact on the mechanical 

properties of bedded formation rocks. Test results from a series of UC tests indicated that the 

UCS values of shales first decreased and then increased when the 𝛽 of shales changed from 0 

to 90 degrees (Fjaer et al. 2013, Jasmine et al. 2014). The effect of bedding planes on Colorado 

Shales has been studied by Wong et al. (2008) in terms of ultrasonic velocities. They concluded 

that samples parallel to the bedding plane have higher compressive and shear strength than 

samples perpendicular to the bedding plane. From a study on six different formations of shales, 

Willson et al. (2007) concluded that the UCS of shale is highest when the β equals 0 degree, 

intermediate when the β equals 90 degrees, and lowest when the β equals 60 degrees. Islam et 

al. (2013) concluded that shales drilled with 𝛽=90 degrees are much stronger and more brittle 

than those with 𝛽=0 degree. The experimental test results on Green River, Eagle Ford, and 

Mancos Shales at 𝛽=0 degree, 45 degrees and 90 degrees indicate that maximum compressive 

strength and Young’s modulus are observed at β of 90 degrees and minimum properties at β of 

45 degrees (Alqahtani et al. 2013).  

Yan et al. (2017) found that the compressive strength varied substantially with β as the 

reduction in strength was up to 60.2 percent. They reported that the maximum compressive 

strength occurred at 0 degree bedding, compressive strength reduced from 0-60 degrees with 

the lowest at 60 degrees bedding and the compressive strength increased from 60-90 degrees. 

A similar finding was reported on Mancos Shale by Jin et al. (2015).  

Figure 7.21 shows the effect of β on the UCS of shales. Marcellus, Boryeong, and Sichuan 

Formation shales showed similar trends as mentioned with the highest UCS at either 0 or 90 

degrees and lowest at β of 60 degrees. Two shales from Longmaxi Shales also showed the 

highest UCS at either 0 or 90 degrees, but the lowest UCS was not at β of 60 degrees. The 

Longmaxi black Shale has high porosity and showed the lowest strength at β of 30 degrees. 

The lowest compressive strength of Longmaxi Formation shale was not conclusive as the test 

data for all β angles was not available. Apart from the general trend we observed that the most 

reduction in UCS was 43 percent for Sichuan Formation shales from 0 to 60 degrees whereas 

the least reduction was 9 percent for Longmaxi Formation shale. Boryeong Shale when tested 

multiple times at the same β showed the difference in the observed UCS. The difference 

between the compressive strengths observed could be because of the physical properties like 

porosity, water content, depth, and mineral composition (Islam et al., 2013). 



150 
 

0 15 30 45 60 75 90

0

50

100

150

200

 Longmaxi Formation

 Sichuan Formation

 Boryeong Shale

 Longmaxi Black Shale

 Marcellus Shale

U
C

S
 (

M
P

a
)

Bedding Angle (Deg)  

Figure 7.21: UCS vs bedding angle (β) for shales. 

Higher Young’s modulus was observed parallel to bedding planes as compared to perpendicular 

by Wu & Tan (2010) and Sone and Zoback (2013). Jin et al. (2015) reported an increase in 

Young’s modulus with an increase in β. Figure 7.22 shows the relationship between Young’s 

modulus and β for different formations of shale. Only Sichuan Formation shale showed an 

increasing trend with an increase in β as mentioned in the literature.  

Young’s modulus of Boryeong and Longmaxi black Shale showed a similar trend to that of the 

compressive strength with the highest value at 0 or 90 degrees and lowest in between 30-60 

degrees. The Longmaxi Formation showed the least value of Young’s modulus at β of 90 

degrees. The possible reasons for this variation were water content, porosity, total carbonic 

content, and mineralogy.  
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Figure 7.22: Young’s modulus vs bedding angle (β) for shale. 

 

Poisson’s Ratio () 

Lashkaripour et al. (1993) concluded there was no relationship between the UCS and Poisson’s 

ratio of shale. Figure 7.23 similarly shows no relationship between UCS and Poisson’s ratio.  
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Figure 7.23: UCS vs Poisson’s ratio for shales. 

Bulk density () 

Inoue and Ohami (1981) and Lashkiropour et al. (1993) have reported a poor relationship 

between UCS and ρ for weak rocks like shale. Lashkiropour et al. (1993) further concluded that 

density is not a good indicator of UCS in shales as the density of minerals, such as quartz, illite, 

and montmorillonite, is relatively similar. The ratio of quartz to clay minerals in shales has been 

found as a factor influencing the strength of shale, and a higher ratio indicates a higher strength 

of shale (Hui Li et al. 2016). Considering all shale data, Figure 7.25 shows that the UCS of 

shales increased with the increase in density. The increasing trend can be approximated with an 

exponential model provided in the equation shown in Figure 7.24. Residual standard error, AIC, 

and BIC values were determined at 24.37, 1821.22, and 1831.07, respectively. This increasing 

relationship could be attributed to the ratio of quartz to clay mineral in shales. Due to the 

absence of measured mineralogy of the tested shales, a better prediction model to describe the 

relationship between UCS (MPa) and density of shales (g/cm3) considering the shale 

mineralogy cannot be established.  
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Figure 7.24: Equation. The predicted UCS for all shale data. 

 

Figure 7.25: UCS vs density for shale. 

Considering Wyoming Shale data, Figure 7.28 shows a similar exponential relationship between 

the UCS and ρ. The variation in UCS with respect to density could be attributed to the different 

types and formation depths of Wyoming Shales. Most shale from Wyoming was obtained from a 

relatively shallow depth of up to 30 m while the shale reported in the literature was collected 

from much deeper depths. The exponential model (Figure 7.26) has an RSE of 2.286, AIC of 

480.10, and BIC of 488.09. Similarly, Figure 7.29 compares Young’s modulus (GPa) and ρ 

(g/cm3) along with the power model given by the equation shown in Figure 7.27. 

 

Figure 7.26: Equation. The predicted UCS for Wyoming shale only. 
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Figure 7.27: Equation. The predicted Young's modulus for Wyoming shale only. 

 

Figure 7.28: UCS vs density for Wyoming Shales. 
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Figure 7.29: Young’s Modulus vs density for Wyoming Shales. 

 
Young’s Modulus (E) under Uniaxial Condition  

A linear relationship between Young’s modulus (𝐸) and UCS of shales has been observed by 

Lashkaripour & Dusseault (1993) and Franklin (1981). However, an exponential relationship 

between 𝐸 and UCS was reported for North Sea Shale (Horsrud 2001). Chang et al. (2006), 

using data from Horsrud (2001), illustrated a remarkably different trend with two empirical 

equations developed using a high porosity North Sea Shale and a strong compacted shale. The 

difference in trend observed with different shale types showed that the relationship between 

UCS and 𝐸 varied with the lithology and geology of the shales in consideration. The prediction 

equations describing the relationship between 𝐸 and UCS for shale are listed in Figure 7.33. 

Figure 7.33 compares Young’s modulus and UCS in a log plot along with a power model 

proposed given by the equation shown in Figure 7.30 from this study. The linear model for 

Wyoming Shales from this study had the lowest RMSE value followed by the power model from 

this study considering all data and Horsrud (2001). Comparing the Lashkaripour et al. (1993) 

linear model with the power model from this study we observe that the values of RSE, AIC, and 

BIC are smaller for the power model compared to the literature model.  
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The study of Wyoming Shale data only shows a similar trend. Figure 7.34 shows the fitting of a 

linear model given by the equation shown in Figure 7.31 on Wyoming Shale data only. 𝑅2 value 

at 94 percent for Wyoming Shales test data. Residual standard error, AIC, and BIC values at 

0.029, -195.1, and -189.6 respectively.  

 

Figure 7.30: Equation. The predicted Young's modulus for all shale data. 

 

Figure 7.31: Equation. The predicted Young's modulus for Wyoming shale only. 
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Figure 7.32: Prediction models describing the relationship between E and UCS for shales. 
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Figure 7.33: Young’s modulus vs UCS for shale. 

1 2 3 4 5

0.1

0.2

0.3

0.4

0.5

 Steele Shale

 Cody Shale

 Skull Creek Shale

 Linear Model

Y
o
u

n
g
's

 M
o
d

u
lu

s 
(G

P
a
)

UCS (MPa)
 

Figure 7.34:Young’s modulus vs UCS for Wyoming Shales. 
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Axial Strain at Peak Stress 

No apparent relationship was observed between the axial strain at peak stress (percent) and the 

UCS for shales included in the study. Figure 7.36 shows the comparison between UCS and 

axial strain at peak stress of Wyoming Shales. The linear fitting model with a relatively low 𝑅2 of 

15 percent suggested that the linear model cannot provide a relatively accurate UCS prediction 

based on the axial strain. Axial strains of Cody Shale, Skull Creek Shale, Wasatch Shale, Wind 

River Shale, Steele Shale, and Harbell Shale range from 2.7 to 8.5 percent, 1 to 3.9 percent, 2.5 

to 4.6 percent, 1.3 to 11 percent, 2 to 13.5 percent and 0.8 to 5.5 percent, respectively. Wind 

River Shale and Steele Shale exhibited a broader range of axial strain at peak stress while the 

axial strains of Skull Creek Shale and Wasatch Shale are narrower. 

Young’s modulus (GPa) with axial strain at peak stress (percent) showed a power fitting given 

by the equation shown in Figure 7.35 and the data are shown in Figure 7.37. The Skull creek 

Shales from Wyoming showed a sharp decrease in Young’s modulus with an increase in the 

axial strain at peak stress whereas in Steele Shale and Cody Shale the trend is not that 

apparent. The RSE, AIC, and BIC of the equation shown in Figure 7.35 for 𝐸 based on the axial 

strain at peak stress was 0.05, -139.40, and -133.85, respectively.  

 

Figure 7.35: Equation. The predicted Young's modulus of Wyoming shale. 
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Figure 7.36: UCS vs axial strain at peak stress for Wyoming Shales. 
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Figure 7.37: Young’s modulus vs axial strain at peak stress for Wyoming Shales. 

 

7.3 Mechanical Properties under Triaxial Compression 

Triaxial test results described in this chapter are largely based on rock cores obtained from the 

state of Wyoming. Correlation analyses are conducted first considering shale data from 
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literature and Wyoming and later considering only Wyoming Shale data. Wyoming Shale 

samples did not have an apparent β. The complete data from the literature and our lab used for 

the development of the correlation are shown in Table 7.1. Most of the shale data considered for 

analysis were from USA followed by China and France. Although most shales were from USA, 

they were from different formations.  

Thirty-three triaxial tests were conducted on five formations of shales from Wyoming. The 

porosity and water content of Wyoming Shales ranged from 12.76 to 38.28 percent and 10.16 to 

22.24 percent respectively. The porosity and water content of Wyoming Shales were much 

higher than shales from the literature, hence the confinement chosen for Wyoming Shales 

ranged from 0.14 to 10 MPa compared to 1 to 250 MPa for the literature shales. The peak 

strength obtained for Wyoming Shale ranged from 0.57 to 88.92 MPa which was much less 

compared to 14 to 584 MPa for literature shales. The higher peak stress of literature shales was 

because of the lower porosity and water content and higher range of confining pressure. 

Young’s modulus and Poisson’s ratio of Wyoming Shales were also lower than the literature 

values. 

Effect of bedding angle (𝛽) 

Jasmine et al. (2014) defined β as the foliation angle with respect to the longitudinal direction of 

a rock specimen. They found that the shear failure of anisotropic shales under compression 

occurs along the bedding planes for 30 degree ≤ 𝛽 ≤ 75 degree, and hence, shales with bedding 

planes in this range exhibited the lowest compressive strength. Shales with 𝛽 = 0 and 90 

degrees exhibited tensile failure and a higher compressive strength than that with other β 

angles. Similar observations have been made on shales by Cheng et al. (2017), Niandou et al. 

(1997), and Mese et al. (2001). Jung et al. (2016) studied the anisotropy of elastic parameters 

and strength of shale with Brazilian split testing and concluded that the highest compressive 

strength is at 𝛽 = 0 and 90 degrees. Figure 7.38 shows the normalized peak stress with 

confining pressure (
𝜎𝑝

𝜎𝑐
) versus β for different shale formations. Higher normalized stresses were 

found to be at 𝛽 = 0 and 90 degrees and lower normalized stresses were observed in the range 

30 degree ≤ 𝛽 ≤ 75 degree irrespective of the shale formation.  

The normalized stress (
𝜎𝑝

𝜎𝑐
) magnified by the porosity as (

𝜎𝑝

𝜎𝑐
× 𝑛) is compared against the β in 

Figure 7.39. The relationship between this normalized stress and porosity becomes more 

apparent with the highest strength at 𝛽 = 0 and 90 degrees and the lowest strength in the range 
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30 degree ≤ 𝛽 ≤ 75 degree. These comparisons further confirm the effect of β on the 

compressive strength of anisotropic rocks like shale in addition to the effect of confinement and 

porosity. 
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Table 7.1: Database of triaxial compression test results of shales from Wyoming and published literatures. 

Sample 
ID 

Formation Location 
No of 
Tests 

Porosity 
(Percent) 

Water 
Content 
(Percent) 

Confining 
Pressure 

(MPa) 

Peak 
Strength 

(MPa) 

Young's 
Modulus 

(GPa) 

Poisson's 
Ratio 

References 

1 Cody Shale Wyoming, USA 24 20.10-31.00 11.59-20.37 0.3-10 0.57-12.86 0.02-280.31 0.26-0.49 This Study 

2 Morrison Shale Wyoming, USA N/A N/A N/A N/A N/A N/A N/A This Study 

3 Undifferentiated Wyoming, USA 3 27.80-35.50 10.16 0.3-0.6 1.05-1.27 0.02-0.07 0.19 This Study 

4 Fort Union Shale Wyoming, USA 3 36.24-38.28 22.24 0.14-0.6 0.57-0.78 N/A N/A This Study 

5 Hanna Shale Wyoming, USA 3 12.76-13.20 5.01 4-10 81.67-88.92 5.38-9.83 0.12 This Study 

6 Coal Shale Maryland, USA 28 0.79 N/A 10-30 90-213 12-37.97 N/A Jin et al. (2015) 

7 
Longmaxi 
Formation 

Sichuan, China 8 4.00 N/A 15-25 192.5-220.2 N/A N/A 
Guoliang Yang et al. 

(2020) 

8 Pierre Shale South Dakota, USA 8 23.2 N/A 16-25 31.60-50.90 N/A N/A Animul et al. (2013) 

9 Tournemire Shale 
Massif Central, 

France 
24 8.35 N/A 1-50 27-155 15 N/A Niadou et al. (1997) 

10 Tournemire Shale 
Massif Central, 

France 
12 8.35 N/A 5-20 

62.63-
106.76 

11-15 N/A Masri et al. (2014) 

11 
Longmaxi Marine 

Shale 
Chongquing, China 16 4.45 N/A 20-100 173-584 21.3-32.3 N/A Yuan Li et al. (2018) 

12 Bossier Shale North America 34 2.75 N/A 7-70 46-324.72 N/A N/A Jasmine et al. (2014) 

13 
Longmaxi Black 

Shale 
Schizu County, 

China 
20 4 N/A 20-60 90-340 N/A N/A Song Yu et al. (2016) 

14 Wilcox Shale Louisiana, USA 4 2.50 N/A 250 
437.40-
448.30 

N/A N/A Ibanez et al. (1993) 

15 Vaca Murata Shale Argentina 14 5.00 N/A 7-138 
138.71-
482.38 

N/A N/A Jasmine et al. (2014) 

16 Pierre-1 Outcrop USA 14 23.20 N/A 16-25 31.60-55.39 0.64-1.90 0.10-0.54 Aminul Islam et al. (2013) 

17 
Opalinus Clay 

Shale 
USA 9 16.85 N/A 5-15 14-30 N/A N/A Mohamadi (2015) 

18 Tournemire Shale USA 30 8.00 N/A 1-50 24-110 N/A N/A Mohamadi (2015) 

19 Queenston Shale Canada 6 N/A 1.505 2.5-20 42.04-77.79 4.1-26.9 0.24-0.48 Al-maamori et al. (2016) 

20 Black Shale Europe 16 N/A N/A 0.1-100 75-352 N/A N/A Herrmann et al. (2018) 

Note: USA‒ United States of America. 
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Figure 7.38: Normalized 
𝝈𝒑

𝝈𝒄
  vs bedding angle for shales. 
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Figure 7.39: Normalized 
𝝈𝒑

𝝈𝒄
 × 𝒏  vs bedding angle for shales. 
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Cohesion (c) and internal friction angle (𝜑) 

Cohesion (c) and internal friction angle (𝜑) are important strength parameters of rocks. Figure 

7.41 suggests that the cohesion of shales was inversely proportional to porosity. An exponential 

model (Figure 7.40) was established to describe this inverse relationship for predicting the 

cohesion (MPa) of shales using porosity (percent). Since cohesion is related to UCS via a 

friction factor (Dewhurst et al. 2008), the observed inverse relationship given by the equation 

shown in Figure 7.40 was expected. The porosity ranging from 3 to 13 percent showed a higher 

cohesion value as compared to the cohesion values for porosity greater than 13 percent.  

 

Figure 7.40: Equation. The predicted cohesion of shales.  
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Figure 7.41: The relationship between cohesion and porosity for shales. 

No effect of the internal friction angle on the measured physical properties was observed by 

Horsrud (2001) in North Sea Shales. Figure 7.43 compares the internal friction angle and 

porosity. For porosity ranging between 4 and 10 percent, a constant internal friction angle of 

about 23.4 degrees was observed except for the Hanna Shale. The relatively high internal 

friction angle of 45 degrees observed in Hanna Formation might be attributed to the size effect 

as 25 mm diameter Hanna Shale specimens versus 50 mm diameter specimens for other shale 
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formations are used in the testing. Cody Shale with the porosity ranging from 23 to 30 percent 

exhibited a linear relationship (Figure 7.42) for the internal friction angle (𝜑) in degree in terms 

of porosity (n) in percentage.  

 

Figure 7.42: Equation. The predicted internal friction angle of shales. 
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Figure 7.43: Comparison of internal friction angle and porosity for shales. 

 
Young’s Modulus (E)  

Figure 7.45 shows that Young’s modulus decreased with the increase in rock porosity. A power 

model (Figure 7.44) is fitted to define this relationship. Han et al. (2018) reported a gradual 

increase in Young’s modulus with the increase in packing density and reduction of porosity in 

shale. The observed Young’s moduli for shales below 30 GPa were comparable with the 

observation reported by Han et al. (2018) of 24.2 GPa for shales with a parallel bedding plane. 

The RSE of 6.786, AIC of 177.27, and BIC of 181.04 were observed for the proposed equation 

(Figure 7.44). 
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Figure 7.44: Equation. The predicted Young's modulus of shales. 

0 5 10 15 20 25 30 35 40

0

5

10

15

20

25

30
 New Albany Shale

 Antrim Shale

 Eagle Ford Shale

 Marcellus Shale

 Woodford Shale

 Monterey Shale

 Cody Shale

 Hanna Shale

 Power Model

E
la

st
ic

 M
o

d
u

lu
s 

(G
P

a
)

Porosity (%)  

Figure 7.45: Young’s modulus vs porosity for shales. 
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CHAPTER 8: MECHANICAL PROPERTIES OF CLAYSTONE UNDER UNIAXIAL 

AND TRIAXIAL CONDITIONS 

The study of the anisotropy effect on clay rocks by experimental investigation of mechanical 

properties has been conducted, especially on Callovo-Oxfordian Claystone (COX) and Opalinus 

clay. The investigations on COX by Zhang et al. (2012), Yang et al. (2013), and Belmokhtar 

(2017) reported that the deformability and strength of the clay rock depend on loading direction 

with respect to the bedding plane. The study by Naumann et al. (2007) and Amann et al. (2017) 

on opalinus clay also highlighted the effect of bedding planes on mechanical properties. Zhang 

et al. (2019) found that the elastic parameters increase at the beginning of loading and tend to 

be constant before peak failure.  

The initial increase is attributed to the hardening effect of claystone. The effect due to claystone 

hardening has also been investigated (Plinninger et al. 2010, Hu et al. 2014). The mechanical 

properties and the effect of physical properties on the compressive strength of claystone have 

not been well published. Unlike other rock types, literature data on compressive strength of 

claystone is rarely available from laboratory tests. From a civil engineering perspective, since 

claystone is an important geomaterial supporting many civil infrastructures such as buildings, 

slopes, bridges, and tunnels, a comprehensive study of the mechanical properties of claystone 

from laboratory testing is essential. 

8.1 Research Methods and Analysis 

A total of 46 UC tests have been conducted on nine different claystone formations obtained 

from Wyoming. Five triaxial compression tests have been performed on claystone from three 

formations. All claystone samples were collected from depths less than 30 m. Literature data for 

the mechanical and physical properties of claystone cannot be found, and hence, the following 

correlation studies were conducted based only on Wyoming Claystone data. To evaluate and 

compare the prediction models, AIC, BIC, and RSE were determined using the statistical 

software RStudio version 2020.02.2 (R Core Team 2020).  

8.2 Mechanical Properties under Uniaxial Compression  

Correlation analyses were conducted by considering claystone test data from Wyoming as 

shown in Table 8.1. Ten different formations of claystone were tested. The average water 

content, porosity, ρ, axial strain, UCS, and Young’s modulus for all ten formations of claystone 

are listed in Table 8.1. The average porosity of all claystone was less than 20 percent except for 
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the Ogallala Formation. Similarly, the average porosity for all formations was less than 30 

percent except for Ogallala and Upper Lance Creek Formations. Three formations, Fort Union, 

Frontier and Goose Egg have higher densities compared to the other formations. The average 

UCS of the claystone ranged from 0.63 MPa to 5.30 MPa. The lowest UCS was observed in the 

Upper Lance Creek Formation with high porosity (32 percent) and water content (20 percent) as 

compared to other formations. 

Table 8.1: Database of uniaxial compressive test results of claystone from Wyoming. 

Claystone 
Formation 

Avg 𝒘 
(Percent) 

Avg n 
(Percent) 

Avg  
(g/cm3) 

Axial 
Strain 

(Percent) 

UCS 
(MPa) 

Young’s 
Modulus 

(GPa) 

Aspen 9.74 20.33 2.95 3.43 3.60 0.02 

Chugwater 15.20 28.77 2.81 4.83 5.30 0.01 

Fort Union 8.80 16.18 3.05 2.68 2.59 1.57 

Frontier 3.47 7.98 3.21 1.90 1.50 0.23 

Goose Egg 4.97 11.11 3.15 1.87 2.28 0.31 

Green River 14.36 27.48 2.76 3.72 4.50 0.23 

Ogallala 37.27 49.67 2.26 1.56 1.41 0.37 

Upper Lance 
Creek 

19.96 32.70 2.72 3.80 0.63 - 

Willwood 16.42 29.55 2.76 2.23 2.99 0.05 

Wasatch 15.16 27.01 2.83 2.37 2.73 0.74 
Note: Avg‒ Average; 𝑤‒ Water content (percent); n‒ Porosity (percent);  ‒ Bulk density (g/cm3); UCS ‒ 

Uniaxial compression test. 

Claystone UCS was related to physical properties such as water content, porosity, and ρ, in 

addition to mechanical properties such as Young’s modulus and axial strain at peak stress.  

Water content (𝑤) 

The effect of water content on the compressive strength of Wyoming Claystone is illustrated in 

Figure 8.3. An exponential decreasing trend of UCS with increasing water content was observed 

for water contents less than 30 percent. The exponential relationship of UCS in MPa and water 

content (𝑤) in percentage is described by the equation shown in Figure 8.1. Young’s modulus 

(E) in GPa versus water content (𝑤) in percentage is described by the equation shown in Figure 

8.24. Figure 8.4 shows the exponential relationship between Young’s modulus and water 

content. The statistical parameter for the proposed model for UCS vs w showed the Residual 

standard error of 8.613, AIC of 304.01, and BIC of 309.23. Statistical parameter for the 

proposed model of 𝐸 vs 𝑤 had a Residual standard error of 0.66, AIC of 73.87, and BIC of 

78.54. Comparing the two models (Figures 8.1 and 8.2), Young’s modulus had a better 

relationship with water content than UCS.  
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Figure 8.1: Equation. The predicted UCS of Wyoming Claystone. 

 

Figure 8.2: Equation. The predicted Young's modulus of Wyoming claystone. 
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Figure 8.3: UCS vs water content for Wyoming Claystone. 
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Figure 8.4: Young’s modulus vs water content for Wyoming Claystone. 

Porosity (n) 

Figure 8.7 shows an inverse relationship between UCS and porosity for Wyoming Claystone. 

This linear relationship of UCS, in MPa, and porosity, in percent, is described by the equation 

shown in Figure 8.5. The statistical parameter for the proposed model showed a Residual 

standard error of 7.642, AIC of 293.97, and BIC of 299.18. The slightly lower AIC and BIC 

values of UCS vs porosity over UCS vs water content showed that the porosity was a more 

significant variable in predicting the UCS than water content. Figure 8.6 provides the 

relationship between Young’s modulus, in GPa, and porosity and the data are shown in Figure 

8.8. The statistical parameter for the proposed model showed the Residual standard error of 

0.60, AIC of 68.07, and BIC of 72.73. Comparing the values of RSE, AIC, and BIC of equations 

shown in Figures 8.5 and 8.6, we find that Young’s modulus related much better to porosity than 

UCS.  

 

Figure 8.5: Equation. The predicted UCS of Wyoming claystone. 
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Figure 8.6: Equation. The predicted Young's modulus of Wyoming claystone. 
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Figure 8.7: UCS vs porosity for Wyoming Claystone. 
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Figure 8.8: Young’s modulus vs porosity for Wyoming Claystone. 
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Bulk density () 

Figure 8.9 shows the linear relationship between UCS and ρ. Similarly, Figure 8.10 showed the 

relation between Young’s modulus and ρ for claystone. The ρ showed no relation with UCS and 

Young’s modulus as no prediction model could be developed.  
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Figure 8.9: UCS vs bulk density for Wyoming Claystone. 
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Figure 8.10: Young’s modulus vs bulk density for Wyoming Claystone. 

Young’s modulus (E)  

In this study, a linear trend was observed for claystone as shown in Figure 8.12. The 

relationship between 𝐸 and UCS is described by the equation shown in Figure 8.11 with the 𝑅2 

of 96 percent. The R-squared value of 96 percent showed that there was a strong relationship 

between Young’s modulus (GPa) and the UCS (MPa).  

 

Figure 8.11: Equation. The predicted Young's modulus of Wyoming claystone. 
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Figure 8.12: Young’s modulus Vs UCS for Wyoming Claystone. 

Axial Strain at Peak Stress 

Figure 8.13 shows no apparent relationship between UCS and the axial strain at peak stress (in 

percentage) for claystone. Figure 8.14 shows the relationship between Young’s modulus (GPa) 

and axial strain at the peak stress (in percentage). There seemed to be no apparent relationship 

between UCS and the axial strain at peak stress of claystone. Similarly, Figure 8.14 shows no 

apparent relationship between Young’s modulus and axial strain at the peak stress for claystone 

and no correlation could be developed.  
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Figure 8.13: UCS vs peak strain for Wyoming Claystone. 
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Figure 8.14: Young’s modulus vs peak strain for Wyoming Claystone. 
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8.3 Mechanical Properties under Triaxial Compression  

The triaxial test results summarized in this chapter were based on rock cores obtained from 

Wyoming. Five triaxial tests were performed in the laboratory on three claystone formations, and 

the test results are summarized in Table 8.2. No triaxial test data on claystone could be found in 

published literature. Due to the limited triaxial test data on claystone, similar correlation analysis 

to develop prediction models cannot be performed. 

Table 8.2: Database of triaxial compression test results of claystone from laboratory. 

Claystone 
Formation 

Avg 𝒘 
(percent) 

Avg n 
(percent) 

Confining 
Pressure 

(MPa) 

Peak 
Stress 
(MPa) 

Avg 𝑬 (GPa) 

Ogallala 15.90 28.00 0.32-0.56 1-1.27 0.01-0.017 

Wind River 7.85 5.13 4-10 51-70 3.58-4.57 

Hanna 6.58 7.65 4 51 3.90-4.49 
Note: Avg‒ Average; 𝑤‒ Water content (percent); n‒ Porosity (percent);  ‒ Bulk density (g/cm3); UCS‒ 

Uniaxial compression test; 𝐸‒ Young’s Modulus. 
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CHAPTER 9: MECHANICAL PROPERTIES OF CARBONATE ROCKS UNDER 

UNIAXIAL AND TRIAXIAL CONDITIONS 

9.1 Research Methods and Analysis 

Three limestones and one dolostone sample from Wyoming were tested for uniaxial and triaxial 

compression tests. The four samples were collected from the surface for testing. The limestone 

samples have water contents (𝑤) ranging from 1.84 percent to 2.18 percent and the porosity (n) 

ranges from 1.86 percent to 12.20 percent. Whereas the dolostone sample had water contents 

of 1.41 percent and porosity (n) of 8.29 percent.  

Other carbonate rocks collected from literature in addition to limestone data collected from the 

historical WYDOT database are summarized in Figure 9.3 and Figure 9.11 for uniaxial and 

triaxial compression tests respectively. Carbonate rocks from the literature included limestone, 

dolomite, gypsum, chalk, and marble. The proposed models were compared with other models 

from the literature based on the RMSE and MAD values.  

9.2 Mechanical Properties under Uniaxial Compression  

An experimental study was carried out on 3 limestones and one dolostone formations from 

Wyoming, USA in addition to other data collected from literature, to examine the effect of 

physical properties on the UCS of carbonate rocks. A summary of the UC test results is given in 

Figure 9.3. Additional test results of Madison Limestone were collected from a historical rock 

database developed by the Wyoming Department of Transportation (WYDOT). Various 

formations collected from literature were utilized to better understand the mechanical behaviors 

of carbonate rocks from different regions of the world. The recommended model for the true 

mean of UCS is power in terms of the porosity (n in percentage) as shown in Figure 9.2 and 

given by the equation shown in Figure 9.1 based on the training dataset that contains 178 data 

points. 

 

Figure 9.1: Equation. The predicted UCS of carbonate rocks. 
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Figure 9.2: Relationship between UCS and rock porosity. 

The negative power trend in porosity on predicting UCS (Figure 9.1) was consistent with past 

findings that explain the weakening effect of pores on the rock’s compressive strength because 

pores are considered weak points within the rock matrix that induces stress concentration 

(Ludovico-Marques et al. 2012). Figure 9.4 summarizes several relationships developed for 

predicting UCS based on specific carbonate rock formations reported in the literature. According 

to the independent testing dataset that contained 76 data points and included formations from 

literature and Wyoming, the proposed equation for UCS prediction fitted the testing dataset better 

than other equations according to the lowest RMSE and MAD values summarized in Figure 9.4. 
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Figure 9.3: Summary of UC test results of carbonate rocks from literature and this study. 
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Figure 9.3 (Continued): Summary of UC test results of carbonate rocks from literature and this study. 
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Figure 9.4: Assessment of prediction equations for UCS based on the testing dataset. 
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Young’s Modulus 

The relationship between Young’s modulus and porosity according to the training dataset is 

shown in Figure 9.6. The plot illustrated a power decrease in mean E as the porosity increased 

according to the training dataset that contained 79 data points from literature and Wyoming. Other 

studies related to predicted E are summarized in Figure 9.7. According to the testing dataset that 

contained 66 data points, the proposed equation shown in Figure 9.5 had lower RMSE and MAD 

compared to those from the literature except for the model of Farquhar et al. (1994) where the 

statistical comparison was very similar, indicating a better prediction of Young’s modulus for most 

of the models. 

 

Figure 9.5: Equation. The predicted Young's modulus of carbonate rocks. 

 

Figure 9.6: Relationship between Young’s modulus and rock porosity. 
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Figure 9.7: Assessment of Young’s modulus predictions based on the testing dataset. 
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9.3 Mechanical Properties under Triaxial Compression  

Figure 9.11 includes a summary of the triaxial compression test results of carbonate rocks from 

this study and literature. The effect of porosity on rock strength was further demonstrated with 

the comparison of porosity and the failure parameters, cohesion (c), and internal friction angle 

(𝜑), derived for the Mohr-Coulomb criterion as shown in Figure 9.8. The internal friction angle 

decreased with increasing porosity indicating that the porosity had a significant effect on the 

rock failure. A similar decreasing trend was observed between porosity and cohesion. However, 

because of other factors that are not available in this study, such as minerology, geological 

process (cementation), and compaction, a larger variation was observed between porosity and 

cohesion. 

                                       

 

Figure 9.8: Comparison of the porosity effect on the internal friction angle and cohesion. 
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Figure 9.9 contains a linear model to capture the relationship between n in percentage, 𝜎3 in MPa, 

and the true mean 𝜎1 in MPa based on the training dataset that contained 250 data points from 

literature and Wyoming. The relationship is shown in Figure 9.10. 

 

Figure 9.9: Equation. The predicted peak compressive strength of carbonate rocks. 

 

Figure 9.10: Relationship between the peak compressive strength and the porosity and 

confining pressure. 

The mean 𝜎1 decreased with the increase in n. An increase in the internal surface area per unit 

rock volume resulting from a higher n decreased the predicted integrity of the rock and hence 

reduced its strength (Atapour and Mortazavi 2018a). On the other hand, the mean 𝜎1 generally 

increased with an increase in the confining pressure (𝜎3) due to the strengthening effect of 

confinement on compressive strength. Statistical results indicated that both n and 𝜎3 were 

significant predictors of mean 𝜎1. 
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Figure 9.11: Summary of triaxial compression test results of carbonate rocks from this study and literature. 



189 
 

 

Figure 9.11 (Continued): Summary of triaxial compression test results of carbonate rocks from this study and literature. 
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CHAPTER 10: SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

10.1 Summary 

This study was aimed at understanding the mechanical and deformation behaviors and 

quantifying the mechanical properties of Wyoming bedrocks to improve the design and 

construction of transportation infrastructures in the state. To accomplish this objective, fifty 

samples were tested under different confining pressures. Tested rock samples were mostly 

sandstone (30 percent), siltstone (23 percent), shale (14 percent), and others (33 percent). 

Bedrocks in Wyoming were from different geological ages, and a conscious effort was made to 

include samples from different ages. The tested samples were mostly from Cretaceous (27 

percent), Eocene (13 percent), Paleogene (11 percent), and others. The rock samples were 

from all three geological rock types: Sedimentary (86 percent), Igneous (11 percent), and 

Metamorphic (3 percent). The rock samples were obtained as surface boulders (48 percent) and 

rock cores from subsurface drilling (52 percent). The rock specimens prepared for testing were 

either 25mm or 50mm in diameter with a height-to-diameter ratio of two.  

Uniaxial and triaxial compression tests were conducted using GCTS RTR-1500 rapid triaxial 

rock testing equipment for hard rocks and GeoJac triaxial equipment for soft and soil-like rocks. 

The physical properties like water content, porosity, and specific gravity of tested specimens 

were measured before compression testing. Laboratory compressive tests were performed to 

measure the stress and strains of each rock specimen.  

Elastic properties (Young’s modulus and Poisson’s ratio) were determined from the linear 

stress-strain relationship of the rock under compression. Shear strength parameters, such as 

cohesion and internal friction angle, were determined from the Mohr-Coulomb criterion 

constructed from a series of Mohr’s circles. The nonlinear HB criterion was also applied to 

determine the tensile strength and material constant (𝑚𝑖) for each rock sample. This research 

focused on presenting the results of laboratory tests and correlation analyses to relate 

mechanical properties to physical properties of sandstone, claystone, shale, limestone, and 

siltstone. An extensive study was conducted to compile available test data on sandstone, shale, 

claystone, limestone, and siltstone from the literature for correlation analyses.  
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10.2 Conclusions  

An extensive experimental study was conducted to study the effects of physical properties and 

environmental conditions on the mechanical behaviors of Wyoming bedrocks under different 

loading conditions. The empirical equations developed from this study for predicting UCS, E and 

strength parameters in a SI unit system and English unit system are summarized in Figure 10.1 

and Figure 10.2, respectively.  
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Figure 10.1: Developed prediction equations for UCS, E and strength parameters from 

this study in SI unit system. 
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Figure 10.2: Developed prediction equations for UCS, E and strength parameters from 

this study in English unit system. 
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The main findings drawn from this study for each rock type were described as follows:  

Sandstone 

1) The UCS of sandstone was linearly related to water content (𝑤), porosity (n), and mean 

grain size (dm).  

2) The n and confining pressure significantly affected the triaxial compressive strength of dry 

sandstones.  

3) A linear relationship between Young’s modulus (E) and UCS was observed.  

 
Shale 

1) The UCS of shale decreased with the increase in 𝑤 and n. It was found that the UCS 

was lowest when the bedding angle (β) was between 30-60 degrees and highest when 

the β was either 0 or 90 degrees. The UCS increased with the increase in bulk density 

(ρ) of shales. Axial strain at peak stress for shale showed no relationship with UCS. 

2) E of shale decreased with the increase in 𝑤. A negative relationship between E and n of 

shale was observed. E increased with the increase in UCS. For Wyoming shales, some 

data showed that E increased with the increase in β. Most data showed that the lowest E 

occurred in shales with β between 30-60 degrees and the highest E in shales with the β 

at either 0 or 90 degrees. E had a decreasing trend with the axial strain at peak stress. 

3) A linear relationship was observed between the peak stress and confining pressure for 

all β angles 0, 15, 30, 45, 60, 75, and 90 degrees. No relationship was observed 

between the ratio of peak stress to confining pressure versus n for β of 0, 15, 30, 45, 60, 

75, and 90 degrees. The effect of β on rock strength was similarly observed in the triaxial 

test condition. The lowest peak stress occurred at the β between 30-60 degrees and the 

highest peak stress at the β of either 0 or 90 degrees.  

4) No relationship was observed between E and the ratio of confining pressure to n for β of 

0, 15, 30, 45, 60, 75, and 90 degrees. E decreased with the increase in n for the triaxial 

condition. 

5) Regarding shear strength parameters, the cohesion decreased with the increase in n. 

No relationship was observed between the internal friction angle and n for shale data 

from literature. However, an increasing trend between internal friction angle and n was 

observed in Cody shale. 
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Claystone 

1) For Wyoming claystone, UCS decreased with the increase in 𝑤. UCS decreased 

exponentially with the n. No apparent relationship was observed between UCS and ρ as 

well as the axial strain at peak stress. 

2) A linear relationship was observed between E and UCS. E decreased exponentially with 

the increase in 𝑤 and n. No relationship was observed between E and the ρ as well as 

the axial strain at peak stress. 

Siltstone 

1) UCS decreased with the increase in 𝑤. The power relationships between UCS and 𝑤 for 

both all siltstone data and Wyoming data were determined. The relationship between 

UCS and 𝑤 was improved when siltstones from individual geological ages were used in 

the analysis. The negative relationships between UCS and n for both all siltstone data 

and Wyoming siltstone data were determined. The relationship between UCS and n was 

improved when siltstones were analyzed from individual geological ages. A positive 

power relationship between UCS and ρ was determined. No relationship was observed 

between UCS and axial strain at peak stress. 

2) E decreased with the increase in 𝑤, and a negative relationship between E and n was 

determined. The linear relationship between E and UCS was determined. The positive 

relationship between E and ρ could be described by an exponential model. No 

relationship was observed between E and axial strain at peak stress. 

3) The peak stress under triaxial compression condition had a positive relationship with the 

normalized confining pressure with n.  

4) Cohesion (c) decreased with the increase in n. The ratio of c to n also decreased with 𝑤. 

Internal friction angle showed no relationship with n. 

5) No relationship was observed between E and n as well as confining pressure.  

 
Carbonate rocks 

1) The UCS of carbonate rocks was negatively related to n.  

2) A significant effect of n and confining pressure on the triaxial compressive strength 

was observed.  

3) A negative relationship between E and n was observed. 
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10.3 Future Studies 

This study focused on the strength properties of rocks at their in-situ water conditions. The rock 

samples obtained were either surface boulders or rock cores from shallow depths (around 30 

m). The effect of water saturation had not been considered in this study. Sedimentary rocks like 

shale and claystone were known to exhibit lower strength properties at higher water saturation, 

and hence, studying the behaviors of these bedrocks at different saturations can be a point of 

interest.  

The mineral composition of rocks affected their shear and compressive strengths. The 

percentage of clay content and clay fraction in the overall composition of shale and claystone 

have been found to significantly alter the strength and deformation behaviors of these rocks. 

The mineral composition of rocks can be quantified in a future study to understand the 

anisotropic effect on the rock strength. No apparent bedding was noticed on Wyoming rocks, 

but it has been found that the rock strength was highly influenced by the degree of bedding. A 

future study on Wyoming shales, sandstones, and claystone with different bedding planes 

should be considered. 

There is a lack of research regarding the mechanical properties of claystone and siltstone in 

terms of their physical properties. The shear and compressive strengths of claystone and 

siltstone from Wyoming were very low compared to the strengths of rocks reported in literature. 

Additional research on different claystone and siltstone formations will help to populate more 

test data and help better understand their mechanical behaviors.  
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	CHAPTER 1: INTRODUCTION 
	1.1 Background 
	Bedrock is the underlying relatively hard and solid rock beneath the soil, gravel, and other unconsolidated material. The bedrocks are either igneous, metamorphic, or sedimentary, depending on the formation process they undergo. The rock can be formed by the lithification of loose sediments over time, cooling and hardening of magma, or changing form. Thus, these underlying bedrocks have different strengths based on their formation, age, type, and depth. The age of the bedrock ranging from Precambrian to Cen
	In the case of transportation infrastructure in Wyoming, especially bridges, slopes, and roadways, different bedrock formations, such as White River, Wasatch, Fort Union, Green River, and Arikaree are often encountered. The engineering properties such as shear strength, elastic properties, failure parameters, stiffness, and bedrock quality of these bedrock formations are lacking due to the absence of advanced rock testing equipment. The lack of understanding rock behaviors and measured engineering parameter
	A site investigation is performed by The Wyoming Department of Transportation (WYDOT) to determine the subsurface profile and geomaterial properties. The lithology of the Wyoming bedrock formations consists predominantly of shale, sandstone, siltstone, claystone, mudstone, and conglomerate. A standard penetration test, rock quality designation, geological strength index, and unconfined compressive strength (UCS) are measured and logged in the bedrock properties database. However, the shear strength properti
	contribute a more significant economic benefit in the design and construction of transportation infrastructure, and increase the reliability of these infrastructures.  
	1.2 Problem Statement 
	The underlying bedrocks have natural variability depending upon the formation process they undergo. This creates increased uncertainty in the subsurface condition for the design and construction of the transportation infrastructures. The limited understanding of the bedrock behaviors and absence of strength and elastic properties leads to unforeseen construction challenges, especially in the case of deep foundation design in soft rocks (Mokwa and Brooks 2008). This research includes measuring the rock prope
	•
	•
	•
	 During the construction of driven piles, especially in soft rocks, AASHTO (2020) recommends that the pile be driven in the same manner as soil. The static analysis method for soft rocks is not readily available for pile resistance estimation; hence, pile resistances are usually under-predicted (Ng and Sullivan 2017). The piles don't satisfy the Load and Resistance Factor Design (LRFD) strength limit at the end of driving and occasionally at the beginning of the last strike. Significant discrepancies betwee

	•
	•
	 The empirical correlations for the Hoek-Brown (HB) parameters are developed based on general bedrocks that might not represent the Wyoming bedrocks. The measured properties of intact rock samples along with the UCS and geological strength index (GSI) records in the WYDOT Bedrock Properties Database can be used to calibrate the HB parameters, improve the unit end bearing (𝑞𝑝)  estimation, and increase the reliability of drilled shaft design and construction in Wyoming. This improvement can reduce the dept


	•
	•
	•
	 Landslides and rock falls are common occurrences in Wyoming. This research will generate measured shear strength properties (internal friction angle and cohesion) and elastic properties (Young's modulus and Poisson's ratio) of Wyoming bedrocks used in rock stability evaluation and mitigation strategies for rock slope stabilization. This will increase the stability and reduce the cost of rock slope stabilization. 

	•
	•
	 The design of spread footing on shallow bedrock requires the determination of HB parameters (Carter and Kulhawy 1988) or shear strength properties (Goodman 1989). Due to the challenges with determining the nominal bearing resistance on rocks, a shallow footing may be over-designed or under-designed leading to unforeseen changes in cost and design. This research will provide the necessary parameters to reduce the need for an expensive plate load test to determine the nominal bearing resistance.  

	•
	•
	 Rock rippability or the ease of mechanical evacuation of rock is commonly encountered during road construction. The rock rippability depends on the geology and engineering properties of the bedrock. Seismic lines are run at sites to correlate drilling characteristics and seismic velocities to the rippability of the rock. Still, high torque and horsepower drills have made the comparison more difficult. The measured bedrock properties from this research will provide the technical background to improve rock r

	•
	•
	 Bedrock is a parent material of base aggregates used in flexible and rigid pavements. Although the laboratory-measured properties and resilient modulus of the local base materials in Wyoming have been recently quantified (Ng et al. 2019), little is known about the Wyoming bedrock as the parent material. A study by the Virginia Department of Transportation (DOT) concluded that limestone aggregates have a higher resilient modulus than granite aggregates (Hossain and Lane 2015). Hence, this research will prov


	1.3 Research Objectives 
	The main objective of this research was to understand the strength and deformation behaviors of Wyoming bedrock to improve the design and construction of transportation infrastructure. The research outcomes also look to address the strategic goals of WYDOT: acquiring and responsibly managing resources, providing a safe, reliable, and effective transportation system, and encouraging and supporting innovation to increase the efficiency in the design and 
	construction of the transportation infrastructures. This research also aimed at reducing the design and construction challenges due to the lack of measured engineering properties of bedrock representing Wyoming formations. The objectives of the research were as follows: 
	•
	•
	•
	 To determine the strength and deformation properties of the bedrock. This includes the shear strength properties (internal friction angle and cohesion) and elastic properties (Young's modulus and Poisson's ratio).  

	•
	•
	 To develop locally calibrated relationships for bedrock properties in terms of index parameters, rock quality, and UCS. These parameters will be used to better define the HB criterion to achieve a more cost-effective design of drilled shafts and driven piles.  

	•
	•
	 To expand WYDOT database of rock properties. This database currently has 2,100 project and rock test records, and 523 were identified as tertiary formations. The database has measured bedrock density, percentage recovery, Rock Quality Designation (RQD), and Geological Strength Index (GSI) but lacks shear strength and elastic properties.  

	•
	•
	 To improve the understanding between Wyoming geology and bedrock behaviors.  


	1.4 Research Plan 
	The research objectives were accomplished by completing  five research tasks. The first research task was to conduct a literature review pertinent to rock mechanics and bedrock properties. This task included a review of documents, books, papers, reports, catalogs, manuals, notes, and presentation slides about bedrock quality and properties relevant to civil engineering applications. This task also included documentation and reviewing the current knowledge and practice related to bedrock classification, desc
	The second research task included assessing the WYDOT electronic database and rock inventory data. In this task, a review and analysis of usable records like rock quality description,  𝑞𝑢 value, and geology description from the WYDOT database was conducted for subsequent studies. This task helped identify relevant cores and usable rock samples from the WYDOT geology storage for laboratory testing. 
	The third task included obtaining new rock samples from the geotechnical investigation of highway projects. The geology program performed a geotechnical investigation to obtain standard rock cores of diameters of about 1.91 inches. The geotechnical reports and subsurface 
	profiles of the projects were assessed to determine the underlying bedrock characteristics, stratigraphy, geological formation, and discontinuity. A minimum of three rock samples with a diameter-to- height ratio of 1:2 was obtained for laboratory testing. 
	The fourth task was to conduct laboratory testing of the collected rock samples from Task 3. The laboratory testing included uniaxial and triaxial compressive tests following the ASTM D7012 (2014) using the servo-controlled testing system (GCTS RTR-1500). This task included testing 50 rock samples, i.e., at least 150 specimens, collected from all around Wyoming. These 50 rock samples consisted of the typical lithology of Wyoming bedrock formations, predominantly shale, sandstone, siltstone, claystone, mudst
	The fifth task included data analysis and prediction equation development using the data collected from the literature review in Task 1, collected data from the database in Task 2, and the laboratory-measured data from Task 4. This task focused on understanding bedrock failure and deformation behaviors. Combining uniaxial and triaxial test results, HB parameters and Mohr-Coulomb shear strength parameters were determined. The measured rock properties and the rock quality description were compiled for each Wy
	1.5 Report Focus and Organization 
	This report aims to better understand the mechanical and deformation behavior of Wyoming bedrock to improve the design of WYDOT transportation infrastructures. Chapter 1 presents the background, objectives, and tasks of this research. A literature review follows in Chapter 2. Chapter 3 focuses on laboratory rock testing and sample preparation. Chapter 4 describes the summary of experimental testing of different rock types. Chapters 5, 6, 7, 8, and 9 present the analysis results in predicting the mechanical 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	CHAPTER 2: LITERATURE REVIEW 
	2.1 Mechanical Properties of Rocks 
	Based on the process of formation, rocks are of three types: igneous, sedimentary, or metamorphic. The mechanical properties of these rocks, like the stress and strain, the compressive strength, and elastic constants (Young’s modulus, shear modulus, bulk modulus, and Poisson’s ratio), are affected by numerous factors. The compressive strength and Young's modulus are affected by the constitutive properties of the rock and test conditions. The constitutive properties include porosity, mineralogy, anisotropy, 
	2.1.1 Mechanical Anisotropy 
	Rock masses are complex materials that consist of intact rock pieces, fractures, and bedding planes at different orientations. These characteristics of rock masses affect their mechanical behaviors and cause anisotropy. Anisotropy is the variations of properties concerning the directions in analyzing the rock structure. The anisotropic nature of rocks creates variation in strength and deformation behaviors in different directions. The strength envelopes of these rocks vary significantly with axial and confi
	Anisotropy plays an important role when microstructural observations are made of argillaceous rocks like shale and claystone. These rocks consist of porous fine-grained clay with embedded silt/sand grains. Therefore, the mechanical properties are altered by the ratio of these contents. The anisotropic properties of these rocks are rarely available or measured from small rock samples as they don't contain fractures with varying sizes, orientations, and bedding at large scales. Therefore, evaluating the aniso
	2.1.2 Young's Modulus 
	Young's modulus is defined as the measure of rock's stiffness or resistance to elastic deformation under the applied load. The lower the Young's modulus, the more ductile the rock, and the higher the Young's modulus, the more brittle the rock. Young’s modulus is a critical parameter in describing the rock behavior under loading due to the quasi-brittle nature of rocks (Bieniawski 1989, Hoek & Brown 1980). The International Society of Rock Mechanics (ISRM) has described three methods for determining Young's 
	Figure 2.2
	Figure 2.2


	 
	Figure
	Figure 2.1: Equation. Young's modulus calculation 
	 
	Figure
	Figure 2.2: Stress-strain curve to determine Young's modulus. 
	2.1.3 Poisson's Ratio 
	Poisson's ratio is a ratio of change in width (radial deformation) to the change in length (axial deformation) of the rock under loading. Poisson's ratio measures the compressibility of rocks and provides a valuable measure of how much a material deforms under stress. The maximum value of Poisson's ratio for rocks is considered 0.5. Rock will have a Poisson's ratio of 0.5 if it deforms elastically at a low strain rate. Poisson's ratio of a rock core subjected to axial load is expressed in a dimensionless ra
	Figure 2.3
	Figure 2.3


	 
	Figure
	Figure 2.3: Equation. Poisson's ratio formula. 
	      Where, 𝑙 is the lateral strain, and 𝑎 is the axial strain. 
	 
	Figure
	Figure 2.4: (a) Deformation of cylindrical specimen under uniaxial stress; (b) Unconfined compression test results to illustrate calculation method of Poisson’s ratio (ASTM D7012, 2014). 
	2.2 Shear Strength  
	The shear strength of intact rock developed along a potential rupture surface is described by two parameters: internal friction angle (𝜑) and cohesion (c). When the cohesion becomes zero, i.e., when a planar, clean fracture occurs in rocks with no infilling material, the shear strength of the rock is a function of internal friction angle. The cohesion and internal friction angle are determined from a Mohr-Coulomb envelope given by the equation shown in  plotted against a series of Mohr’s circles as shown i
	Figure 2.5
	Figure 2.5
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	Figure 2.6


	 
	Figure
	Figure 2.5: Equation. Mohr- Coulomb envelope. 
	 Where  is the shear stress, 𝑐 is the y-intercept,   is the normal stress, and   is the internal friction angle. 
	 
	Figure
	Figure 2.6: Plot of series of Mohr circle for the determination of cohesion and internal friction angle. 
	The strength and stiffness of intact rocks depend on factors like the rock type, degree of weathering, and mineralogy. Therefore, the strength of intact rock can vary across different rocks, and sometimes within the same rock type if the rock is anisotropic. 
	2.2.1 Cohesion (c) 
	Cohesion is an integral part of shear strength independent of inter-particle friction. The cohesion of rock is also known as inherent strength and is represented by the y-intercept of the Mohr-Coulomb (MC) criterion (Figure 2.5).  shows the cohesion of some typical rock types reported in the literature (Goodman 1980). These cohesion values can only be used as a reference while laboratory testing of individual rock types is recommended.  
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	Table 2.1: Typical range of internal friction angle for a variety of rock types (Goodman, 1980). 
	Rock Type 
	Rock Type 
	Rock Type 
	Rock Type 
	Rock Type 

	Cohesion (MPa) 
	Cohesion (MPa) 


	Berea Sandstone 
	Berea Sandstone 
	Berea Sandstone 

	27.2 
	27.2 


	Muddy Shale 
	Muddy Shale 
	Muddy Shale 

	38.4 
	38.4 


	Stone Mt. Granite 
	Stone Mt. Granite 
	Stone Mt. Granite 

	21.2 
	21.2 


	Georgia Marble 
	Georgia Marble 
	Georgia Marble 

	21.2 
	21.2 


	Sioux Quartzite 
	Sioux Quartzite 
	Sioux Quartzite 

	70.6 
	70.6 


	Indiana Limestone 
	Indiana Limestone 
	Indiana Limestone 

	6.7 
	6.7 




	 
	 2.2.2 Internal Friction Angle () 
	The size and shape of particle grains exposed on a fracture surface during failure determine the internal friction angle of the rock. Granular rocks like sandstone and siltstone have different friction angles depending on their grain size. Rocks can be categorized into three groups based on their grain sizes (fine, medium, and coarse). Fine-grained rocks like schists and shales generally have low internal friction angles. Medium-grained rocks like sandstones, siltstones, and gneiss have medium internal fric
	Table 2.2
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	Table 2.2: Typical range of internal friction angles for various rock types (Wyllie et al., 1996). 
	Rock Class 
	Rock Class 
	Rock Class 
	Rock Class 
	Rock Class 

	 Range (Degree) 
	 Range (Degree) 

	Typical Rock Type 
	Typical Rock Type 


	Low Friction 
	Low Friction 
	Low Friction 

	20 to 27 
	20 to 27 

	Schists, Shale, Marl 
	Schists, Shale, Marl 


	Medium Friction 
	Medium Friction 
	Medium Friction 

	27 to 34 
	27 to 34 

	Sandstones, Siltstones, Gneiss, Chalk, Slate 
	Sandstones, Siltstones, Gneiss, Chalk, Slate 


	High Friction 
	High Friction 
	High Friction 

	34 to 40 
	34 to 40 

	Basalt, Granite, Limestone, Conglomerate 
	Basalt, Granite, Limestone, Conglomerate 




	 
	2.3    Failure Criteria Overview 
	The rock failure criterion describes the shear strength of rock under different normal stresses. A failure criterion, either linear or nonlinear, describes the maximum shear stress at maximum normal stress 𝜎𝑛 at which the rock will fail. The failure behavior depends upon the rock type, applied confinement, and rock mass discontinuities. Some other principal factors are mineral composition, bedding, water content, and state of stress in the rock mass. Rock failure criteria can be classified as isotropic or
	Many failure criteria have been proposed by researchers over the decades. The failure criteria discussed in this research are the Mohr-Coulomb (MC) failure criterion and the HB failure criterion because of their wide acceptance in engineering practice, mainly due to their simplicity and the sheer volume of experimental data available. The MC and HB are linear and nonlinear failure criteria, respectively.  
	2.3.1     Mohr-Coulomb (MC) Failure Criterion 
	The MC criterion is a linear failure criterion most widely used for quasi-brittle material like rocks. This criterion is commonly used in engineering practice because its material parameters have a clear physical meaning in terms of cohesion and internal friction angle. This criterion assumes that failure is controlled by maximum shear stress and the shear stress at failure depends on 
	the normal stress. It also assumes that the intermediate principal stress (𝜎2) doesn't affect the failure. The MC failure line is a straight line that best touches the Mohr circles as shown in Figure 2.7 and given by the equation in Figure 2.10. The MC failure criterion can be written as a function of major and minor principal stresses or normal and shear stresses. MC can be plotted in the major and minor principal stress plane or a normal and shear stress plane (Jaeger and Cook 1979). The derivation of th
	 
	Figure
	Figure 2.7: Illustration of Mohr-Coulomb failure criterion in 2D. 
	 From the Mohr circles we have, 
	 
	Figure
	Figure 2.8: Equation. Normal stress. 
	 
	Figure
	Figure 2.9: Equation. Shear stress. 
	Where 𝑚 is the maximum shear stress; 𝜎𝑚 is the mean principal stress; 𝜎1 and 𝜎3 are the major and minor principal stresses respectively.  
	The Mohr-coulomb criterion can therefore be written as. 
	 
	Figure
	Figure 2.10: Equation. Mohr- Coulomb criterion. 
	The normal stress (𝑛) and shear stress (𝑛) on a failure plane () are given by the equations shown in Figures 2.11 and 2.12, respectively. 
	Figure 2.13
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	Figure
	Figure 2.11: Equation. The normal stress on a failure plane. 
	 
	Figure
	Figure 2.12: Equation. The shear stress on a failure plane.             
	 
	Figure
	Figure 2.13: 𝝈𝒏 and 𝝉𝒏 are the normal and shear stresses acting on the failure plane. 
	2.3.2 HB Failure Criterion 
	HB failure criterion (1980) is a nonlinear failure criterion that was derived from the brittle fracture criterion of intact and jointed rock mass (Griffith 1924). Hoek focused on rock fracture propagation and failure of rock samples following fracture initiation in the compression stress field, whereas Griffith's theory predicted failure strength in the tensile stress field.  
	The HB criterion given by the equation in  is based on the major principal stress (𝜎1) and minor principal stress (𝜎3) at failure and is a function of UCS or 𝜎𝑐𝑖, the rock mass constant 𝑚𝑏, and HB fitting coefficients 𝑎 and 𝑠, which depend upon the characteristics of the rock mass 
	Figure 2.14
	Figure 2.14


	(Hoek and Brown 1980). This criterion assumes that the rock is isotropic and doesn't consider tensile failure, i.e., neglects the value of confining pressure less than 0.  
	The rock material constants 𝑎, 𝑠, and 𝑚𝑏 can be calculated using the equations shown in Figures 2.15, 2.16, and 2.17, respectively, based on the geological strength index (𝐺𝑆𝐼) and disturbance factor (𝐷). The 𝑚𝑏 constant for a rock mass is also related to the constant 𝑚𝑖 for an intact rock. 
	 
	Figure
	Figure 2.14: Equation. The HB criterion. 
	 
	Figure
	Figure 2.15: Equation. The material constant (a). 
	 
	Figure
	Figure 2.16: Equation. The material constant (s). 
	 
	Figure
	Figure 2.17: Equation. The material constant (𝒎𝒃). 
	The GSI can be estimated directly from Rock Mass Rating (RMR), and the 𝐷 factor depends on the degree of disturbance that the rock suffers during blast damage and stress relaxation. The generalized HB criterion () for an intact rock can be derived by substituting the constants 𝑠=1 and 𝑎 = 0.5. 
	Figure 2.18
	Figure 2.18


	 
	Figure
	Figure 2.18: Equation. The generalized HB criterion for intact rock.
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	CHAPTER 3: LABORATORY ROCK TESTING AND MEASUREMENTS 
	3.1 Introduction 
	Mechanical properties of natural rocks vary significantly due to rock texture, discontinuities, bedding, and mineral composition. This variation is due to their mineralogy, geological age, formations, and other natural processes. Anisotropic rocks have highly variable mechanical properties which cannot be easily reproduced (Jaeger et al. 2007). Laboratory measurement of the mechanical properties of different rock types is necessary to evaluate their failure behavior, mechanical properties, and strength para
	This study included various rock types (sandstone, siltstone, shales, etc.), tested at varying confining pressure. The rock samples collected from Wyoming include both drilled cores and surface boulders. Intact rock samples were tested for at least one unconfined compression test and several triaxial compression tests at different confinements. Uniaxial and triaxial compression tests were performed at the Engineering laboratory of the University of Wyoming in accordance with the ASTM D7012 (2014). For the c
	3.2 Preparation of Rock Specimens 
	According to the ASTM standard, a specific specimen size must be attained before proceeding with the mechanical testing of the rock specimen. The height-to-diameter ratio of the tested specimen should be equal to or greater than two but not less than two.  
	3.2.1 Drilling of Rock Specimens from Surface Rock Boulders 
	The drilling equipment used for rock coring is a 1200 hp top drive table drill from Ancker drilling company. Figure 3.1 shows a schematic representation of the drilling process using the Ancker drill. For the top drive drill, thrust (force) was applied from the top and the torque generated due to the spinning of the drill bit cuts through the rock boulder as shown in Figure 3.1c and Figure 3.1b. Once the drill bit passed through the rock, the drill bit is lifted with the drilled rock core inside it as shown
	drilling using a sufficient supply of water during the drilling to prevent the damage of the drill bits by overheating. The dry drilling can be done on soft rocks that break with water.  
	 
	Figure
	Figure 3.1: Rotary drilling of cores from rock boulders. 
	 
	Figure
	Figure 3.2: Drilling equipment and setup for rocks. 
	The rock boulder to be drilled must be fastened tightly on the table before drilling. Although many setups can be used to fasten the rock onto the table, 2×4 Irwin quick grip clamps and C-clamps as shown in Figure 3.3a were found to be adequate. The drilling process could encounter several problems if the rock boulder was not held properly. First, if the boulder is not 
	fastened properly, it might get thrown off the table during drilling. Second, if the rock is allowed to move during a high-speed rotation, the drill bit could hit the rock and cause rock vibration, preventing the drilling through the rock. This could break the rock specimen as shown in Figure 3.3b. Lastly, if the boulder moves or shifts during the drilling process, a perfectly vertical and straight cylindrical rock specimen cannot be obtained. A similar setup was made when drilling smaller diameter cores fr
	 
	Figure
	Figure 3.3: (a) Fastening the rock boulder on the table using clamps, and (b) broken rock sample. 
	After fastening the rock boulder on the table underneath the drill bit, a rotation speed of the drill bit was chosen depending on the rock’s hardness. For hard rocks like the gneiss and volcanic breccia, a slower drilling speed of 250-500 rpm with a full supply of water to cool the drill bit is recommended. Using a higher rotation speed risks damaging the drill bit and takes a lot more effort to push the drill bit through the rock. On the other hand, a higher drilling speed of 850-1400 rpm with a controlled
	After fastening the rock boulder and determining the drilling speed, the drill bit was lowered using the lever control shown in Figure 3.3. For soft rocks, the lever should be held to maintain a constant force and achieve smooth drilling through the rock. For hard rocks, force should be 
	applied to the lever to facilitate rock drilling and prevent idle rotation in one place. Before and after the drilling process, the lever should be held tightly and fixed in place to avoid sudden falling of the drill setup and risk of breakage of the drill bit, bottom table, rock sample, or injury.  
	The operation process produces deafening sounds and splashes of water, so it is important to wear ear and eye protection gear during drilling. The drill bit rotates at very high speed to produce the torque required for drilling the rock, it is thus very important to not wear loose clothing during the drilling process as it might get in contact with the rotating drill and cause injuries. Figure 3.4a shows the drilled sandstone sample and Figure 3.4b shows four long cylindrical rock cores obtained from the ro
	 
	Figure
	Figure 3.4: (a) Drilled rock boulder, and (b) drilled rock cores. 
	3.2.2 Cutting of Rock Cores 
	After the rock cores were extracted from the rock boulder, the rock core length was cut to obtain a length-to-diameter ratio (L/D) equal to 2. The rock cutting was accomplished using the 178mm portable wet cutting saw equipment shown in Figure 3.5. The cutting equipment has a 178mm continuous rim diamond blade, and water was used during the cutting process to keep the blade cool. The excess water from the tabletop was collected in a tray. The cutting equipment has a scale printed on the top and an adjustabl
	rpm. The housing is made from anti-fire plastic material, and the tabletop is stainless steel. The equipment must be cleaned before and after each cutting operation to ensure the best cutting performance. The sample should be held tightly during cutting to get a smooth and even cut. Care should be taken while cutting as the blades of the cutting saw are exposed and injuries may occur if the hands touch the running blade. During the cutting process, a lot of water is splashed onto the body and eyes, thus wea
	 
	Figure
	Figure 3.5: Equipment for cutting and trimming rock specimens. 
	3.2.3 Rock Trimming and Polishing 
	After the rock specimens were cut to their desired lengths, both ends of the rock specimens were trimmed and polished to obtain a uniformly planar surface for testing as the top and bottom of the test specimen should be parallel to each other and perpendicular to the longitudinal axis. The finished top and bottom surfaces should not exceed the tolerance of 0.0254 mm (ASTM D4543 2008). Care should be taken while polishing softer rocks like sandstone to avoid breaking at the edges or making it too short. The 
	specimen's proper angle, and a vacuum is connected to the machine to collect the produced dust particles.   
	 
	Figure
	Figure 3.6: Polishing equipment with a sanding belt. 
	3.3 Rock Testing System 
	There were two types of rocks tested in the laboratory. Hard rocks were tested using the GCTS rapid Triaxial rock testing equipment RTR-1500, and soft soil-based rocks were tested using the GeoJac triaxial equipment.  
	3.3.1 GCTS Rapid Triaxial Rock (RTR-1500) Testing Equipment 
	The GCTS Rapid Triaxial Rock (RTR-1500) testing equipment shown in Figure 3.7 was used for the unconfined compression test and the triaxial test of the hard rock specimens. An automatic hydraulic lift and sliding base, a triaxial cell made of stainless steel, and two pressure intensifiers for controlling the cell and pore pressures are provided in the setup. The triaxial cell can accommodate cylindrical specimens of up to 75 mm. The equipment has a load frame with a stiffness of 1.75 MN/mm. This equipment i
	The axial load actuator has a capacity ranging up to 1500 kN and the triaxial cell can apply a maximum confining pressure of 140 MPa. The confinement was applied using an oil-filled stainless-steel chamber inside the frame. For confinement, a pressure intensifier for cell pressure was used. The pressure intensifier is housed inside a metal cabinet and includes a 20-liter fluid reservoir, precise analog gauges, high pressure valves, and flow indicators. Both the cell and pore pressure intensifiers have a pre
	Two axial and one radial strain linear variable differential transformers (LVDTs) were used for strain measurements. At the bottom, feed-through lines from the radial LVDT, axial LVDT’s and top & bottom platen were connected to measure the deformation and post-failure behavior studies. The equipment is also equipped with an ultrasonic measurement capacity to yield P-wave and S-wave velocities. The high-performance equipment has a servo-controlled axial actuator used to control the maximum deformation of the
	 
	Figure
	Figure 3.7: GCTS RTR-1500 triaxial testing equipment. 
	 
	Figure
	Figure 3.8: Computer operated SCON controller for RTR 1500 triaxial testing equipment. 
	3.3.2 GeoJac Triaxial Equipment 
	The GeoJac triaxial equipment shown in Figure 3.9 is a compact and lightweight automated testing system for the mechanical testing of soil-based rock specimens. The machine has an axial load capacity of 9 kN and a 0.38 m stroke that can be configured to perform various triaxial tests. The setup is operated using a computer system that can be programmed to perform unconsolidated undrained (UU), consolidated undrained (CU), and consolidated drained (CD) tests. The test setup consists of a load actuator mounte
	The triaxial tests were mainly conducted under a controlled axial deformation, with 15 percent as the peak strain As the rock specimens are soil-like, it undergoes bulging when the load was applied, hence for the safety of equipment and to avoid the destruction of samples, the test was stopped at a 15 percent strain limit. The specimen can be sheared in various modes like constant deformation rate, constant rate of loading, or a series of step loads to reach the final axial deformation value. The GeoJac dev
	sensor was placed on the top part of the cell chamber to take the Stress-strain measurements during the shearing stage. 
	 
	Figure
	Figure 3.9: GeoJac equipment setup in UW laboratory. 
	3.4 Rock Testing Procedure 
	3.4.1 GCTS Rapid Triaxial Rock Testing Procedure 
	The height, diameter, and weight of each rock specimen were measured as shown in Figure 3.10. The specimen was then placed between the bottom and top platens. A heat-shrink tubing was then wrapped on the rock specimen using a heat gun. A steel chain for the radial LVDT sensor was wrapped around the mid depth of the rock specimen. For the measurement of the axial deformation of the specimen, two axial LVDTs are inserted vertically through the two rings, and for the measurement of the radial deformation, the 
	The installed specimen setup was then slid into the loading frame and beneath the cylindrical cell wall, and the cell wall was lowered and closed. The cell wall was then filled with oil, and the desired confining pressure was applied to the rock specimen. The initial seating pressure of 50 psi was applied before the shearing stage. The rock was then subjected to an axial shearing stage using a controlled axial strain setup at a constant strain rate of 0.1 percent per minute for hard rocks and 0.05 percent p
	stopped. After that, the specimen's failure plane and failure angle were determined as shown in Figure 3.12. The results of the confining stage and the shearing stage were stored in two separate files for analysis. 
	 
	Figure
	Figure
	Figure 3.10: Measurement of height, diameter, and weight of each rock specimen. 
	 
	Figure
	Figure 3.11: Triaxial setup with three LVDT sensors. 
	 
	Figure
	Figure 3.12: Rock specimen after testing. 
	3.4.2 GeoJac Triaxial Procedure 
	The height, diameter, and weight of the specimen were measured. A porous stone was placed on the base pedestal, followed by filter paper. The rock specimen was placed on top of filter paper followed by a top filter paper and the top pedestal. The specimen was wrapped in a rubber membrane that was held tightly against the top and bottom platens using O-rings. The specimen was enclosed in the cylindrical glass cell wall, and a piston was placed on the top of the cell wall, which was fixed in place using three
	 
	Figure
	Figure 3.13: (a) GeoJac triaxial setup, and (b) switchboard for applying confining pressure. 
	 
	Figure
	Figure 3.14: (a) Application of axial load during the shearing stage, and (b) final deformed shape of the specimen. 
	3.5 Determination of Porosity 
	The porosity (n) is the total volume inside a rock for the passage and storage of fluid and gas. It can be represented as 1−(𝑉𝑠/𝑉) , where 𝑉𝑠 is the volume of rock solid, and 𝑉 is the total volume of the rock. The porosity of a rock is intrinsic to the rock's bulk matrix, which controls the flow and transport processes inside the rock that typically decreases with age and depth of burial and differs with rock type, pore distribution, and composition. Depending upon the rock type, porosity can be deter
	3.5.1 Porosity Determination Using the Specific Gravity Method 
	To determine a rock's porosity using this method, we first determine the specimen specific gravity (𝐺𝑠) and water content. The specific gravity was determined using the AASHTO-100 standard test method. The rock specimen was ground into solid particles and tested using the calibrated 250 ml Pycnometer. The dry weight, weight of Pycnometer filled with de-aired water, 
	and temperature were noted. The weight of the Pycnometer with water at 2 degrees above and below the measured temperature was calculated. Solid particles between 30-40 gm are added to ¾ full Pycnometer and vacuumed for 10 minutes as shown in Figure 3.19 left. The Pycnometer was then filled up to the mark, and its weight was measured. The whole mix was then transferred onto an evaporating dish, leaving no solid particles in the Pycnometer. The flow of the mixture coming out from the Pycnometer was controlled
	Figure 3.15
	Figure 3.15


	 
	Figure
	Figure 3.15: Equation. Specific gravity formula. 
	The specific gravity can be calculated using the equation below for 𝐾 selected based on temperature 𝑇𝑜 using the equation shown in Figure 3.16. 
	 
	Figure
	Figure 3.16: Equation. Specific gravity calculation at temperature of 20⁰C. 
	 
	Where 𝐾 is the correlation factor, 𝑊𝑜 is the dry weight of solids, 𝑊𝑎 is the weight of Pycnometer and de-aired water, 𝑊𝑏 is the weight of Pycnometer, solid, and de-aired water. 
	After Specific gravity, we determined the water content of the rock specimen. The moist weight of the rock was measured and oven-dried for at least 24 hours before measuring the dry weight. Then we calculated water content from these two weights using the equation shown in , 
	Figure 3.17
	Figure 3.17


	 
	Figure
	Figure 3.17: Equation. Water content formula. 
	 
	Where 𝑊1 = empty weight of a can, 𝑊2 = weight of the can and moist rock specimen before drying, and 𝑊3 = weight of the can and rock specimen after oven-drying. 
	When the porosity and water content of the rock had been measured, we then measured the height (L) and diameter (D) of an intact rock specimen in inches and the moist weight of the rock specimen (Wm) in grams. We calculate the intact rock's volume, dry weight, and dry bulk density (ρ) and determine the porosity of the intact rock by 
	 
	Figure
	Figure 3.18: Equation. porosity of intact rock formula. 
	 
	             
	Figure
	Figure 3.19: (a) Vacuuming the sample and deaired water mix, and (b) pouring the mix into evaporating dish for drying. 
	3.5.2 Porosity Determination Using the Saturation Method 
	The rock specimen is prepared to be tested with length (𝐿) and diameter (𝐷) such that 𝐿𝐷≥2. The rock specimen is then placed inside an oven to dry for at least 24 hours, and the dry weight of the rock (𝑊𝑑) is measured. The oven-dried sample is then placed inside the saturation vessel as shown in Figure 3.21 left, and the vacuum is turned on for 24 hours as shown in Figure 3.21 right. After 24 hours, the first saturated weight is taken, and the vacuum is turned on again for the next 24 hours. This proc
	length and diameter, the volume of the intact rock specimen is calculated, and the porosity of the rock is calculated using the equation shown in , 
	Figure 3.20
	Figure 3.20


	 
	Figure
	Figure 3.20: Equation. The porosity of rock. 
	Where, 𝑊𝑠 is the saturated weight, 𝑊𝑑 is the dry weight, 𝐷𝑤 is the density of water and 𝑉 is the volume of the rock. 
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	Figure 3.21: (a) Saturation vessel, and (b) saturation vessel connected to vacuum. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	CHAPTER 4: BEDROCK DATABASE AND TEST RESULTS 
	Fifty-six rock samples were collected from different locations around the State of Wyoming. These samples were a mix of different rock types, formations, geologic ages, and depths. Figure 4.1 shows the location of the individual samples on the geographical map of Wyoming. Each sample was identified with an identification number from 1 to 56. Among the 56 samples, six samples (3, 7, 8, 26, 38, and 52) were not usable for various reason ns indicated in , and hence, 50 rock samples are considered usable. 
	Table 4.1
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	4.1 Master Summary of Tested Samples 
	The information about individual samples obtained is shown in . Representative rocks from all four geological eras; Precambrian, Paleozoic, Mesozoic, and Cenozoic were collected and tested in this project. The samples also represent all three geological rock types: Igneous, Sedimentary, and Metamorphic. The samples collected were a mixture of surface boulders and rock cores obtained from a depth up to 65 m so that the strength properties of rocks can be compared for all major civil engineering applications.
	Table 4.1
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	The number of samples based on rock types, ages, and depths are shown in Tables 4.2, 4.3, and 4.4, respectively.  shows 13 rock types collected and tested in this project, their geological type, and the count of each rock type.  shows the list of geological ages, their respective geological era, and the count of rock samples from each geological age.  shows the number of rock samples that are obtained either as a surface boulder or from a subsurface depth by various coring methods. 
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	 shows that sandstone (30.36 percent), siltstone (23.24 percent), and shale (14.29 percent) made up the majority of rock samples used in this study; hence most of the rock samples are sedimentary rocks. Other notable rock types encountered were limestone (7.14 percent), granite (5.36 percent), and claystone (5.36 percent). Other less notable rock types were amphibolite (1.79 percent), anorthosite (1.79 percent), conglomerate (3.57 percent), dolostone (1.79 percent), gneiss (1.79 percent), volcanic breccia (
	Table 4.2
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	Figure
	Figure 4.1: Location of tested samples with their formation names (Esri ArcGIS 10.3). 
	Table 4.1: Summary of 56 rock samples with different identifications, ages, formations, types, depths, and locations. 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 

	Period 
	Period 

	Formation 
	Formation 

	Rock Type 
	Rock Type 

	Depth (m) 
	Depth (m) 

	Location 
	Location 

	Comments 
	Comments 



	1 
	1 
	1 
	1 

	Miocene 
	Miocene 

	Ogallala 
	Ogallala 

	Claystone 
	Claystone 

	19.82-20.20 
	19.82-20.20 

	Terry Ranch Road 
	Terry Ranch Road 

	 
	 


	2 
	2 
	2 

	Cretaceous 
	Cretaceous 

	Cody Shale 
	Cody Shale 

	Shale 
	Shale 

	15.55-16.16 
	15.55-16.16 

	Walsh Drive, Casper 
	Walsh Drive, Casper 

	 
	 


	3 
	3 
	3 

	Jurassic 
	Jurassic 

	Morrison 
	Morrison 

	Shale 
	Shale 

	1.92-2.80 
	1.92-2.80 

	Narrow Backslope 
	Narrow Backslope 

	Dried out and short length of cores 
	Dried out and short length of cores 


	4 
	4 
	4 

	Cretaceous 
	Cretaceous 

	Undifferentiated 
	Undifferentiated 

	Shale 
	Shale 

	13.11-13.72 
	13.11-13.72 

	Mail Cabin Landslide 
	Mail Cabin Landslide 

	 
	 


	5 
	5 
	5 

	Permian 
	Permian 

	Goose Egg 
	Goose Egg 

	Siltstone 
	Siltstone 

	3.57-3.96 
	3.57-3.96 

	Toms Pit 
	Toms Pit 

	 
	 


	6 
	6 
	6 

	Jurassic 
	Jurassic 

	Sundance 
	Sundance 

	Siltstone 
	Siltstone 

	8.08-10.06 
	8.08-10.06 

	Lower Red Canyon Slide 
	Lower Red Canyon Slide 

	 
	 


	7 
	7 
	7 

	Cretaceous 
	Cretaceous 

	Aspen/Bear River 
	Aspen/Bear River 

	Siltstone 
	Siltstone 

	12.04-13.48 
	12.04-13.48 

	Bear River Slide 3 
	Bear River Slide 3 

	Dried out and short length of cores 
	Dried out and short length of cores 


	8 
	8 
	8 

	Eocene 
	Eocene 

	Pass Peak 
	Pass Peak 

	Clayey Siltstones 
	Clayey Siltstones 

	13.72-17.62 
	13.72-17.62 

	Spud Slide 
	Spud Slide 

	Dried out and short length of cores 
	Dried out and short length of cores 


	9 
	9 
	9 

	Oligocene 
	Oligocene 

	Wiggins 
	Wiggins 

	Volcanic Breccia 
	Volcanic Breccia 

	64.82-65.43 
	64.82-65.43 

	The Rock, Togwotee Pass 
	The Rock, Togwotee Pass 

	 
	 


	10 
	10 
	10 

	Cretaceous 
	Cretaceous 

	Cloverly 
	Cloverly 

	Conglomerate 
	Conglomerate 

	28.02-29.09 
	28.02-29.09 

	Narrows Backslope 
	Narrows Backslope 

	 
	 


	11 
	11 
	11 

	Eocene 
	Eocene 

	Wasatch 
	Wasatch 

	Siltstone 
	Siltstone 

	17.80-21.80 
	17.80-21.80 

	 
	 

	 
	 


	12 
	12 
	12 

	Paleogene 
	Paleogene 

	White River 
	White River 

	Siltstone 
	Siltstone 

	21.68-23.05 
	21.68-23.05 

	 
	 

	 
	 


	13 
	13 
	13 

	Cretaceous 
	Cretaceous 

	Aspen/Bear River 
	Aspen/Bear River 

	Siltstone 
	Siltstone 

	10.43-11.04 
	10.43-11.04 

	Swinging Bridge 
	Swinging Bridge 

	 
	 


	14 
	14 
	14 

	Cretaceous 
	Cretaceous 

	Cody Shale 
	Cody Shale 

	Shale 
	Shale 

	17.93-23.78 
	17.93-23.78 

	North Platte River Bridge 
	North Platte River Bridge 

	 
	 


	15 
	15 
	15 

	Cretaceous 
	Cretaceous 

	Cody Shale 
	Cody Shale 

	Shale 
	Shale 

	13.11-16.16 
	13.11-16.16 

	Walsh Drive 
	Walsh Drive 

	 
	 


	16 
	16 
	16 

	Cambrian 
	Cambrian 

	Flathead 
	Flathead 

	Sandstone 
	Sandstone 

	3.05-19.97 
	3.05-19.97 

	Ski Area Slide 
	Ski Area Slide 

	 
	 


	17 
	17 
	17 

	Cretaceous 
	Cretaceous 

	Cloverly 
	Cloverly 

	Sandstone 
	Sandstone 

	29.88-30.55 
	29.88-30.55 

	Narrows Backslope 
	Narrows Backslope 

	 
	 


	18 
	18 
	18 

	Jurassic 
	Jurassic 

	Sundance 
	Sundance 

	Sandstone 
	Sandstone 

	0.91-17.68 
	0.91-17.68 

	Lower Red Canyon Slide 
	Lower Red Canyon Slide 

	 
	 


	19 
	19 
	19 

	Cretaceous 
	Cretaceous 

	Aspen/Bear River 
	Aspen/Bear River 

	Sandstone 
	Sandstone 

	6.10-12.50 
	6.10-12.50 

	Hoback Jct. Bridge 
	Hoback Jct. Bridge 

	 
	 


	20 
	20 
	20 

	Cretaceous 
	Cretaceous 

	Aspen/Bear River 
	Aspen/Bear River 

	Sandstone 
	Sandstone 

	8.08-10.73 
	8.08-10.73 

	Hoback Jct. Bridge 
	Hoback Jct. Bridge 

	 
	 


	21 
	21 
	21 

	Paleocene 
	Paleocene 

	Fort Union 
	Fort Union 

	Shale 
	Shale 

	14.63-16.16 
	14.63-16.16 

	Tongue River Bridge 
	Tongue River Bridge 

	 
	 


	22 
	22 
	22 

	Cretaceous 
	Cretaceous 

	Cody Shale 
	Cody Shale 

	Shale 
	Shale 

	15.55-18.14 
	15.55-18.14 

	F-St. Bridge over North Platte 
	F-St. Bridge over North Platte 

	 
	 


	23 
	23 
	23 

	Cretaceous 
	Cretaceous 

	Lance 
	Lance 

	Graywacke Sandstone 
	Graywacke Sandstone 

	Surface 
	Surface 

	MP 65.8, US 120, South of Cody 
	MP 65.8, US 120, South of Cody 

	 
	 


	24 
	24 
	24 

	Cretaceous 
	Cretaceous 

	Lance 
	Lance 

	Siltstone 
	Siltstone 

	Surface 
	Surface 

	MP 65.8, US 120, South of Cody 
	MP 65.8, US 120, South of Cody 

	 
	 


	25 
	25 
	25 

	Mississippian 
	Mississippian 

	Madison Limestone 
	Madison Limestone 

	Limestone 
	Limestone 

	Surface 
	Surface 

	MP 122.5, US20/WY789, Wind River Canyon 
	MP 122.5, US20/WY789, Wind River Canyon 

	 
	 




	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 

	Period 
	Period 

	Formation 
	Formation 

	Rock Type 
	Rock Type 

	Depth (m) 
	Depth (m) 

	Location 
	Location 

	Comments 
	Comments 



	26 
	26 
	26 
	26 

	Eocene 
	Eocene 

	Willwood 
	Willwood 

	Sandstone 
	Sandstone 

	Surface 
	Surface 

	Paddy Pit, Hot Springs County 
	Paddy Pit, Hot Springs County 

	Rock boulder broke during drilling and no cores were extracted 
	Rock boulder broke during drilling and no cores were extracted 


	27 
	27 
	27 

	Permian 
	Permian 

	Goose Egg 
	Goose Egg 

	Limestone 
	Limestone 

	Surface 
	Surface 

	Toms Pit, Washakie County 
	Toms Pit, Washakie County 

	 
	 


	28 
	28 
	28 

	Precambrian 
	Precambrian 

	No Designation 
	No Designation 

	Granite 
	Granite 

	Surface 
	Surface 

	MP 7.6, WY 296 
	MP 7.6, WY 296 

	 
	 


	29 
	29 
	29 

	Archeon 
	Archeon 

	No Designation 
	No Designation 

	Hornblende Gneiss 
	Hornblende Gneiss 

	Surface 
	Surface 

	MP 56, US16, Powder River Basin 
	MP 56, US16, Powder River Basin 

	 
	 


	30 
	30 
	30 

	Cretaceous 
	Cretaceous 

	Bear River 
	Bear River 

	Siltstone 
	Siltstone 

	11.59-13.41 
	11.59-13.41 

	Bear River Slide 
	Bear River Slide 

	 
	 


	31 
	31 
	31 

	Pennsylvanian 
	Pennsylvanian 

	Tensleep Sandstone 
	Tensleep Sandstone 

	Sandstone 
	Sandstone 

	Surface 
	Surface 

	MP 44.3, US16/14/20 West of Cody 
	MP 44.3, US16/14/20 West of Cody 

	 
	 


	32 
	32 
	32 

	Lower Miocene 
	Lower Miocene 

	Arikaree 
	Arikaree 

	Coarse Sandstone 
	Coarse Sandstone 

	Surface 
	Surface 

	TY Bluff Road 
	TY Bluff Road 

	 
	 


	33 
	33 
	33 

	Lower Miocene 
	Lower Miocene 

	Arikaree 
	Arikaree 

	Medium Sandstone 
	Medium Sandstone 

	Surface 
	Surface 

	I25 cut at Chugwater 
	I25 cut at Chugwater 

	 
	 


	34 
	34 
	34 

	Lower Miocene 
	Lower Miocene 

	Arikaree 
	Arikaree 

	Siltstone 
	Siltstone 

	Surface 
	Surface 

	East I25 Frontage Road, MP 38 
	East I25 Frontage Road, MP 38 

	 
	 


	35 
	35 
	35 

	Paleogene 
	Paleogene 

	Hanna 
	Hanna 

	Siltstone 
	Siltstone 

	57.01-57.93 
	57.01-57.93 

	Hanna Power Pole 
	Hanna Power Pole 

	 
	 


	36 
	36 
	36 

	Triassic 
	Triassic 

	Chugwater 
	Chugwater 

	Siltstone 
	Siltstone 

	Surface 
	Surface 

	US20/WY789, MP 112.9, Red Bed Slide 
	US20/WY789, MP 112.9, Red Bed Slide 

	 
	 


	37 
	37 
	37 

	Miocene 
	Miocene 

	Ogallala 
	Ogallala 

	Siltstone 
	Siltstone 

	24.70-29.27 
	24.70-29.27 

	Terry Ranch Road, Cheyenne 
	Terry Ranch Road, Cheyenne 

	 
	 


	38 
	38 
	38 

	Paleogene 
	Paleogene 

	Hanna 
	Hanna 

	Claystone 
	Claystone 

	9.45-13.41, 20.12-22.56 
	9.45-13.41, 20.12-22.56 

	Hanna Power Pole 
	Hanna Power Pole 

	Only two testable samples, other cores were too short for testing 
	Only two testable samples, other cores were too short for testing 


	39 
	39 
	39 

	Paleogene 
	Paleogene 

	Hanna 
	Hanna 

	Fine Sandstone 
	Fine Sandstone 

	43.60-47.87 
	43.60-47.87 

	Hanna Power Pole 
	Hanna Power Pole 

	 
	 


	40 
	40 
	40 

	Paleogene 
	Paleogene 

	Hanna 
	Hanna 

	Shale 
	Shale 

	32.32-35.37 
	32.32-35.37 

	Hanna Power Pole 
	Hanna Power Pole 

	 
	 


	41 
	41 
	41 

	Paleogene 
	Paleogene 

	Hanna 
	Hanna 

	Coarse Sandstone 
	Coarse Sandstone 

	23.17-26.22 
	23.17-26.22 

	Hanna Power Pole 
	Hanna Power Pole 

	 
	 


	42 
	42 
	42 

	Jurassic 
	Jurassic 

	Twin Creek 
	Twin Creek 

	Limestone 
	Limestone 

	Surface 
	Surface 

	MP 94.7, US89, North of Afton 
	MP 94.7, US89, North of Afton 

	 
	 


	43 
	43 
	43 

	Eocene 
	Eocene 

	Wind River 
	Wind River 

	Medium Sandstone 
	Medium Sandstone 

	Surface 
	Surface 

	MP 95.5, US20/26, East of Shoshoni 
	MP 95.5, US20/26, East of Shoshoni 

	 
	 


	44 
	44 
	44 

	Eocene 
	Eocene 

	Wind River 
	Wind River 

	Silty Claystone 
	Silty Claystone 

	Surface 
	Surface 

	MP 95.5, US20/26, East of Shoshoni 
	MP 95.5, US20/26, East of Shoshoni 

	 
	 


	45 
	45 
	45 

	Ordovician 
	Ordovician 

	Big Horn Dolomite 
	Big Horn Dolomite 

	Dolostone 
	Dolostone 

	Surface 
	Surface 

	MP 45.05, US14/16/20 
	MP 45.05, US14/16/20 

	 
	 




	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 

	Period 
	Period 

	Formation 
	Formation 

	Rock Type 
	Rock Type 

	Depth (m) 
	Depth (m) 

	Location 
	Location 

	Comments 
	Comments 



	46 
	46 
	46 
	46 

	Cambrian 
	Cambrian 

	Gros Ventre 
	Gros Ventre 

	Limestone Pebble Conglomerate 
	Limestone Pebble Conglomerate 

	Surface 
	Surface 

	MP 45.1, US14/16/21 
	MP 45.1, US14/16/21 

	 
	 


	47 
	47 
	47 

	Devonian 
	Devonian 

	Jefferson Formation 
	Jefferson Formation 

	Limestone 
	Limestone 

	Surface 
	Surface 

	MP 44.84, US14/16/22 
	MP 44.84, US14/16/22 

	 
	 


	48 
	48 
	48 

	Eocene 
	Eocene 

	Absoraka Supergroup 
	Absoraka Supergroup 

	Welded Tuff 
	Welded Tuff 

	Surface 
	Surface 

	MP 23.6, US 14/16/23 
	MP 23.6, US 14/16/23 

	 
	 


	49 
	49 
	49 

	Eocene 
	Eocene 

	Bridger 
	Bridger 

	Medium Sandstone 
	Medium Sandstone 

	Surface 
	Surface 

	MP 3.0, WY530 
	MP 3.0, WY530 

	 
	 


	50 
	50 
	50 

	Paleocene 
	Paleocene 

	Fort Union 
	Fort Union 

	Medium Sandstone 
	Medium Sandstone 

	Surface 
	Surface 

	MP 131, I-80 
	MP 131, I-80 

	 
	 


	51 
	51 
	51 

	Paleocene 
	Paleocene 

	Fort Union 
	Fort Union 

	Fine Sandstone 
	Fine Sandstone 

	Surface 
	Surface 

	MP 206, I-80 
	MP 206, I-80 

	 
	 


	52 
	52 
	52 

	Proterozoic 
	Proterozoic 

	Sherman Granite 
	Sherman Granite 

	Granite Pegmatite 
	Granite Pegmatite 

	Surface 
	Surface 

	MP 422.6, US 287 
	MP 422.6, US 287 

	Rock boulder broke during drilling and no cores were extracted 
	Rock boulder broke during drilling and no cores were extracted 


	53 
	53 
	53 

	Proterozoic 
	Proterozoic 

	Lac Wheatland 
	Lac Wheatland 

	Anorthosite 
	Anorthosite 

	Surface 
	Surface 

	MP 25, WY34 
	MP 25, WY34 

	 
	 


	54 
	54 
	54 

	Archeaon 
	Archeaon 

	No Designation 
	No Designation 

	Amphibolite 
	Amphibolite 

	Surface 
	Surface 

	MP 116.6, US20 
	MP 116.6, US20 

	 
	 


	55 
	55 
	55 

	Proterozoic 
	Proterozoic 

	Sherman Granite 
	Sherman Granite 

	Granite 
	Granite 

	Surface 
	Surface 

	MP 28.8, WY210 
	MP 28.8, WY210 

	 
	 


	56 
	56 
	56 

	Permian 
	Permian 

	Casper 
	Casper 

	Sandstone 
	Sandstone 

	Surface 
	Surface 

	MP 323.6, I-80 
	MP 323.6, I-80 

	 
	 




	Note: M‒Medium; MP‒Mile post.
	Table 4.2: Summary of rock sample counts based on rock types. 
	Rock Type 
	Rock Type 
	Rock Type 
	Rock Type 
	Rock Type 

	Geological Rock Type 
	Geological Rock Type 

	Count 
	Count 

	Weightage (Percent) 
	Weightage (Percent) 


	Amphibolite 
	Amphibolite 
	Amphibolite 

	Metamorphic 
	Metamorphic 

	1 
	1 

	1.79 
	1.79 


	Anorthosite 
	Anorthosite 
	Anorthosite 

	Igneous 
	Igneous 

	1 
	1 

	1.79 
	1.79 


	Claystone 
	Claystone 
	Claystone 

	Sedimentary 
	Sedimentary 

	3 
	3 

	5.36 
	5.36 


	Conglomerate 
	Conglomerate 
	Conglomerate 

	Sedimentary 
	Sedimentary 

	2 
	2 

	3.57 
	3.57 


	Dolostone 
	Dolostone 
	Dolostone 

	Sedimentary 
	Sedimentary 

	1 
	1 

	1.79 
	1.79 


	Gneiss 
	Gneiss 
	Gneiss 

	Metamorphic 
	Metamorphic 

	1 
	1 

	1.79 
	1.79 


	Granite 
	Granite 
	Granite 

	Igneous 
	Igneous 

	3 
	3 

	5.36 
	5.36 


	Limestone 
	Limestone 
	Limestone 

	Sedimentary 
	Sedimentary 

	4 
	4 

	7.14 
	7.14 


	Sandstone 
	Sandstone 
	Sandstone 

	Sedimentary 
	Sedimentary 

	17 
	17 

	30.36 
	30.36 


	Shale 
	Shale 
	Shale 

	Sedimentary 
	Sedimentary 

	8 
	8 

	14.29 
	14.29 


	Siltstone 
	Siltstone 
	Siltstone 

	Sedimentary 
	Sedimentary 

	13 
	13 

	23.21 
	23.21 


	Volcanic Breccia 
	Volcanic Breccia 
	Volcanic Breccia 

	Igneous 
	Igneous 

	1 
	1 

	1.79 
	1.79 


	Welded Tuff 
	Welded Tuff 
	Welded Tuff 

	Igneous/Sedimentary (Pyroclastic) 
	Igneous/Sedimentary (Pyroclastic) 

	1 
	1 

	1.79 
	1.79 




	 
	Based on the geological age of rocks summarized in , most rock samples were from the Cretaceous Period (26.79 percent), followed by Eocene (12.5 percent), Paleogene (10.71 percent), Miocene (8.93 percent), Jurassic (7.14 percent), Permian (5.36 percent), and Paleocene (5.36 percent). This suggests that most rock samples were from the Mesozoic era (252-66 million years ago) and the Cenozoic era (66 million years ago to present). The details of the geological time scale are discussed in  
	Table 4.3
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	Table 4.3: Summary of rock sample counts based on geological ages and eras. 
	Geological Period 
	Geological Period 
	Geological Period 
	Geological Period 
	Geological Period 

	Geological Era 
	Geological Era 

	Count 
	Count 

	Weightage (Percent) 
	Weightage (Percent) 


	Miocene 
	Miocene 
	Miocene 

	Cenozoic 
	Cenozoic 

	5 
	5 

	8.93 
	8.93 


	Cretaceous 
	Cretaceous 
	Cretaceous 

	Mesozoic 
	Mesozoic 

	15 
	15 

	26.79 
	26.79 


	Jurassic 
	Jurassic 
	Jurassic 

	Mesozoic 
	Mesozoic 

	4 
	4 

	7.14 
	7.14 


	Permian 
	Permian 
	Permian 

	Paleozoic 
	Paleozoic 

	3 
	3 

	5.36 
	5.36 


	Eocene 
	Eocene 
	Eocene 

	Cenozoic 
	Cenozoic 

	7 
	7 

	12.50 
	12.50 


	Oligocene 
	Oligocene 
	Oligocene 

	Cenozoic 
	Cenozoic 

	1 
	1 

	1.79 
	1.79 


	Paleogene 
	Paleogene 
	Paleogene 

	Cenozoic 
	Cenozoic 

	6 
	6 

	10.71 
	10.71 


	Paleocene 
	Paleocene 
	Paleocene 

	Cenozoic 
	Cenozoic 

	3 
	3 

	5.36 
	5.36 


	Mississipian 
	Mississipian 
	Mississipian 

	Paleozoic 
	Paleozoic 

	1 
	1 

	1.79 
	1.79 


	Precambrian 
	Precambrian 
	Precambrian 

	Precambrian 
	Precambrian 

	1 
	1 

	1.79 
	1.79 


	Archeon 
	Archeon 
	Archeon 

	Precambrian 
	Precambrian 

	2 
	2 

	3.57 
	3.57 


	Pennsylvanian 
	Pennsylvanian 
	Pennsylvanian 

	Paleozoic 
	Paleozoic 

	1 
	1 

	1.79 
	1.79 


	Triassic 
	Triassic 
	Triassic 

	Mesozoic 
	Mesozoic 

	1 
	1 

	1.79 
	1.79 


	Ordovician 
	Ordovician 
	Ordovician 

	Paleozoic 
	Paleozoic 

	1 
	1 

	1.79 
	1.79 


	Cambrian 
	Cambrian 
	Cambrian 

	Paleozoic 
	Paleozoic 

	1 
	1 

	1.79 
	1.79 


	Devonian 
	Devonian 
	Devonian 

	Paleozoic 
	Paleozoic 

	1 
	1 

	1.79 
	1.79 


	Proterozoic 
	Proterozoic 
	Proterozoic 

	Precambrian 
	Precambrian 

	3 
	3 

	5.36 
	5.36 




	The rock samples were collected either as surface boulders or rock cores from drilling. One or two-inch diameter rock specimens were drilled out from the surface boulders using the drilling machine for testing described in Chapter 3.  indicates that the number of rock samples collected as surface boulders and rock cores were almost equal at 48.21 percent and 51.79 percent, respectively. The stress-strain plots of all tested specimens in addition to the post failure pictures are given in Appendices A (Khatri
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	Table 4.4: Summary of rock sample counts based on rock depths. 
	Sample No. 
	Sample No. 
	Sample No. 
	Sample No. 
	Sample No. 

	Rock Depth 
	Rock Depth 

	Count 
	Count 

	Weightage (Percent) 
	Weightage (Percent) 


	1 
	1 
	1 

	Surface 
	Surface 

	27 
	27 

	48.21 
	48.21 


	2 
	2 
	2 

	Rock cores from subsurface drilling 
	Rock cores from subsurface drilling 

	29 
	29 

	51.79 
	51.79 




	 
	4.2 Sandstones 
	Among the 17 sandstone samples tested, ten samples were obtained as surface boulders, and 7 samples were obtained as rock cores drilled out from various projects around the state. Figure 4.3 shows the description of the tested sandstone samples, and 4 shows the location map of the sandstone samples. The specimens were prepared at either 25mm diameter or 50mm diameter. The length to diameter ratio (L/D) ratio of the test specimen was maintained between 2 to 2.5 and the top and bottom of the test specimen sho
	Figure 4.
	Figure 4.


	The water content of the tested sandstones ranged from 0.14 percent to 6.58 percent. It is desirable to have the lowest possible water content as the presence of moisture in a sedimentary rock like sandstone can cause a drastic reduction in its compressive strength by the reduction of the fracture toughness and friction coefficient (Corentin Noël 2021). In a study of 35 British sandstones by Hawkins & McConnell (1992), they found that the sensitivity of sandstone to the effect of water content depends on th
	The amount of quartz also affected the specific gravity of sandstones. The higher the quartz content, the closer the specific gravity of sandstone to 2.65, which is the specific gravity of quartz. The specific gravity of the tested sandstones is found to be between 2.556 to 2.725. The 
	compressive strength of sandstones reduces as the porosity of the rock increases (Martin and Chandler 1994, Hoek and Martin 2014, Eremin 2020, and Corentin Noël 2021). The porosity of the tested sandstones in this project ranged from a minimum of 3.73 percent to a maximum of 25.86 percent. 
	4.2.1 Individual Test Results    
	A series of uniaxial and triaxial compressive strength, porosity, and specific gravity tests were conducted on these samples, and the results in terms of Mohr-Coulomb failure parameters, HB failure parameters, elastic properties, particle size effect, and crack thresholds are discussed in the following subsections. Figure 4.5 consists of the test results of the sandstone samples. The confinement, peak stress, β, strain rate while loading, failure mode, failure behavior, and failure angle of each tested spec
	4.2.2 Mohr-Coulomb Parameters 
	The UCS ranged from 2.54 MPa to 84.48 MPa, the cohesion (c) ranged from 1.1 MPa to 20.34 MPa, and the internal friction angle ranged from 8 to 56 degrees. The lowest UCS, cohesion, and internal friction angle were observed in sandstone from Cretaceous Lance Formation. Table 4.5 shows the variation of UCS for all sandstone samples. The greatest difference between the UCS and cohesion is observed in Wind River Formation of Eocene age (81.17 percent) whereas the least difference is seen in Sundance Formation o
	 
	Figure
	Figure 4.2: Equation. Uniaxial Compressive Strength (UCS). 
	The calculated UCS is higher than the measured UCS in all sandstone formations except the Cloverly Formation (Sample ID 17) as shown in Table 4.5. The greatest difference between the 
	measured and calculated UCS values at about 25 percent is seen in Fort Union Formation (Sample ID 51) and the least difference at about 3 percent is observed in Lance Formation (Sample ID 23). Comparing cohesion with the calculated UCS, the greatest difference increased to about 85 percent in Wind River Formation and the lowest difference is seen in Lance Formation at about 57 percent.    
	 
	 
	 
	 
	 
	 
	Figure
	Figure 4.3: Summary of tested sandstone samples. 
	 
	Figure
	Figure 4.3 (Continued): Summary of tested sandstone samples. 
	 
	Figure
	Figure 4.3 (Continued): Summary of tested sandstone samples. 
	 
	Figure
	Figure 4.4: Location of tested sandstone samples with their formation names (Esri ArcGIS 10.3).
	 
	Figure
	Figure 4.5: Summary of test results of sandstones. 
	 
	Figure
	Figure 4.5 (Continued): Summary of test results of sandstones. 
	 
	Table 4.5: Mohr-Coulomb results of tested sandstones. 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 

	Formation 
	Formation 

	Measured 
	Measured 
	UCS, (MPa) 

	Calculated UCS, (MPa) 
	Calculated UCS, (MPa) 

	Cohesion, c (MPa) 
	Cohesion, c (MPa) 

	Internal friction Angle, 𝝋 (deg) 
	Internal friction Angle, 𝝋 (deg) 


	16 
	16 
	16 

	Flathead 
	Flathead 

	N/A 
	N/A 

	81.61 
	81.61 

	20.34 
	20.34 

	37 
	37 


	17 
	17 
	17 

	Cloverly 
	Cloverly 

	11.61 
	11.61 

	10.23 
	10.23 

	3.45 
	3.45 

	22 
	22 


	18 
	18 
	18 

	Sundance 
	Sundance 

	9.03 
	9.03 

	16.70 
	16.70 

	6.07 
	6.07 

	18 
	18 


	19 
	19 
	19 

	Aspen/Bear River 
	Aspen/Bear River 

	22.60 
	22.60 

	28.77 
	28.77 

	5.38 
	5.38 

	49 
	49 


	20 
	20 
	20 

	Aspen/Bear River 
	Aspen/Bear River 

	N/A 
	N/A 

	84.48 
	84.48 

	5.52 
	5.52 

	49 
	49 


	23 
	23 
	23 

	Lance 
	Lance 

	2.47 
	2.47 

	2.54 
	2.54 

	1.10 
	1.10 

	8 
	8 


	26 
	26 
	26 

	Willwood 
	Willwood 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 


	31 
	31 
	31 

	Tensleep Sandstone 
	Tensleep Sandstone 

	55.91 
	55.91 

	68.27 
	68.27 

	13.10 
	13.10 

	48 
	48 


	32 
	32 
	32 

	Arikaree 
	Arikaree 

	12.19 
	12.19 

	15.58 
	15.58 

	2.76 
	2.76 

	51 
	51 


	33 
	33 
	33 

	Arikaree 
	Arikaree 

	17.01 
	17.01 

	19.10 
	19.10 

	3.10 
	3.10 

	54 
	54 


	39 
	39 
	39 

	Hanna 
	Hanna 

	9.39 
	9.39 

	12.29 
	12.29 

	2.48 
	2.48 

	46 
	46 


	41 
	41 
	41 

	Hanna 
	Hanna 

	9.65 
	9.65 

	11.05 
	11.05 

	2.34 
	2.34 

	44 
	44 


	43 
	43 
	43 

	Wind River 
	Wind River 

	47.61 
	47.61 

	58.65 
	58.65 

	8.97 
	8.97 

	56 
	56 


	49 
	49 
	49 

	Bridger 
	Bridger 

	13.92 
	13.92 

	15.22 
	15.22 

	4.48 
	4.48 

	29 
	29 


	50 
	50 
	50 

	Fort Union 
	Fort Union 

	6.00 
	6.00 

	7.00 
	7.00 

	1.38 
	1.38 

	47 
	47 


	51 
	51 
	51 

	Fort Union 
	Fort Union 

	26.09 
	26.09 

	35.00 
	35.00 

	5.52 
	5.52 

	55 
	55 


	56 
	56 
	56 

	Casper 
	Casper 

	39.01 
	39.01 

	47.41 
	47.41 

	7.93 
	7.93 

	53 
	53 




	Note: UCS‒ Unconfined compressive strength (MPa); N/A ‒Unavailable specimen for testing. 
	Comparing the measured with the calculated UCS (Figure 4.2), we observed that for the UCS less than 20 MPa, the data points were on or near the one-to-one line; whereas, for UCS greater than 20 MPa, the calculated UCS was higher than the measured ones as indicated by the points above the one-to-one line in 6. This indicated that UCS is likely over predicted above 20 MPa.  
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	Figure
	Figure 4.6: Comparison of measured and calculated UCS values. 
	4.2.3 HB Parameters 
	The non-linear failure criterion proposed by Hoek and Brown (1997) was used to calculate the non-linear shear strength of the tested samples. The HB material constant for intact rock (𝑚𝑖) was calculated using the statistical method proposed by Hoek and Brown (2019) based on test results on a principal axes plane. The HB criterion was applied on the intact rock taking the HB parameters 𝑎=0.5 and 𝑠=1, to estimate the cohesion and internal friction angle. Tensile strength (𝜎𝑡) of each rock sample was als
	The calculation of the material constant 𝑚𝑖 was conducted from a series of uniaxial and triaxial tests performed on intact rock specimens for each sample. In this process, the major and minor principal stresses of the tested specimens were plotted, and a curve HB line was fitted through the points by substituting 𝑎=0.5, 𝑠=1, and 𝑚𝑏= 𝑚𝑖 in the generalized HB criterion given by the equation in 7 in terms of major and minor principal stresses (𝜎1 and 𝜎3) and 𝜎𝑐 is the UCS value. The only unknown in
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	preferred in the calculations of the cohesion and internal friction angle. The 𝜎1- 𝜎3 plots for the determination of 𝑚𝑖 values are presented in Appendices C (Khatri 2022). 
	 
	Figure
	Figure 4.7: Equation. The generalized HB criterion. 
	 
	At least one UCS and two triaxial tests are required for the determination of 𝑚𝑖 value. Samples with fewer than two triaxial tests were not reported.  
	Hoek & Brown (1997) and Marinos & Hoek (2000) recommended the range of 𝑚𝑖 values of sandstone as 17 ± 4. However, we observed that the calculated 𝑚𝑖 values range from 2.97 to 66.38, significantly varying from the proposed range. Hoek & Brown (1997) reported that the 𝑚𝑖 value can vary significantly with different rock β angles as the failure could occur along a weakness plane. The difference in 𝑚𝑖 values could be attributed to the effect of bedding of the intact rock specimens while the tested intact
	Bandyopadhyay et al. (2013) reported that the indirect tensile strengths of weak and strong sandstones measured using the Brazilian method are 1 MPa and 1.40 MPa, respectively. They also reported that the UCS and tensile strength are directly proportional to each other. Table 4.6 shows that the tensile strengths of Arikaree, Fort Union, Aspen/bear River, and Hanna Formations were lower than 1 MPa and the rest of the formations were within the range reported by Bandyopadhyay et al. (2013). The experimental r
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	Table 4.6: HB results of tested sandstones. 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 

	Formation 
	Formation 

	𝒎𝒊 (measured) 
	𝒎𝒊 (measured) 

	c (MPa) 
	c (MPa) 

	𝝋 (deg) 
	𝝋 (deg) 

	𝝈𝒕 (MPa) 
	𝝈𝒕 (MPa) 



	16 
	16 
	16 
	16 

	Flathead 
	Flathead 

	6.34 
	6.34 

	22.81 
	22.81 

	35.00 
	35.00 

	12.86 
	12.86 


	17 
	17 
	17 

	Cloverly 
	Cloverly 

	2.97 
	2.97 

	3.52 
	3.52 

	16.00 
	16.00 

	3.44 
	3.44 


	18 
	18 
	18 

	Sundance 
	Sundance 

	4.18 
	4.18 

	5.27 
	5.27 

	17.00 
	17.00 

	3.32 
	3.32 


	19 
	19 
	19 

	Aspen/Bear River 
	Aspen/Bear River 

	44.57 
	44.57 

	4.79 
	4.79 

	48.00 
	48.00 

	0.51 
	0.51 


	20 
	20 
	20 

	Aspen/Bear River 
	Aspen/Bear River 

	26.36 
	26.36 

	4.58 
	4.58 

	51.00 
	51.00 

	0.88 
	0.88 


	23 
	23 
	23 

	Lance 
	Lance 

	- 
	- 

	- 
	- 

	- 
	- 

	- 
	- 


	26 
	26 
	26 

	Willwood 
	Willwood 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 


	31 
	31 
	31 

	Tensleep Sandstone 
	Tensleep Sandstone 

	21.60 
	21.60 

	11.30 
	11.30 

	50.00 
	50.00 

	2.59 
	2.59 


	32 
	32 
	32 

	Arikaree 
	Arikaree 

	49.03 
	49.03 

	2.40 
	2.40 

	51.00 
	51.00 

	0.25 
	0.25 


	33 
	33 
	33 

	Arikaree 
	Arikaree 

	46.88 
	46.88 

	3.00 
	3.00 

	55.00 
	55.00 

	0.37 
	0.37 




	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 

	Formation 
	Formation 

	𝒎𝒊 (measured) 
	𝒎𝒊 (measured) 

	c (MPa) 
	c (MPa) 

	𝝋 (deg) 
	𝝋 (deg) 

	𝝈𝒕 (MPa) 
	𝝈𝒕 (MPa) 



	39 
	39 
	39 
	39 

	Hanna 
	Hanna 

	32.80 
	32.80 

	2.09 
	2.09 

	46.00 
	46.00 

	0.28 
	0.28 


	41 
	41 
	41 

	Hanna 
	Hanna 

	20.03 
	20.03 

	2.54 
	2.54 

	39.00 
	39.00 

	0.48 
	0.48 


	43 
	43 
	43 

	Wind River 
	Wind River 

	33.64 
	33.64 

	7.92 
	7.92 

	57.00 
	57.00 

	1.41 
	1.41 


	49 
	49 
	49 

	Bridger 
	Bridger 

	7.76 
	7.76 

	4.41 
	4.41 

	28.00 
	28.00 

	1.79 
	1.79 


	50 
	50 
	50 

	Fort Union 
	Fort Union 

	- 
	- 

	- 
	- 

	- 
	- 

	- 
	- 


	51 
	51 
	51 

	Fort Union 
	Fort Union 

	66.38 
	66.38 

	4.48 
	4.48 

	56.00 
	56.00 

	0.39 
	0.39 


	56 
	56 
	56 

	Casper 
	Casper 

	30.56 
	30.56 

	7.48 
	7.48 

	52.00 
	52.00 

	1.28 
	1.28 




	Note: c‒Cohesion; 𝜎𝑡‒Tensile strength; 𝜑 ‒ Internal friction angle; 𝑚𝑖‒HB parameter; N/A‒Unavailable specimen for testing; - ‒Not enough tests for calculation. 
	The cohesion (c) and internal friction angle (𝜑) obtained from the linear MC criterion and the non-linear HB criterion were comparable as illustrated in 9 and 4.10, respectively. 9 showed that most of the cohesion values fell along the one-to-one line while few cohesion values from HB criterion were higher than that from MC criterion. A similar agreement was observed between the internal friction angles from both criteria while several internal friction angles from HB criterion were higher than that from M
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	Figure
	Figure 4.8: Comparison of UCS values from measured and MC Criteria for all sandstones. 
	 
	Figure
	Figure 4.9: Comparison of Cohesion values from HB and MC Criteria for all sandstones. 
	 
	Figure
	Figure 4.10: Comparison of internal friction Angle values from HB and MC Criteria for all sandstones. 
	4.2.4 Elastic Properties 
	Figure 4.11 summarizes the calculated Young’s modulus (𝐸) and Poisson’s ratio (𝜈) of the sandstone samples. The 𝐸 value of the tested sandstones varied from 2.34 GPa for Fort Union Formation to 137.39 GPa for Flathead Formation of the Cambrian, the oldest geological period of the sandstone samples. About 50 percent of sandstone samples had Young’s modulus values that fell within the typical 𝐸 values between 11.03 GPa and 39.99 GPa (Xu Hao et al. 2016). Similarly, the 𝜈 value of the rocks under compress
	 
	Figure
	Figure 4.11: Mohr-Coulomb results of tested sandstones. 
	 
	Figure
	Figure 4.11 (Continued): Mohr-Coulomb results of tested sandstones. 
	4.3 Siltstones 
	Among the 13 siltstone samples tested, three samples were obtained as surface boulders, and ten samples were obtained as rock cores drilled out from various projects around the state. The prepared test specimens were either 25mm in diameter or 50mm in diameter. The length to diameter ratio (L/D) of the test specimens was maintained between 2 to 2.5. The top and bottom of the test specimen should be parallel to each other and perpendicular to the longitudinal axis. The finished top and bottom surfaces should
	The water content of the tested siltstones ranged from 0.57 percent to 22.25 percent. A decreasing trend of rock strength with the increase in water content was observed by other researchers (Yang et al. 2011, Zhang et al. 2011, Al-Bazali 2013, and Yang Qi. 2016). These researchers reported that the effect of particle size on the cohesion and compressive strength values of the siltstones was not apparent. 
	 
	4.3.1 Individual Test Results    
	A series of uniaxial and triaxial compressive strength, porosity, and specific gravity tests were conducted on these samples, and the results in terms of Mohr-Coulomb failure parameters, HB failure parameters, and elastic properties are discussed in the following subsections. Figure 4.14 summarizes the test results of the siltstone samples. The confinement, peak stress, β, strain rate while loading, failure mode, failure behavior, and failure angle of each tested specimen were summarized. The Specimen ID no
	  
	 
	Figure
	Figure 4.12: Summary of tested siltstone samples. 
	 
	Figure
	Figure 4.12 (Continued): Summary of tested siltstone samples. 
	 
	Figure
	Figure 4.13: Location of tested siltstone samples with their formation names (Esri ArcGIS 10.3). 
	4.3.2 Mohr-Coulomb Parameters 
	The UCS ranged from 0.43 MPa to 122.28 MPa, the cohesion (c) ranged from 0.2 MPa to 27.58 MPa, and the internal friction angle ranged from 5 to 49 degrees. The lowest UCS of 0.43 MPa and cohesion of 0.2 MPa were observed for the Eocene Wasatch Formation, and the lowest internal friction angle of 5 degrees was observed for the Permian Goose Egg Formation. Fi15 shows the variation of UCS for all siltstone samples. The largest difference of 94.69 MPa between UCS and cohesion was observed in the Cretaceous Aspe
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	The calculated values were higher than the measured UCS for all siltstone formations except for the Chugwater Formation (Sample ID 36). The largest difference between the measured and calculated UCS value at about 12.49 MPa was seen for the Goose Egg Formation (Sample ID 5) and the smallest difference at about 0.006 MPa was observed for the White River Formation (Sample ID 12). Comparing the cohesion with the calculated UCS, the largest difference increases to about 30 MPa in the Lance Formation and the sma
	 All the formations with larger internal friction angles had higher cohesion values (Table 4.7). Forbes (2011) reported that the typical range of internal friction angles for dry siltstones is 31 to 33 degrees. The tested siltstones in this study had internal friction angles ranging from 5 to 49 degrees, which significantly vary from the ones reported in the literature. 
	Comparing the measured with the calculated UCS, the UCS less than 17 MPa and above 68 MPa agreed well following the one-to-one line. For UCS values between 17 and 68 MPa, the calculated UCS was higher than the measured UCS as shown in Figure 4.15.  
	 
	 
	Figure
	Figure 4.14: Summary of test results of siltstone. 
	 
	 
	Figure
	Figure 4.14 (Continued): Summary of test results of siltstone. 
	Table 4.7: Mohr-Coulomb results of tested siltstones. 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 

	Formation 
	Formation 

	Measured UCS (MPa) 
	Measured UCS (MPa) 

	Calculated UCS (MPa) 
	Calculated UCS (MPa) 

	Cohesion, c (MPa) 
	Cohesion, c (MPa) 

	Internal Friction Angle, 𝝋 (deg) 
	Internal Friction Angle, 𝝋 (deg) 


	5 
	5 
	5 

	Goose Egg 
	Goose Egg 

	17.38 
	17.38 

	29.88 
	29.88 

	13.69 
	13.69 

	5 
	5 


	6 
	6 
	6 

	Sundance 
	Sundance 

	5.52 
	5.52 

	7.46 
	7.46 

	2.76 
	2.76 

	17 
	17 


	7 
	7 
	7 

	Aspen/Bear River 
	Aspen/Bear River 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 


	8 
	8 
	8 

	Pass Peak 
	Pass Peak 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 


	11 
	11 
	11 

	Wasatch 
	Wasatch 

	0.43 
	0.43 

	0.46 
	0.46 

	0.20 
	0.20 

	8 
	8 


	12 
	12 
	12 

	White River 
	White River 

	1.06 
	1.06 

	1.06 
	1.06 

	0.35 
	0.35 

	23 
	23 


	13 
	13 
	13 

	Aspen/Bear River 
	Aspen/Bear River 

	122.28 
	122.28 

	126.89 
	126.89 

	27.59 
	27.59 

	43 
	43 


	24 
	24 
	24 

	Lance 
	Lance 

	22.21 
	22.21 

	36.89 
	36.89 

	6.90 
	6.90 

	49 
	49 


	30 
	30 
	30 

	Bear River 
	Bear River 

	81.46 
	81.46 

	82.57 
	82.57 

	21.03 
	21.03 

	36 
	36 


	34 
	34 
	34 

	Arikaree 
	Arikaree 

	17.14 
	17.14 

	20.31 
	20.31 

	4.00 
	4.00 

	47 
	47 


	35 
	35 
	35 

	Hanna 
	Hanna 

	33.53 
	33.53 

	38.30 
	38.30 

	7.93 
	7.93 

	45 
	45 


	36 
	36 
	36 

	Chugwater 
	Chugwater 

	16.53 
	16.53 

	16.27 
	16.27 

	3.79 
	3.79 

	40 
	40 


	37 
	37 
	37 

	Ogallala 
	Ogallala 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 




	Note: UCS ‒Unconfined compressive strength (MPa); N/A ‒ Unavailable specimen for testing. 
	 
	Figure
	Figure 4.15: Comparison of measured and calculated UCS values of siltstones. 
	 
	4.3.3 HB Parameters 
	The non-linear failure criterion proposed by Hoek and Brown (1997) was used to calculate the non-linear shear strength of the tested samples. The HB material constant for intact rock (𝑚𝑖) was calculated using the statistical method proposed by Hoek and Brown (2019) based on test results on a principal stress plane. The HB criterion was applied by taking the HB parameters 𝑎=0.5 and 𝑠=1, to estimate the cohesion and internal friction angle. The calculated 𝑚𝑖 values in were comparable to the values propo
	The major and minor principal stresses of the tested specimens were plotted, and HB curve line was fitted through the points by substituting𝑎=0.5, 𝑠=1, and 𝑚𝑏= 𝑚𝑖 in the generalized HB equation given by the equation in Figure 4.7. The only unknown in the equation is the value of 𝑚𝑖, which can be back calculated. At least one UC and two triaxial tests were required for the determination of 𝑚𝑖 value. Samples with fewer than two triaxial tests were not reported.  
	Table 4.8: HB results of tested siltstones. 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 

	Formation 
	Formation 

	𝒎𝒊 
	𝒎𝒊 

	c (MPa) 
	c (MPa) 

	𝝋 (deg) 
	𝝋 (deg) 

	𝝈𝒕 (MPa) 
	𝝈𝒕 (MPa) 


	5 
	5 
	5 

	Goose Egg 
	Goose Egg 

	4.73 
	4.73 

	7.37 
	7.37 

	11.00 
	11.00 

	3.68 
	3.68 


	6 
	6 
	6 

	Sundance 
	Sundance 

	3.55 
	3.55 

	2.06 
	2.06 

	18.00 
	18.00 

	1.55 
	1.55 


	7 
	7 
	7 

	Aspen/Bear River 
	Aspen/Bear River 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 


	8 
	8 
	8 

	Pass Peak 
	Pass Peak 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 


	11 
	11 
	11 

	Wasatch 
	Wasatch 

	0.73 
	0.73 

	0.20 
	0.20 

	2.00 
	2.00 

	0.58 
	0.58 


	12 
	12 
	12 

	White River 
	White River 

	2.86 
	2.86 

	0.37 
	0.37 

	21.00 
	21.00 

	0.37 
	0.37 


	13 
	13 
	13 

	Aspen/Bear River 
	Aspen/Bear River 

	8.39 
	8.39 

	32.26 
	32.26 

	38.00 
	38.00 

	14.56 
	14.56 


	24 
	24 
	24 

	Lance 
	Lance 

	42.67 
	42.67 

	4.71 
	4.71 

	48.00 
	48.00 

	0.52 
	0.52 


	30 
	30 
	30 

	Bear River 
	Bear River 

	4.61 
	4.61 

	24.50 
	24.50 

	31.00 
	31.00 

	17.67 
	17.67 


	34 
	34 
	34 

	Arikaree 
	Arikaree 

	26.42 
	26.42 

	3.72 
	3.72 

	47.00 
	47.00 

	0.65 
	0.65 


	35 
	35 
	35 

	Hanna 
	Hanna 

	16.04 
	16.04 

	7.63 
	7.63 

	45.00 
	45.00 

	2.09 
	2.09 


	36 
	36 
	36 

	Chugwater 
	Chugwater 

	12.47 
	12.47 

	4.19 
	4.19 

	39.00 
	39.00 

	1.32 
	1.32 


	37 
	37 
	37 

	Ogallala 
	Ogallala 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 




	Note: c‒Cohesion; 𝜎𝑡‒Tensile strength; 𝜑 ‒ Internal friction angle; 𝑚𝑖‒HB parameter; N/A‒Unavailable specimen for testing. 
	The 𝑚𝑖 values of siltstone samples are summarized in Table 4.8 along with the cohesion (c), internal friction angle (𝜑), and tensile strength (σt). Hoek & Brown (1997) and Marinos & Hoek 2001 recommend the range of 𝑚𝑖 values of siltstone as 7 ± 2, which were determined based on rock specimens tested normal to bedding. However, the calculated 𝑚𝑖 values ranged from 0.73 to 42.67, which were significantly different from the recommended range. Hoek & Brown (1997) 
	reported that the 𝑚𝑖 value can change significantly due to the rock bedding plane as failure could occur along a weakness plane, the compressive and shear strength are directly affected by the bedding plane. However, the intact rock specimens tested in the study did not have any apparent bedding.  
	The cohesion (c) and internal friction angle (𝜑) obtained from the linear MC criterion and non-linear HB criterion were comparable as illustrated in 16 and 4.17, respectively. 16 shows that most of the cohesion values fell on the one-to-one line while a few cohesion values from HB criterion were higher than those from MC criterion. A similar agreement was observed between internal friction angles from both criteria while several internal friction angles from HB criterion were higher than those from MC crit
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	Figure
	Figure 4.16: Comparison of Cohesion values from HB and MC Criteria for all siltstones. 
	 
	Figure
	Figure 4.17: Comparison of internal friction angle values from HB and MC Criteria for all siltstones. 
	4.3.4 Elastic Properties 
	Figure 4.18 summarizes the calculated Young’s modulus (𝐸) and Poisson’s ratio (𝜈) of the siltstone samples. Young’s modulus values of the tested siltstones varied from 0.12 GPa for White River Formation to 41.03 GPa for Cretaceous Aspen/Bear River Formations. About 50 percent of the siltstone samples had 𝐸 values that fell within the typical range between 6.56 GPa and 93.50 GPa (Davarpanah et al. 2020). Similarly, Poisson’s value, or the deformability of the rocks under stress ranged between 0.03 for Bea
	 
	Figure
	Figure 4.18: Elastic properties of tested siltstones. 
	4.4 Shales 
	Among the 8 shale samples tested, all samples were obtained as rock cores drilled out from various projects around the state. Figure 4.19 shows the description of the tested shale samples, and 20 shows the location map of the samples. The test specimens were prepared at either 25mm diameter or 50mm diameter. The length to diameter ratio (L/D) ratio of the test specimen was maintained between 2 to 2.5. The top and bottom of the test specimen should be parallel to each other and perpendicular to the longitudi
	Figure 4.
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	4.4.1 Individual Test Results    
	Table 4.9 consists of the test results of shale samples. Information about the confinement, peak stress, β, strain rate while loading, failure mode, failure behavior, and failure angle of each tested specimen is provided in the table. The Specimen ID nomenclature is not in alphabetical order as not all test specimens prepared were used for testing. 𝜖𝑎, 𝜖𝑟, and 𝜖𝑣 in the figure legends represent the axial, radial, and volumetric strains, respectively. The failure behavior is categorized as ductile, tra
	 
	 
	 
	 
	Figure
	Figure 4.19: Summary of tested shale samples. 
	 
	Figure
	Figure 4.19 (Continued): Summary of tested shale samples. 
	 
	 
	Figure
	Figure 4.20: Location of tested shale samples with their formation names (Esri ArcGIS 10.3). 
	4.4.2 Mohr-Coulomb Parameters 
	The UCS ranged from 0.32 MPa to 32.21 MPa, the cohesion (c) ranged from 0.16 MPa to 7.93 MPa, and the internal friction angle ranged from 2 to 44 degrees. The lowest UCS and cohesion were observed in shale from an undifferentiated formation of Cretaceous age and the internal friction angle was lowest for the Cretaceous Cody Shale Formation. The greatest difference between the UCS and cohesion was observed for the Paleogene Hanna Formation whereas the least difference was seen for the undifferentiated format
	The calculated UCS was higher than the measured UCS in all shale formations except for the Cody Shale Formation (Sample ID 15). The greatest difference between the measured and calculated value was seen in undifferentiated Cretaceous formation (Sample ID 4) at about 20 percent and the least difference was observed in Cody Shale Formation (Sample ID 2) at about 0.7 percent. All the formations had higher cohesion for higher internal friction angles. 
	Table 4.9: Mohr-Coulomb results of tested shales. 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 

	Formation 
	Formation 

	Measured UCS, (MPa) 
	Measured UCS, (MPa) 

	Calculated UCS, (MPa) 
	Calculated UCS, (MPa) 

	Cohesion, c (MPa) 
	Cohesion, c (MPa) 

	Internal Friction Angle, 𝝋 (deg) 
	Internal Friction Angle, 𝝋 (deg) 


	2 
	2 
	2 

	Cody Shale 
	Cody Shale 

	1.06 
	1.06 

	1.06 
	1.06 

	0.35 
	0.35 

	23 
	23 


	3 
	3 
	3 

	Morrison 
	Morrison 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 


	4 
	4 
	4 

	Undifferentiated 
	Undifferentiated 

	0.32 
	0.32 

	0.40 
	0.40 

	0.16 
	0.16 

	13 
	13 


	14 
	14 
	14 

	Cody Shale 
	Cody Shale 

	1.86 
	1.86 

	1.91 
	1.91 

	0.88 
	0.88 

	5 
	5 


	15 
	15 
	15 

	Cody Shale 
	Cody Shale 

	1.00 
	1.00 

	0.41 
	0.41 

	0.31 
	0.31 

	2 
	2 


	21 
	21 
	21 

	Fort Union 
	Fort Union 

	N/A 
	N/A 

	0.46 
	0.46 

	0.05 
	0.05 

	N/A 
	N/A 


	22 
	22 
	22 

	Cody Shale 
	Cody Shale 

	1.35 
	1.35 

	1.61 
	1.61 

	0.68 
	0.68 

	10 
	10 


	40 
	40 
	40 

	Hanna 
	Hanna 

	32.21 
	32.21 

	37.37 
	37.37 

	7.93 
	7.93 

	44 
	44 




	Note: N/A‒ Unavailable specimen for testing. 
	Comparing the measured UCS with the calculated UCS presented in Table 4.9 we observed that for the UCS less than 14 MPa, the data points were on or near the one-to-one line; whereas, for UCS greater than 14 MPa, the calculated UCS was higher than the measured one as indicated by one point above the one-to-one line in 21. This indicated that there was over prediction of the UCS value above 14 MPa.  
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	Figure
	Figure 4.21: Comparison of measured and calculated UCS values. 
	 
	4.4.3 HB Parameters 
	The non-linear failure criterion proposed by Hoek and Brown (1997) was used to calculate the non-linear shear strength of the tested samples. The HB material constant for intact rock (𝑚𝑖) was calculated using the statistical method proposed by Hoek (2019) based on test results on a principal axes plane. The HB criterion was applied on the intact rock taking the HB parameters 𝑎=0.5 and 𝑠=1, to estimate the cohesion and internal friction angle. The determination of 𝑚𝑖 from the back calculation method wa
	The calculation of the material constant 𝑚𝑖 was conducted from a series of uniaxial and triaxial tests performed on intact rock specimens for each sample. In this process, the major and minor principal stresses of the tested specimens were plotted, and a curve HB line was fitted through the points by substituting 𝑎=0.5, 𝑠=1, and 𝑚𝑏= 𝑚𝑖 in the generalized HB criterion (Figure 4.7) in terms of major and minor principal stresses (𝜎1 and 𝜎3) and 𝜎𝑐 is the UCS value. The only unknown in the equation 
	 
	Figure
	Figure 4.22: Summary of test results of tested shales. 
	 
	 
	Figure
	Figure 4.22 (Continued): Summary of test results of tested shales. 
	 
	 
	 
	 
	 
	 
	Table 4.10: HB results of tested shales. 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 

	Formation 
	Formation 

	𝑚𝑖 (measured) 
	𝑚𝑖 (measured) 

	c (MPa) 
	c (MPa) 

	𝜑 (deg) 
	𝜑 (deg) 

	𝜎𝑡 (MPa) 
	𝜎𝑡 (MPa) 


	2 
	2 
	2 

	Cody Shale 
	Cody Shale 

	2.86 
	2.86 

	0.37 
	0.37 

	21.00 
	21.00 

	0.37 
	0.37 


	3 
	3 
	3 

	Morrison 
	Morrison 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 


	4 
	4 
	4 

	Undifferentiated 
	Undifferentiated 

	2.32 
	2.32 

	0.13 
	0.13 

	13.00 
	13.00 

	0.14 
	0.14 


	14 
	14 
	14 

	Cody Shale 
	Cody Shale 

	0.28 
	0.28 

	0.91 
	0.91 

	1.00 
	1.00 

	6.63 
	6.63 


	15 
	15 
	15 

	Cody Shale 
	Cody Shale 

	1.64 
	1.64 

	0.21 
	0.21 

	48.00 
	48.00 

	0.61 
	0.61 


	21 
	21 
	21 

	Fort Union 
	Fort Union 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 


	22 
	22 
	22 

	Cody Shale 
	Cody Shale 

	1.74 
	1.74 

	0.56 
	0.56 

	12.00 
	12.00 

	0.78 
	0.78 


	40 
	40 
	40 

	Hanna 
	Hanna 

	21.05 
	21.05 

	7.50 
	7.50 

	44.00 
	44.00 

	1.52 
	1.52 




	Note: c‒ Cohesion; 𝜎𝑡‒ Tensile strength; 𝜑 ‒ Internal friction angle; 𝑚𝑖‒ HB parameter; N/A‒ Unavailable specimen for testing. 
	The intact rock material constant (𝑚𝑖) values for all shale samples are provided in Table 4.10 along with the cohesion (c), internal friction angle (𝜑), and tensile strength (σt). Hoek & Brown (1997), and Marinos & Hoek (2001) provided the range of 𝑚𝑖 value of shale as 6 ± 2. However, we observed that the calculated values of 𝑚𝑖 ranged from 0.28 to 21.05, significantly lower and higher than the proposed range. Hoek & Brown (1997) reported that the value of 𝑚𝑖 can change significantly with variation
	Comparing the values of the cohesion (c) and internal friction angle (𝜑) obtained from the linear MC criterion and non-linear HB criterion, the values were comparable as illustrated by 23 and 4.24, respectively. 23 shows that most values fell along the one-to-one line and some values from the HB criterion are lower than those from MC criterion. A similar agreement was observed between the internal friction angles from both criteria while several internal friction angles from HB criterion were higher than t
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	4.4.4 Elastic Properties 
	Figure 4.25 summarizes the calculated Young’s modulus (𝐸) and Poisson’s ratio (𝜈) of the shale samples. The 𝐸 value of the tested shales varied from 0.02 GPa for undifferentiated formation Sample 4 to 280.31 GPa for Cody Shale Formation sample 14 of the Cretaceous, the oldest geological age of the shale samples. Similarly, Poisson’s value or the deformability of the rocks under stress ranged between 0.03 for Hanna Formation sample 40 to 0.50 for Cody Shale Formation sample 22.  
	 
	 
	Figure
	Figure 4.23: Comparison of cohesion values from HB and MC Criteria for all shales. 
	 
	Figure
	Figure 4.24: Comparison of the internal friction angle values from HB and MC Criteria for all shales. 
	 
	Figure
	Figure 4.25: Elastic properties of tested shales. 
	 
	4.5 Other Rocks 
	Among the 17 rock samples tested, fourteen samples were obtained as surface boulders, and three samples were obtained as rock cores drilled out from various projects around the state. Figure 4.26 shows the description of the tested rock samples, and 27 shows the location map of the rock samples. Test specimens were prepared at either 25mm diameter or 50mm diameter. The length-to-diameter ratio (L/D) ratio of the test specimen was maintained between 2 to 2.5. The top and bottom of the test specimen should be
	Figure 4.
	Figure 4.


	perpendicular to the longitudinal axis. The finished top and bottom surfaces should not exceed the tolerance of 0.001 (ASTM D4543 2008). The length and diameter of all the specimens tested are provided in Figure 4.26. A series of uniaxial and triaxial compressive strength, porosity, and specific gravity tests were conducted on these samples, and the results in terms of Mohr-Coulomb failure parameters, HB failure parameters, and elastic properties, are discussed in the following subsections. 
	 
	Figure
	Figure 4.26: Summary of tested rock samples. 
	 
	Figure
	Figure 4.26 (Continued): Summary of tested rock samples. 
	 
	 
	Figure
	Figure 4.27: Location of other rock samples with their formation names (Esri ArcGIS 10.3). 
	4.5.1 Individual Test Results    
	A series of uniaxial and triaxial compressive strength, porosity, and specific gravity tests were conducted on these samples, and the results in terms of Mohr-Coulomb failure parameters, Hoek and Brown (HB) failure parameters, and elastic properties are discussed in the following subsections. Figure 4.28 consists of the test results of the tested rock samples. Information about the confinement, peak stress, β, strain rate while loading, failure mode, and failure behavior and failure angle of each tested spe
	4.5.2 Mohr-Coulomb Parameters 
	The UCS ranged from 11.33 MPa to 61.27 MPa, the cohesion (c) ranged from 3.10 MPa to 11.86 MPa, and the internal friction angle (𝜑) ranged from 6 to 58 degrees for limestone. Similarly, UCS ranged from 0.41 MPa to 20.61 MPa, c ranged from 0.089 MPa to 5.51 MPa, and 𝜑 ranged from 25 to 46 degrees for claystone. The UCS, c, and 𝜑 for other rock types are summarized in Table 4.11. The lowest UCS and cohesion in Limestone were observed for the Devonian Jefferson Formation, and the lowest internal friction an
	 
	Figure
	Figure 4.28: Summary of test results of tested rocks. 
	 
	Figure
	Figure 4.28 (Continued): Summary of test results of tested rocks. 
	 
	The calculated UCS was higher than the measured UCS for all rock types except claystone from the Ogallala Formation, breccia from Wiggin’s Formation, and limestone from Madison Formation. Except for these three formations, the greatest difference between the measured UCS and calculated UCS was seen in limestone for the Jefferson Formation, 204.80 MPa, and the least difference was also observed in limestone for Madison Formation, 3.91 MPa. Barton & Choubey (1977), reported the internal friction angle of dry 
	Comparing the measured with the UCS calculated, we observed that the calculated UCS was much higher than the measured UCS in 29. For all rock types, the mean bias was 0.91 and the coefficient of variation (COV) of 0.72. Limestone had a mean bias of 1.33 and COV of 1.13. Similarly, mean bias and COV for claystone, conglomerate, and granite were 0.97 & 0.43, 0.80 & 0.17, and 0.74 & 0.08 respectively. Among all the rocks, limestone had the most variation among the three limestone samples. 
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	Figure
	Figure 4.29: Comparison of measured and calculated UCS values. 
	 
	Table 4.11: Mohr-Coulomb results of tested rocks. 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 

	Age 
	Age 

	Rock Type 
	Rock Type 

	Measured UCS, (MPa) 
	Measured UCS, (MPa) 

	Calculated UCS, (MPa) 
	Calculated UCS, (MPa) 

	Cohesion, c (MPa) 
	Cohesion, c (MPa) 

	Internal friction Angle, 𝝋 (deg) 
	Internal friction Angle, 𝝋 (deg) 


	1 
	1 
	1 

	Miocene 
	Miocene 

	Claystone 
	Claystone 

	0.41 
	0.41 

	0.28 
	0.28 

	0.09 
	0.09 

	25 
	25 


	9 
	9 
	9 

	Oligocene 
	Oligocene 

	Breccia 
	Breccia 

	7.66 
	7.66 

	5.71 
	5.71 

	1.24 
	1.24 

	43 
	43 


	10 
	10 
	10 

	Cretaceous 
	Cretaceous 

	Conglomerate 
	Conglomerate 

	11.26 
	11.26 

	15.97 
	15.97 

	3.72 
	3.72 

	40 
	40 


	25 
	25 
	25 

	Mississippian 
	Mississippian 

	Limestone 
	Limestone 

	27.59 
	27.59 

	9.19 
	9.19 

	4.14 
	4.14 

	6 
	6 


	27 
	27 
	27 

	Permian 
	Permian 

	Limestone 
	Limestone 

	61.27 
	61.27 

	65.18 
	65.18 

	11.86 
	11.86 

	50 
	50 


	28 
	28 
	28 

	Precambrian 
	Precambrian 

	Granite 
	Granite 

	87.97 
	87.97 

	112.79 
	112.79 

	17.24 
	17.24 

	56 
	56 


	29 
	29 
	29 

	Archaeon 
	Archaeon 

	Gneiss 
	Gneiss 

	36.68 
	36.68 

	46.57 
	46.57 

	6.90 
	6.90 

	57 
	57 


	38 
	38 
	38 

	Paleogene 
	Paleogene 

	Claystone 
	Claystone 

	20.61 
	20.61 

	27.31 
	27.31 

	5.52 
	5.52 

	46 
	46 


	44 
	44 
	44 

	Eocene 
	Eocene 

	Claystone 
	Claystone 

	8.50 
	8.50 

	11.95 
	11.95 

	2.41 
	2.41 

	46 
	46 


	45 
	45 
	45 

	Ordovician 
	Ordovician 

	Dolostone 
	Dolostone 

	23.13 
	23.13 

	32.21 
	32.21 

	5.86 
	5.86 

	50 
	50 


	46 
	46 
	46 

	Cambrian 
	Cambrian 

	Conglomerate 
	Conglomerate 

	40.69 
	40.69 

	45.34 
	45.34 

	7.59 
	7.59 

	53 
	53 


	47 
	47 
	47 

	Devonian 
	Devonian 

	Limestone 
	Limestone 

	11.33 
	11.33 

	216.13 
	216.13 

	3.10 
	3.10 

	58 
	58 


	48 
	48 
	48 

	Eocene 
	Eocene 

	Welded Tuff 
	Welded Tuff 

	21.13 
	21.13 

	22.74 
	22.74 

	4.83 
	4.83 

	44 
	44 


	52 
	52 
	52 

	Proterozoic 
	Proterozoic 

	Granite 
	Granite 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 


	53 
	53 
	53 

	Proterozoic 
	Proterozoic 

	Anorthosite 
	Anorthosite 

	44.26 
	44.26 

	53.59 
	53.59 

	8.97 
	8.97 

	53 
	53 


	54 
	54 
	54 

	Archeaon 
	Archeaon 

	Amphibolite 
	Amphibolite 

	60.52 
	60.52 

	74.56 
	74.56 

	10.69 
	10.69 

	58 
	58 


	55 
	55 
	55 

	Proterozoic 
	Proterozoic 

	Granite 
	Granite 

	26.77 
	26.77 

	38.21 
	38.21 

	6.21 
	6.21 

	54 
	54 




	Note: N/A ‒Unavailable specimen for testing. 
	4.5.3 HB Parameters 
	The non-linear failure criterion proposed by Hoek and Brown (1997) was used to calculate the non-linear shear strength of the tested samples. The HB material constant for intact rock (𝑚𝑖) was calculated using the statistical method proposed by Hoek (2019) based on test results on a principal axes plane. The HB criterion was applied on the intact rock taking the HB parameters 𝑎=0.5 and 𝑠=1, to estimate the cohesion and internal friction angle. The determination of 𝑚𝑖 from the back calculation method wa
	The calculation of the material constant 𝑚𝑖 was conducted from a series of uniaxial and triaxial tests performed on the intact rock specimens for each sample. In this process, the major and minor principal stresses of the tested specimens were plotted, and a curve HB line was fitted through the points by substituting 𝑎=0.5, 𝑠=1, and 𝑚𝑏= 𝑚𝑖 in the generalized HB criterion (Figure 4.7) in terms of major and minor principal stresses (𝜎1and 𝜎3) and 𝜎𝑐 is the UCS value. The only unknown in the equati
	Table 4.12: HB results of tested rocks. 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 

	Age 
	Age 

	Rock Type 
	Rock Type 

	𝒎𝒊 
	𝒎𝒊 

	c (MPa) 
	c (MPa) 

	𝝋 (deg) 
	𝝋 (deg) 

	𝝈𝒕 (MPa) 
	𝝈𝒕 (MPa) 


	1 
	1 
	1 

	Miocene 
	Miocene 

	Claystone 
	Claystone 

	1.63 
	1.63 

	0.17 
	0.17 

	14.00 
	14.00 

	0.26 
	0.26 


	9 
	9 
	9 

	Oligocene 
	Oligocene 

	Breccia 
	Breccia 

	24.18 
	24.18 

	2.52 
	2.52 

	26.00 
	26.00 

	0.32 
	0.32 


	10 
	10 
	10 

	Cretaceous 
	Cretaceous 

	Conglomerate 
	Conglomerate 

	18.33 
	18.33 

	2.74 
	2.74 

	42.00 
	42.00 

	0.61 
	0.61 


	25 
	25 
	25 

	Mississippian 
	Mississippian 

	Limestone 
	Limestone 

	53.80 
	53.80 

	5.43 
	5.43 

	51.00 
	51.00 

	0.51 
	0.51 


	27 
	27 
	27 

	Permian 
	Permian 

	Limestone 
	Limestone 

	17.42 
	17.42 

	14.57 
	14.57 

	43.00 
	43.00 

	3.52 
	3.52 


	28 
	28 
	28 

	Precambrian 
	Precambrian 

	Granite 
	Granite 

	30.55 
	30.55 

	17.77 
	17.77 

	50.00 
	50.00 

	2.88 
	2.88 


	29 
	29 
	29 

	Archaeon 
	Archaeon 

	Gneiss 
	Gneiss 

	54.02 
	54.02 

	5.92 
	5.92 

	58.00 
	58.00 

	0.68 
	0.68 


	38 
	38 
	38 

	Paleogene 
	Paleogene 

	Claystone 
	Claystone 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 


	44 
	44 
	44 

	Eocene 
	Eocene 

	Claystone 
	Claystone 

	46.27 
	46.27 

	2.20 
	2.20 

	39.00 
	39.00 

	0.19 
	0.19 


	45 
	45 
	45 

	Ordovician 
	Ordovician 

	Dolostone 
	Dolostone 

	39.40 
	39.40 

	5.14 
	5.14 

	46.00 
	46.00 

	0.59 
	0.59 


	46 
	46 
	46 

	Cambrian 
	Cambrian 

	Conglomerate 
	Conglomerate 

	13.30 
	13.30 

	12.02 
	12.02 

	32.00 
	32.00 

	3.05 
	3.05 


	47 
	47 
	47 

	Devonian 
	Devonian 

	Limestone 
	Limestone 

	125.00 
	125.00 

	3.10 
	3.10 

	58.00 
	58.00 

	1.44 
	1.44 


	48 
	48 
	48 

	Eocene 
	Eocene 

	Welded Tuff 
	Welded Tuff 

	19.19 
	19.19 

	5.57 
	5.57 

	38.00 
	38.00 

	1.10 
	1.10 


	52 
	52 
	52 

	Proterozoic 
	Proterozoic 

	Granite 
	Granite 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 


	53 
	53 
	53 

	Proterozoic 
	Proterozoic 

	Anorthosite 
	Anorthosite 

	28.39 
	28.39 

	7.37 
	7.37 

	57.00 
	57.00 

	1.56 
	1.56 


	54 
	54 
	54 

	Archeaon 
	Archeaon 

	Amphibolite 
	Amphibolite 

	41.99 
	41.99 

	12.53 
	12.53 

	49.00 
	49.00 

	1.44 
	1.44 


	55 
	55 
	55 

	Proterozoic 
	Proterozoic 

	Granite 
	Granite 

	41.93 
	41.93 

	4.86 
	4.86 

	54.00 
	54.00 

	0.64 
	0.64 




	Note: c‒ Cohesion; 𝜎𝑡‒ Tensile strength; 𝜑 ‒ Internal friction angle; 𝑚𝑖‒ HB parameter; N/A‒ Unavailable specimen for testing. 
	The intact rock material constant (𝑚𝑖) values for all the tested rock samples are summarized in Table 4.12 along with the cohesion (c), internal friction angle (𝜑), and tensile strength (σt). Hoek & Brown (1997) and Marinos & Hoek (2001) recommended the range of 𝑚𝑖 values of limestone as 12 ± 3, claystone 4 ± 2, granite 32 ± 3, and gneiss 28 ± 5. However, we observed that the calculated values of 𝑚𝑖 ranged from 17.42 to 125 for limestone, 1.63 to 46.27 for claystone, significantly varying from the pr
	The cohesion (c) and internal friction angle (𝜑) obtained from the linear MC criterion and non-linear HB criterion some values were comparable with each other while some show significant variation as illustrated in Figure 4.30 and 4.31, respectively. c and 𝜑 values from the HB criterion were potted on the Y-axis and the values from the MC criterion were on the X-axis. 30 shows that the cohesion values fell along the one-to-one line while few cohesion values from the HB criterion were higher than that from
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	Figure
	Figure 4.30: Comparison of cohesion values from HB and MC Criteria for all rocks. 
	 
	Figure
	Figure 4.31: Comparison of internal friction angle values from HB and MC Criteria for all rocks. 
	 
	4.5.4 Elastic Properties 
	Table 4.24 summarizes the calculated Young’s modulus (𝐸) and Poisson’s ratio (𝜈) of the rock samples. The 𝐸 value of the tested limestones varied from 14.08 GPa for the Jefferson Formation (Sample 47) to 35.75 GPa for the Madison Formation (Sample 25). For Claystone, Young’s modulus ranged from 0.01 GPa for the Ogallala Formation (Sample 1) to 0.42 GPA for the Wind River Formation (Sample 44). Similarly, the 𝜈 value or the deformability of the rocks under stress ranged between 0.09 for Madison Formation
	 
	Figure
	Figure 4.32: Elastic properties of tested rocks. 
	 
	 
	 
	Figure
	Figure 4.32 (Continued): Elastic properties of tested rocks. 
	 
	4.6 Effect of Rock Specimen Size  
	The selection of specimen size for experimental studies and determining rock strength properties depends on various factors such as design requirements, sample geometry and size, rock condition, and cost. The International Society of Rock Mechanics (ISRM) suggests using a length-to-diameter ratio (L/D) ratio of the test specimen is proposed between 2 and 2.5. Hoek and Brown (1997) derived the equation shown in Figure 4.33 based on UCS results of different rock types to correct the UCS value for the specimen
	 
	Figure
	Figure 4.33: Equation. Corrected UCS value. 
	Hoek and Brown (1997) found that the UCS increases with the decrease in the specimen diameter. Many other researchers have studied the effect of specimen size and reported similar findings (Broch and Franklin 1972, Thuro et al. 2001, and Prakoso et al. 2011). To determine the sample size effect, two rock types (granite of Sample 29 and sandstone of Sample 39) were selected for the preparation of 25mm and 50mm diameter specimens. Triaxial tests at a confining pressure of 10 MPa were conducted on the granite 
	performed on the sandstone specimens. The test results and the strength ratio (the ratio of compressive strengths for the 25mm specimen to the 50mm specimen) are shown in Figure 4.34. 
	 
	Figure
	Figure 4.34: Effect of specimen sizes. 
	Granite exhibited a greater size effect as suggested by the strength ratio of 2.74. Under a UC condition, the UCS of sandstone increased when the specimen diameter reduced from 50mm to 25mm, but the strength ratio was lower at 1.74. The results confirmed the effect of specimen sizes on compressive strengths under both UC and triaxial conditions. 
	  
	CHAPTER 5: MECHANICAL PROPERTIES OF SANDSTONE UNDER UNIAXIAL AND TRIAXIAL CONDITIONS 
	Sandstone is a common sedimentary rock that is widely distributed on the crust surface of the earth (Huang et al. 2021). An understanding of the strength and deformation behaviors of sandstone is essential for the design and simulation of geotechnical structures for underground environments and underground reservoirs for mineral extraction and subsurface storage (Hua et al. 2018). Although the mechanical behaviors of sandstone have been investigated in past studies, a more comprehensive study that involves 
	5.1 Research Methods and Analysis 
	A total of 17 sandstone samples of different formations and porosities from Wyoming were tested under uniaxial and triaxial compression conditions and at room temperature. Most sandstone samples were collected from depths of 3 to 44m, and nine surface samples were also collected for testing. The sandstones had water contents (𝑤) ranging from 0.14 to 13.30 percent and porosity (n) from 2.20 to 31.20 percent. In addition, historical UCS test data from the Wyoming Department of Transportation (WYDOT) for four
	The selected model can be evaluated by comparing the observed values of the response variable (𝑦𝑖) to the predicted values of the response variable (𝑦̂𝑖). Two commonly used measures for this comparison are the Root Mean Square Error (RMSE) given by the equation shown in  and the Mean Absolute Deviation (MAD) given by the equation shown in .   
	Figure 5.1
	Figure 5.1

	Figure 5.2
	Figure 5.2


	 
	Figure
	Figure 5.1: Equation. Root Mean Square Error (RMSE). 
	 
	Figure
	Figure 5.2: Equation. Mean Absolute Deviation (MAD). 
	Where num is the number of observations. It is desirable to have a small RMSE and MAD for a reasonable candidate model. Predictions were generated for both the training dataset and the testing dataset. Predictions based on the training dataset were used to assess the goodness-of-fit of a set of initially proposed models. Predictions based upon the testing dataset were used to assess the predictive ability of models proposed by this research and those models appearing in the literature.  
	5.2 Mechanical Properties under Uniaxial Compression  
	UCS is one of the most commonly measured rock parameters in rock engineering (Yagiz 2009). Compressive strength generally decreases with the increase in water content, porosity, and mean grain size. Based on statistical results using R Studio software version 2022.02.2, the recommended model for the true mean UCS was linear in the predictors mean grain size (𝑑𝑚 in mm), porosity (n in percentage), and water content (𝑤 in percentage) as shown in  and given by the equation in Figure 5.5 based on the trainin
	Figure 5.4
	Figure 5.4


	 
	Figure
	Figure 5.3: Summary of the UC test results of sandstone formations in Wyoming. 
	Table 5.1: A summary of UC test data from historical WYDOT database. 
	Formation 
	Formation 
	Formation 
	Formation 
	Formation 

	Geological Period 
	Geological Period 

	D, mm 
	D, mm 

	n, Percent 
	n, Percent 

	Number of UC test 
	Number of UC test 

	𝒘, Percent 
	𝒘, Percent 

	UCS, MPa 
	UCS, MPa 


	Flathead 
	Flathead 
	Flathead 

	Cambrian 
	Cambrian 

	50 
	50 

	2.10 
	2.10 

	12 
	12 

	4.49 - 8.88 
	4.49 - 8.88 

	1.86 – 12.79 
	1.86 – 12.79 


	Cloverly 
	Cloverly 
	Cloverly 

	Cretaceous 
	Cretaceous 

	50 
	50 

	18.00 
	18.00 

	10 
	10 

	0.27 – 5.33 
	0.27 – 5.33 

	10.56 – 61.21 
	10.56 – 61.21 


	Sundance 
	Sundance 
	Sundance 

	Jurassic 
	Jurassic 

	50 
	50 

	23.00 
	23.00 

	5 
	5 

	3.44 – 5.74 
	3.44 – 5.74 

	14.38 – 38.62 
	14.38 – 38.62 


	Aspen 
	Aspen 
	Aspen 

	Cretaceous 
	Cretaceous 

	50 
	50 

	3.40 
	3.40 

	9 
	9 

	0.51 – 3.19 
	0.51 – 3.19 

	11.43 – 161.43 
	11.43 – 161.43 




	Note: D‒ Specimen diameter (mm); n‒ Porosity (Percent); 𝑤‒ Water content (Percent); UCS‒ Unconfined compressive strength (MPa). 
	 
	 
	Figure
	Figure 5.4: Linear trend associated with the predictor variables on the true mean of the response UCS. 
	 
	Relationship between the rock’s physical properties and UCS 
	The relationship between UCS and physical properties such as porosity, water content, and mean grain size was investigated, in addition to the relationship between UCS and Young’s modulus. 
	 
	Figure
	Figure 5.5: Equation. The estimated Uniaxial Compressive Strength (UCS). 
	 
	 
	Figure
	Figure 5.6: Summary of UC test results of sandstones from literature. 
	 
	Figure
	Figure 5.6 (Continued): Summary of UC test results of sandstones from literature. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	The negative linear trend in water content on predicting UCS from the equation shown in Figure 5.5 was consistent with past findings that explain the water weakening effect as a combination of mechanical and chemical processes that occur at a microscopic scale (Noël et al. 2021). The water weakening effect includes the dissolution of cement inside the rock that leads to the loosening of the internal microstructure (Geng & Cao 2020). Furthermore, the increase in water saturation means more voids are occupied
	Similarly, an increase in porosity reduced the predicted UCS values of both dry and saturated sandstones because pores are considered weak points within a rock matrix that induces stress concentration. Hence, more porous sandstones have more voids and higher porosity, reducing the strength of the rock skeleton (Ludovico-Marques et al. 2012). The negative linear trend of the mean grain size on the predicted UCS (Figure 5.5) was consistent with the past findings on artificial sandstones (Fattahpour et al. 201
	Table 5.2 summarizes several relationships for predicting the UCS of specific sandstone formations reported in the literature. These relationships were developed based on a single predictor variable of either water content (𝑤) or porosity (n) in percentage. According to the independent testing dataset that contains 78 data points and includes 19 sandstone formations from literature and four sandstone formations from Wyoming, the proposed equation for UCS prediction fitted the testing dataset better than ot
	Table 5.2: Assessment of prediction equations for UCS based on the testing dataset. 
	Sandstone Formation 
	Sandstone Formation 
	Sandstone Formation 
	Sandstone Formation 
	Sandstone Formation 

	Sandstone Location 
	Sandstone Location 

	Equation 
	Equation 

	RMSE 
	RMSE 

	MAD 
	MAD 

	Reference 
	Reference 


	Tables 5.1, 5.2, and Figure 5.5 
	Tables 5.1, 5.2, and Figure 5.5 
	Tables 5.1, 5.2, and Figure 5.5 

	Wyoming and literature data 
	Wyoming and literature data 

	𝑈𝐶𝑆̂=109.87−2.39 𝑛%−9.12 𝑤%−33.74 𝑑𝑚  
	𝑈𝐶𝑆̂=109.87−2.39 𝑛%−9.12 𝑤%−33.74 𝑑𝑚  

	31.60 
	31.60 

	22.13 
	22.13 

	This study 
	This study 


	Red Sandstone 
	Red Sandstone 
	Red Sandstone 

	Jiangxi Province, China 
	Jiangxi Province, China 

	𝑈𝐶𝑆̂=70.8734 𝑒−0.3188 𝑤%+26.84  
	𝑈𝐶𝑆̂=70.8734 𝑒−0.3188 𝑤%+26.84  

	37.01 
	37.01 

	26.59 
	26.59 

	Zhao et al. (2021) 
	Zhao et al. (2021) 


	Red Sandstone 
	Red Sandstone 
	Red Sandstone 

	Hunan Province, China 
	Hunan Province, China 

	 
	 
	𝑈𝐶𝑆̂=55.21 𝑒−0.7502 𝑤%+51.6 
	𝑈𝐶𝑆̂=55.21 𝑒−0.7502 𝑤%+51.6 


	40.63 
	40.63 

	29.82 
	29.82 

	Tang et al. (2018) 
	Tang et al. (2018) 


	Black Sandstone 
	Black Sandstone 
	Black Sandstone 

	Sichuan Province, China 
	Sichuan Province, China 

	 
	 
	𝑈𝐶𝑆̂=80.604 𝑒−0.9044 𝑤%+43.17 
	𝑈𝐶𝑆̂=80.604 𝑒−0.9044 𝑤%+43.17 


	46.44 
	46.44 

	34.11 
	34.11 

	Shibin Tang (2018) 
	Shibin Tang (2018) 


	Gosford Sandstone 
	Gosford Sandstone 
	Gosford Sandstone 

	Sydney Basin, Australia 
	Sydney Basin, Australia 

	 
	 
	𝑈𝐶𝑆̂=43.63 𝑒−0.20 𝑤% 
	𝑈𝐶𝑆̂=43.63 𝑒−0.20 𝑤% 


	48.50 
	48.50 

	36.60 
	36.60 

	Masoumi et al. (2017) 
	Masoumi et al. (2017) 


	NA 
	NA 
	NA 

	Shanxi Province, China 
	Shanxi Province, China 

	 
	 
	𝑈𝐶𝑆̂=44.6 𝑒−0.399 𝑤%+66.60 
	𝑈𝐶𝑆̂=44.6 𝑒−0.399 𝑤%+66.60 


	46.80 
	46.80 

	37.24 
	37.24 

	Chen et al. (2021) 
	Chen et al. (2021) 


	NA 
	NA 
	NA 

	Krishna-Godavari Basin, India 
	Krishna-Godavari Basin, India 

	 
	 
	𝑈𝐶𝑆̂=−2.16 𝑛%+52.84 
	𝑈𝐶𝑆̂=−2.16 𝑛%+52.84 


	50.91 
	50.91 

	38.72 
	38.72 

	Chatterjee and Mukhopadhyay (2002) 
	Chatterjee and Mukhopadhyay (2002) 


	NA 
	NA 
	NA 

	Atouguia da Baleia, Portugal 
	Atouguia da Baleia, Portugal 

	𝑈𝐶𝑆̂=206.7 𝑒−0.129 𝑛% 
	𝑈𝐶𝑆̂=206.7 𝑒−0.129 𝑛% 

	50.55 
	50.55 

	38.64 
	38.64 

	Ludovico-Marques et al. (2012) 
	Ludovico-Marques et al. (2012) 


	NA 
	NA 
	NA 

	Cauvery Basin, India 
	Cauvery Basin, India 

	 
	 
	𝑈𝐶𝑆̂=−0.79 𝑛%+30.88 
	𝑈𝐶𝑆̂=−0.79 𝑛%+30.88 


	58.31 
	58.31 

	45.55 
	45.55 

	Chatterjee and Mukhopadhyay (2002) 
	Chatterjee and Mukhopadhyay (2002) 




	Note: NA‒Unavailable; UCS ‒Unconfined compressive strength (MPa); 𝑤‒water content (Percent); n‒rock porosity (Percent); RMSE-Root Mean Square Error; MAD-Mean Absolute Deviation. 
	Relationship between  Modulus and UCS 
	Young’s
	Young’s


	The data presented in Table 5.1 and Figures 5.3 and 5.5, and Figure 5.5 were split randomly into training and testing datasets. The relationship between Young’s modulus and UCS according to the training dataset is shown in . The plot illustrated a linear increase in 𝐸 as UCS increases with 𝑅2of 0.87.  
	Figure 5.7
	Figure 5.7


	 
	Figure
	Figure 5.7: Relationship between UCS and Young's modulus E of the training dataset. 
	The prediction equation () described a linear increase in predicted Young’s modulus with an increase in UCS according to the training dataset that contained 90 UC data points with 16 sandstone formations from literature and 12 sandstone formations from Wyoming. Other studies related the predicted UCS linearly to 𝐸 as summarized in Table 5.3 (Rohde and Feng 1990, Chatterjee & Mukhopadhyay 2002, and Malkowski et al. 2018).  
	Figure 5.8
	Figure 5.8


	 
	Figure
	Figure 5.8: Equation. The predicted Young's modulus of sandstone. 
	A comparison of the proposed equation with other relationships reported in the literature is presented in Table 5.3. According to the testing dataset that contained 39 data points with 13 sandstone formations from literature and one sandstone formation from Wyoming, the proposed equation (Figure 5.8) had the lowest RMSE of 9.79 and MAD of 7.05 compared to those from literature, indicating a better prediction of Young’s modulus.   
	Table 5.3: Assessment of prediction equations for Young’s modulus based on the testing dataset. 
	Sandstone Formation 
	Sandstone Formation 
	Sandstone Formation 
	Sandstone Formation 
	Sandstone Formation 

	Sandstone Location 
	Sandstone Location 

	Equation 
	Equation 

	Reference 
	Reference 

	RMSE 
	RMSE 

	MAD 
	MAD 



	Tables 5.1 and Figure 5.5 
	Tables 5.1 and Figure 5.5 
	Tables 5.1 and Figure 5.5 
	Tables 5.1 and Figure 5.5 

	Wyoming and literature data 
	Wyoming and literature data 

	𝐸̂=0.1455 𝑈𝐶𝑆+1.3802 
	𝐸̂=0.1455 𝑈𝐶𝑆+1.3802 

	This study 
	This study 

	9.79 
	9.79 

	7.05 
	7.05 


	Island Creek 
	Island Creek 
	Island Creek 

	US Bureau of Mines 
	US Bureau of Mines 

	 
	 
	𝐸̂=0.05 𝑈𝐶𝑆+20.6 
	𝐸̂=0.05 𝑈𝐶𝑆+20.6 


	Rohde and Feng (1990) 
	Rohde and Feng (1990) 

	12.17 
	12.17 

	10.59 
	10.59 


	Krishna-Godavari and Cauvery basin 
	Krishna-Godavari and Cauvery basin 
	Krishna-Godavari and Cauvery basin 

	India 
	India 

	 
	 
	𝐸̂=0.73 𝑈𝐶𝑆+0.17 
	𝐸̂=0.73 𝑈𝐶𝑆+0.17 


	Chatterjee and Mukhopadhyay (2002) 
	Chatterjee and Mukhopadhyay (2002) 

	33.35 
	33.35 

	26.90 
	26.90 


	Upper Silesia Basin 
	Upper Silesia Basin 
	Upper Silesia Basin 

	Poland 
	Poland 

	𝐸̂=0.17 𝑈𝐶𝑆+2.907 
	𝐸̂=0.17 𝑈𝐶𝑆+2.907 

	Malkowski et al. (2018) 
	Malkowski et al. (2018) 

	9.81 
	9.81 

	8.13 
	8.13 




	Note: RMSE‒Root mean square error; MAD‒Mean absolute deviation; UCS ‒Unconfined compressive strength (MPa); E‒Young’s modulus (GPa). 
	5.3 Mechanical
	5.3 Mechanical
	5.3 Mechanical

	 Properties under Triaxial Compression 

	Conventional triaxial compression tests were conducted on 17 samples from 13 sandstone formations. GCTS RTR-1500 equipment has rapid, easy, and safe operation with automated cell assembly and meets the specifications of the ISRM and ASTM standards for triaxial testing of the rock samples. The axial load actuator has a capacity ranging up to 1500 kN and the triaxial cell can apply a maximum confining pressure of 140 MPa. The confinement was applied using an oil-filled stainless-steel chamber inside the frame
	The mean 𝜎1 decreased with the increase in n. An increase in the internal surface area per unit rock volume resulting from a higher n decreases the predicted integrity of the rock and hence reduces its strength (Atapour and Mortazavi 2018a). On the other hand, the mean 𝜎1 generally increases linearly with an increase in the confining pressure (𝜎3) due to the strengthening effect of confinement on compressive strength.  
	Statistical results indicate that both n and 𝜎3 are important predictors of mean 𝜎1. The proposed equation () contains a polynomial of order two to capture the nonlinear relationship between n in percentage, 𝜎3 in MPa, and the true mean 𝜎1 in MPa based on the training dataset that contained 61 data points with 17 sandstone formations from literature and 13 sandstone formations from Wyoming.  
	Figure 5.9
	Figure 5.9


	 
	Figure
	Figure 5.9: Equation. Predicted compressive strength of sandstone. 
	Previously published relationships related 𝜎1 to 𝜎3 without considering the effect of porosity (Table 5.4). Having the lowest RMSE and MAD values based on an independent testing dataset that contained 27 data points and included 13 sandstone formations from literature and five sandstone formations from Wyoming, the combined effect of n and 𝜎3 (Figure 5.9) provided a better prediction of the 𝜎1.   
	  
	 
	Figure
	Figure 5.10: Summary of triaxial compression test results of sandstones from Wyoming. 
	 
	Figure
	Figure 5.10 (Continued): Summary of triaxial compression test results of sandstones from Wyoming. 
	 
	 
	Figure
	Figure 5.11: Summary of triaxial compression test results of sandstones from literature. 
	Table 5.4: Assessment of prediction equations based on the testing dataset. 
	Formation 
	Formation 
	Formation 
	Formation 
	Formation 

	Location 
	Location 

	Equation 
	Equation 

	Reference 
	Reference 

	RMSE 
	RMSE 

	MAD 
	MAD 


	Figures 5.9 and 5.10 
	Figures 5.9 and 5.10 
	Figures 5.9 and 5.10 

	Wyoming and literature data 
	Wyoming and literature data 

	𝜎1̂=36.57+39.46 𝑛%−5.84 𝑛%2+0.29 𝑛%3−0.0047 𝑛%4+2.99 𝜎3  
	𝜎1̂=36.57+39.46 𝑛%−5.84 𝑛%2+0.29 𝑛%3−0.0047 𝑛%4+2.99 𝜎3  

	This study 
	This study 

	50.10 
	50.10 

	38.70 
	38.70 


	Red Sandstone 
	Red Sandstone 
	Red Sandstone 

	Shandong 
	Shandong 

	𝜎1̂=3.9766 𝜎3+109.1850 
	𝜎1̂=3.9766 𝜎3+109.1850 

	Wu et al. (2018) 
	Wu et al. (2018) 

	53.88 
	53.88 

	45.02 
	45.02 


	Yellow Sandstone 
	Yellow Sandstone 
	Yellow Sandstone 

	Zunyi 
	Zunyi 

	𝜎1̂=4.36 𝜎3+77.33 
	𝜎1̂=4.36 𝜎3+77.33 

	Yang et al. (2020) 
	Yang et al. (2020) 

	51.52 
	51.52 

	43.00 
	43.00 


	NA 
	NA 
	NA 

	Linyi 
	Linyi 

	𝜎1̂=9.008 𝜎3+83.56 
	𝜎1̂=9.008 𝜎3+83.56 

	Gong et al. (2019) 
	Gong et al. (2019) 

	146.46 
	146.46 

	104.18 
	104.18 




	Note: NA‒ Unavailable; 𝜎1‒ Compressive strength (MPa); 𝜎3‒ Confining pressure (MPa); n‒ Porosity (Percent); RMSE‒ Root mean square error; MAD‒Mean Absolute Deviation. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	CHAPTER 6: MECHANICAL PROPERTIES OF SILTSTONE UNDER UNIAXIAL AND TRIAXIAL CONDITIONS 
	Siltstones may be massive or laminated, composed of quartz and clay minerals, but unlike shales, they show little effect of bedding on their compressive strength. Siltstones are generally interbedded with shales or fine-grained sandstones and rarely form thick deposits like shale and sandstone. Independent studies of the mechanical properties of siltstone like compressive strength and deformability are not commonly found. These properties are often deemed similar to other commonly occurring sedimentary rock
	6.1 Research Methods and Analysis 
	A total of 42 siltstone samples from eleven locations in Wyoming were tested for UCS and used in the triaxial tests. Most siltstone samples were collected from depths of 6 to 28 m, and three surface samples were collected for testing. The siltstones had water contents (w) ranging from 0.57 percent to 21 percent and the porosity (n) ranged from 1.5 percent to 43.5 percent. In addition, historical UC test data from the Wyoming Department of Transportation (WYDOT) for eleven siltstone formations were also incl
	6.2 Mechanical Properties under Uniaxial Compression  
	The UC test results described in this chapter were primarily based on unpublished test data of siltstone rock cores obtained from the WYDOT. The analysis comprised two parts: first considering all siltstone data from literature and Wyoming, and later considering only the Wyoming Siltstone data. A summary of the Wyoming Siltstones used for UC tests is shown in 
	. The geological ages were listed from youngest to oldest. The porosity and water content of samples from younger ages were higher than that from older ages while samples from younger ages exhibited lower UCS than that from older ages. 
	Table 6.1
	Table 6.1


	Table 6.1: UC test data for different siltstone formations in Wyoming and literature. 
	Siltstone Formation 
	Siltstone Formation 
	Siltstone Formation 
	Siltstone Formation 
	Siltstone Formation 

	Avg Depth (m) 
	Avg Depth (m) 

	Avg n (Percent) 
	Avg n (Percent) 

	Avg 𝒘 (Percent) 
	Avg 𝒘 (Percent) 

	Avg UCS (MPa) 
	Avg UCS (MPa) 

	Reference 
	Reference 


	White River 
	White River 
	White River 

	23.84 
	23.84 

	49.88 
	49.88 

	35.28 
	35.28 

	0.60 
	0.60 

	WYDOT 
	WYDOT 


	Ogallala 
	Ogallala 
	Ogallala 

	28.33 
	28.33 

	51.05 
	51.05 

	37.29 
	37.29 

	0.15 
	0.15 

	WYDOT 
	WYDOT 


	Green River 
	Green River 
	Green River 

	15.29 
	15.29 

	31.95 
	31.95 

	18.31 
	18.31 

	3.56 
	3.56 

	WYDOT 
	WYDOT 


	Upper Lance Creek 
	Upper Lance Creek 
	Upper Lance Creek 

	14.14 
	14.14 

	30.08 
	30.08 

	16.89 
	16.89 

	1.55 
	1.55 

	WYDOT 
	WYDOT 


	Frontier 
	Frontier 
	Frontier 

	6.05 
	6.05 

	5.76 
	5.76 

	2.22 
	2.22 

	19.74 
	19.74 

	WYDOT 
	WYDOT 


	Aspen 
	Aspen 
	Aspen 

	6.95 
	6.95 

	7.41 
	7.41 

	3.08 
	3.08 

	14.25 
	14.25 

	WYDOT 
	WYDOT 


	Bear River 
	Bear River 
	Bear River 

	22.83 
	22.83 

	19.18 
	19.18 

	9.52 
	9.52 

	11.28 
	11.28 

	WYDOT 
	WYDOT 


	Cody 
	Cody 
	Cody 

	9.28 
	9.28 

	15.50 
	15.50 

	6.80 
	6.80 

	13.86 
	13.86 

	WYDOT 
	WYDOT 


	Cloverly 
	Cloverly 
	Cloverly 

	12.27 
	12.27 

	16.00 
	16.00 

	2.29 
	2.29 

	27.92 
	27.92 

	WYDOT 
	WYDOT 


	Chugwater 
	Chugwater 
	Chugwater 

	20.62 
	20.62 

	15.70 
	15.70 

	7.31 
	7.31 

	12.54 
	12.54 

	WYDOT 
	WYDOT 


	Goose Egg 
	Goose Egg 
	Goose Egg 

	25.28 
	25.28 

	24.62 
	24.62 

	12.29 
	12.29 

	0.30 
	0.30 

	WYDOT 
	WYDOT 


	Eidsvold Basin 
	Eidsvold Basin 
	Eidsvold Basin 

	- 
	- 

	- 
	- 

	0.0 
	0.0 

	61.58 
	61.58 

	Wanniarachchi et al. (2018) 
	Wanniarachchi et al. (2018) 


	Zhungdong 
	Zhungdong 
	Zhungdong 

	- 
	- 

	- 
	- 

	1.60 
	1.60 

	56.76 
	56.76 

	Li et al. (2019) 
	Li et al. (2019) 




	Note: Avg‒ Average; n‒ Porosity (Percent); 𝑤‒ Water content (Percent); UCS ‒ Unconfined compressive strength; WYDOT‒ Wyoming Department of Transportation. 
	UCS of siltstone was related to easily measured physical properties such as water content, porosity, and ρ. Also, UCS was related to mechanical properties such as Young’s modulus and axial strain at the peak stress.  
	Water Content (𝑤) 
	A study on siltstone from Zhundong coalmine, China by Li et al. (2019) showed that the UCS varies nonlinearly with water content, and saturation of siltstone resulted in up to 50 percent reduction in UCS. The relationships between UCS in MPa and water content in percentage for siltstones reported by various researchers are summarized in Figure 6.1. 
	 
	Figure
	Figure 6.1: Comparison of nonlinear models for UCS based on water content for siltstones. 
	 shows a comparison of UCS and 𝑤 for siltstones from literature and Wyoming. A power model was given by the equation in  to describe this relationship. The UCS decreased with the increase in water content. The mean bias and coefficient of variation (COV) for the models from literature and the proposed models are provided in Figure 6.1. The COV for the model by Li et al. (2019) is 1.4 and the proposed model had a COV of 1.1 for all data and 0.7 for data from Wyoming Siltstones only. The RSE, AIC and BIC val
	Figure 6.6
	Figure 6.6

	Figure 6.2
	Figure 6.2


	A similar trend between UCS and 𝑤 was observed based on Wyoming Siltstone data, and a nonlinear power model given by the equation shown in Figure 6.3 can be used to describe this relationship (). This proposed power model had RSE, AIC and BIC values of 9.573, 746.90, and 754.75, respectively, which were lower than the power model considering all literature data. This was expected as we limit the data to certain formations or geological ages, the mechanical properties of siltstones were similar to each othe
	Figure 6.3
	Figure 6.3


	 
	Figure
	Figure 6.2: Equation. Predicted UCS for siltstone from literature and Wyoming. 
	 
	Figure
	Figure 6.3 : Equation. Predicted UCS for Wyoming siltstone only. 
	Wyoming Siltstones were from different formations and geological ages. The two most prominent geological ages of Wyoming Siltstones were the Cretaceous (135-66 million years ago) and the Triassic (250-205 million years ago). 8a and 6.8b compare the UCS and water content for siltstones with the geological ages of Cretaceous and Triassic, respectively.  
	Figure 6.8
	Figure 6.8


	The power models for the Cretaceous and Triassic periods are given by the equations in Figures 6.4 and 6.5, respectively. For the Cretaceous period, the RSE, AIC, and BIC values were 12.51, 398.50, and 404.24, respectively. For the Triassic period, the RSE, AIC, and BIC values were 5.09, 259.89, and 265.10 respectively. The RSE, AIC, and BIC values of equation in Figure 6.4 for Cretaceous Siltstone and equation in Figure 6.5 for Triassic Siltstone were much lower than the model comprising of all siltstone d
	Figure 6.2
	Figure 6.2


	the siltstones from the same age and location have similar physical properties and show similar trends in compressive strength. This was evident by the decreasing value of AIC and BIC from all data to Wyoming data followed by Wyoming data from individual geological ages. The higher AIC and BIC values of the equation in  were attributed to a wider scatteredness of data from different geological ages and locations.  
	Figure 6.2
	Figure 6.2


	 
	Figure
	Figure 6.4: Equation. Predicted UCS for Cretaceous siltstone. 
	 
	Figure
	Figure 6.5: Equation. Predicted UCS for Triassic siltstone. 
	 
	InlineShape

	Figure 6.6: UCS vs water content for siltstone. 
	 
	InlineShape

	Figure 6.7: UCS vs water content for Wyoming Siltstone. 
	 
	InlineShape
	InlineShape

	Figure 6.8: (a) UCS vs water content for Wyoming Siltstones with the geological ages of Cretaceous, and (b) Triassic. 
	Li et al. (2019) reported a gradual decrease in Young’s modulus with increasing water content in siltstones. He reported a 35 percent reduction in Young’s modulus of saturated siltstone when 
	compared to dry siltstone. Young’s modulus was found to reduce nonlinearly and could be described by an exponential equation given by the equation shown in Figure 6.9. Erguler and Ulusay (2009), Hu et al. (2014), and Bian et al. (2019) have reported a loss of UCS and Young’s modulus of about 90 percent on siltstones. Figure 6.11 shows the observed relationship between Young’s modulus and water content for Wyoming Siltstones given by the equation in Figure 6.10. The RSE, AIC, and BIC of Li et al. (2019) mode
	 
	Figure
	Figure 6.9: Equation. Predicted Young's modulus (Li et al. 2019). 
	 
	Figure
	Figure 6.10: Equation. Predicted Young's modulus for Wyoming siltstone.  
	The mean bias of Li et al. (2019) was low at 0.1 because of the constant 9.79 GPa value in the model. The observed value of Young’s modulus in Wyoming Siltstones was very low at 0.08 to 2.85 GPa. The equation in Figure 6.9 over predicted the Young’s modulus value. Although the mean bias of the equation in Figure 6.9 was lower, the COV, RSE, AIC and BIC values of equation in Figure 6.10 developed based on Wyoming Siltstones were lower indicating that the power model was the best in describing Young’s modulus
	 
	InlineShape

	Figure 6.11: Young’s modulus vs water content for Wyoming Siltstones. 
	 
	 
	Figure
	Figure 6.12: Comparison of nonlinear models for E based on water content for siltstones. 
	 
	Figure
	Figure 6.13: Comparison of nonlinear models for UCS in terms of porosity for siltstones. 
	Porosity (n) 
	Prediction equations for UCS in terms of porosity for siltstones were rarely developed and reported in the literature. Rzhevsky and Novick (1971) described a decreasing trend of UCS with porosity for carbonate and argillaceous rocks. Yasar et al. (2010) developed the prediction model for siltstones summarized in Table 6.4. Using the siltstone data from literature and Wyoming, Figure 6.18 showed that the UCS decreased with the increase in porosity, and a power model given by the equation shown in Figure 6.14
	 
	Figure
	Figure 6.14: Equation. The predicted UCS for siltstone from literature and Wyoming. 
	 
	Figure
	Figure 6.15: Equation. The predicted UCS for Wyoming siltstone. 
	Figures 6.19a and 6.19b compare the UCS versus porosity for siltstones with geological ages of Cretaceous and Triassic, respectively. The linear and power function fitting the Cretaceous and Triassic periods is given by the equation shown in Figures 6.16 and 6.17, respectively. The linear fit in the Cretaceous period has 𝑅2of 46 percent. RSE, AIC, and BIC values of equation in Figure 6.16 and Figure 6.17 are shown in Figure 6.13. The comparison of models showed that the literature model fitted the least fo
	 
	Figure
	Figure 6.16: Equation. Predicted UCS for siltstone from Cretaceous age. 
	 
	 
	 
	Figure
	Figure 6.17: Equation. Predicted UCS for siltstone from Triassic age. 
	 
	InlineShape

	Figure 6.18: UCS vs porosity for all siltstone data. 
	  
	Figure
	Figure
	Figure 6.19: (a) UCS vs porosity for Wyoming Siltstones with the geological ages of Cretaceous, and (b) Triassic. 
	Bulk Density () 
	Figure 6.21 shows a positive relationship between UCS and ρ of Wyoming Siltstones. Aspen Formation showed a sharp increase in UCS values from 0.47 MPa to 37.52 MPa with a minimal increase in ρ from 2.33 g/cm3 to 2.59 g/cm3. Aspen Formation also showed an increase from 12.51 MPa to 27.68 MPa in UCS with the increase in ρ from 2.51 g/cm3 to 2.56 g/cm3. In contrast, Green River Formation showed a slight decrease in UCS with the increase in ρ. Hence, the ρ cannot be directly applied as a single variable to pred
	The prediction model has the RSE, AIC, and BIC values of 9.89, 961.03, and 969.88, respectively. The AIC and BIC values might increase or decrease when UCS vs  data from other locations and formations of siltstones were included in the analysis. The RSE, AIC, and BIC values of UCS vs , when compared to UCS vs 𝑤 and UCS vs n, were lower when all data were considered. When only Wyoming data were considered, AIC and BIC values from models based on water content and porosity were lower than that based on ρ. 
	 
	Figure
	Figure 6.20: Equation. the predicted UCS of Wyoming siltstones.  
	 
	InlineShape

	Figure 6.21: UCS vs bulk density for Wyoming Siltstones. 
	Young’s Modulus (𝐸) 
	An increase in the porosity of siltstone reduced Young’s modulus and UCS. Figure 6.25 shows the decreasing exponential trend of Young’s modulus with an increase in porosity given by the equation shown in Figure 6.22. The RSE, AIC, and BIC of the exponential model were 0.37, 61.89, and 68.59 respectively. These values were much less than the models for UCS vs porosity, hence 𝐸 correlated better than UCS with porosity. 
	 
	Figure
	Figure 6.22: Equation. Predicted Young's modulus of Wyoming siltstones. 
	Comparing Young’s modulus (𝐸) with the ρ of siltstone, we observed an exponential increase in 𝐸 with an increase in . Figure 6.26 shows the increasing exponential trend of Young’s modulus, in GPa, with an increase in ρ, in g/cm3, given by the equation shown in Figure 6.23.  The RSE, AIC, and BIC of the exponential model were 0.36, 62.54, and 69.24, respectively. These values were similar to the models for UCS vs ρ. Based on the statistical parameters, Young’s modulus and UCS had a similar relationship wi
	 
	Figure
	Figure 6.23: Equation. The predicted Young's modulus of Wyoming siltstones. 
	Experimental data based on Wyoming Siltstone showed a linear relationship between 𝐸 in GPa and UCS in MPa as illustrated in Figure 6.27. The linear relationship can be described by the equation shown in Figure 6.24 with a coefficient of determination (𝑅2) of 86 percent. The RSE, AIC, and BIC values were 0.4789, 152.78, and 160.86, respectively.  
	 
	Figure
	Figure 6.24: Equation. The predicted Young's modulus of Wyoming siltstone in terms of UCS. 
	 
	InlineShape

	Figure 6.25: Young’s modulus vs porosity for Wyoming Siltstones. 
	 
	InlineShape

	Figure 6.26: Young’s modulus vs bulk density for Wyoming Siltstones. 
	 
	InlineShape

	Figure 6.27: Young’s modulus vs UCS for Wyoming Siltstone. 
	 
	Axial Strain at Peak Stress 
	Figure 6.28 showed no apparent relationship between axial strain at peak stress (percent) and the UCS for Wyoming Siltstones. The axial strains at peak stress for the Cody, Upper Lance Creek, Frontier, Aspen, Bear River, Green River, Chugwater, and Cloverly Siltstones ranged from 1.8-2.5 percent, 3.6-4.5 percent, 1.6-2.4 percent, 0.8-2.2 percent, 1.8-4.8 percent, 2.3-4.91 percent, 2.2-2.9 percent, 1.9-5.5 percent, and 1.3-2.9 percent, respectively. Chugwater and Green River Siltstones showed a wide range of
	The difference in observed Young’s modulus can be attributed to the mineral composition and physical properties of the individual formations. As this study did not focus on the mineral composition of siltstones, a clear description of the observed behavior cannot be made. 
	 
	InlineShape

	Figure 6.28: UCS vs axial strain at peak stress for Wyoming Siltstone. 
	 
	InlineShape

	Figure 6.29: Young’s modulus vs axial strain at peak stress for Wyoming Siltstone. 
	 
	6.3 Mechanical Properties under Triaxial Compression  
	The analysis comprised all the literature data and tested Wyoming Siltstone data. Table 6.2 summarizes the geological age, formation, average depth, porosity, and water content of Wyoming Siltstone samples and samples from the literature. 
	Confining Pressure and Porosity 
	Triaxial compression tests conducted on Repetto Siltstones revealed that increasing the confining pressure (𝜎𝑐) at a constant temperature increased the peak strength (Handin et al. 1958). Similar observations have been made on sedimentary rocks by other researchers (Mogi 1971, Kumar et al. 2010, and Tang et al. 2018). In this study, the peak stress was plotted against the normalized confining pressure with porosity (𝜎𝑐𝑛) in Figure 6.31. The test data showed that the peak stress increased with the incre
	Table 6.2: Summary of different siltstone formations for triaxial tests. 
	Formation 
	Formation 
	Formation 
	Formation 
	Formation 

	Avg Depth (m) 
	Avg Depth (m) 

	Avg n (Percent) 
	Avg n (Percent) 

	Avg w (Percent) 
	Avg w (Percent) 

	Confining Pressure (MPa) 
	Confining Pressure (MPa) 

	Peak Stress (MPa) 
	Peak Stress (MPa) 

	Reference 
	Reference 



	Goose Egg 
	Goose Egg 
	Goose Egg 
	Goose Egg 

	4 
	4 

	21.13 
	21.13 

	0.57 
	0.57 

	1-10 
	1-10 

	31-42 
	31-42 

	UW 
	UW 


	Sundance 
	Sundance 
	Sundance 

	9 
	9 

	26.07 
	26.07 

	5.32 
	5.32 

	1-10 
	1-10 

	9-23 
	9-23 

	UW 
	UW 


	Aspen/Bear River 
	Aspen/Bear River 
	Aspen/Bear River 

	13 
	13 

	- 
	- 

	- 
	- 

	- 
	- 

	- 
	- 

	UW 
	UW 


	Pass Peak 
	Pass Peak 
	Pass Peak 

	16 
	16 

	- 
	- 

	- 
	- 

	- 
	- 

	- 
	- 

	UW 
	UW 


	Wasatch 
	Wasatch 
	Wasatch 

	20 
	20 

	33.17 
	33.17 

	22.25 
	22.25 

	0.3-10 
	0.3-10 

	0.8-11 
	0.8-11 

	UW 
	UW 


	White River 
	White River 
	White River 

	22 
	22 

	- 
	- 

	- 
	- 

	0.1-0.7 
	0.1-0.7 

	1.4-2.7 
	1.4-2.7 

	UW 
	UW 


	Aspen 
	Aspen 
	Aspen 

	11 
	11 

	3.25 
	3.25 

	1.48 
	1.48 

	1-20 
	1-20 

	137-222 
	137-222 

	UW 
	UW 


	Lance 
	Lance 
	Lance 

	Surface 
	Surface 

	3.84 
	3.84 

	1.44 
	1.44 

	4-10 
	4-10 

	22-76 
	22-76 

	UW 
	UW 


	Bear River 
	Bear River 
	Bear River 

	13 
	13 

	1.68 
	1.68 

	1.22 
	1.22 

	1-4 
	1-4 

	81-95 
	81-95 

	UW 
	UW 


	Arikaree 
	Arikaree 
	Arikaree 

	Surface 
	Surface 

	12.98 
	12.98 

	2.65 
	2.65 

	4-10 
	4-10 

	45-82 
	45-82 

	UW 
	UW 


	Hanna 
	Hanna 
	Hanna 

	57 
	57 

	4.25 
	4.25 

	1.65 
	1.65 

	4-10 
	4-10 

	57-93 
	57-93 

	UW 
	UW 


	Chugwater 
	Chugwater 
	Chugwater 

	Surface 
	Surface 

	7.16 
	7.16 

	0.62 
	0.62 

	4-10 
	4-10 

	35-62 
	35-62 

	UW 
	UW 


	Ogallala 
	Ogallala 
	Ogallala 

	27 
	27 

	42.92 
	42.92 

	21.29 
	21.29 

	0.3-0.4 
	0.3-0.4 

	0.4-0.6 
	0.4-0.6 

	UW 
	UW 


	Jurong 
	Jurong 
	Jurong 

	- 
	- 

	0.18 
	0.18 

	0.22 
	0.22 

	1.25-10 
	1.25-10 

	143-367 
	143-367 

	Diyuan Li et al. (2012) 
	Diyuan Li et al. (2012) 


	Zhungdong 
	Zhungdong 
	Zhungdong 

	- 
	- 

	- 
	- 

	2.8 
	2.8 

	5-40 
	5-40 

	77-236 
	77-236 

	Li et al. (2019) 
	Li et al. (2019) 




	Note: Avg‒ Average; n‒ Porosity (Percent); 𝑤‒Water content (Percent); UW‒ University of Wyoming. 
	In Figure 6.32, Young’s modulus was plotted against confining pressure with no visible trend. Unlike the peak strength, Young’s modulus doesn’t increase with an increase in confinement. In some formations like the White River, Aspen, and Bear River, a decrease in Young’s modulus with an increase in confinement was observed.  
	 
	Figure
	Figure 6.30: Equation. The predicted peak stress for siltstone from literature and Wyoming. 
	 
	Figure
	Figure 6.31: Relationship between peak stress and the ratio of confining pressure to porosity. 
	 
	InlineShape

	Figure 6.32: The relationship between Young’s modulus and the ratio of confining pressure to porosity. 
	Young’s Modulus (𝐸) 
	Young’s modulus decreased with the increase in rock porosity (Rzhevsky and Novick 1971). Figure 6.33 compares Young’s modulus with the porosity of siltstones, and no apparent relationship can be observed. Wasatch, Sundance, Arikaree, and Hanna Siltstones showed an increase in Young’s modulus with the increase in porosity while Bear River and Goose Egg Siltstones exhibited a decrease in Young’s modulus with the increase in porosity. A comparison of Young’s modulus to Poisson’s ratio is shown in Figure 6.34. 
	 
	InlineShape

	Figure 6.33: Young’s modulus vs porosity for siltstone. 
	 
	InlineShape

	Figure 6.34: Young’s modulus vs Poisson’s ratio for siltstone. 
	Cohesion & Internal Friction Angle (c & 𝜑) 
	 shows that the cohesion decreased nonlinearly with the increase in porosity. A power equation (Figure 6.35) was developed to describe this relationship. Siltstones with porosity ranging from 0-5 percent exhibit a higher cohesion, and the cohesion of siltstones decreased gradually for porosity greater than 5 percent. To account for the effect of porosity on cohesion, the cohesion was normalized with the porosity and plotted against the water content in Figure 6.38 in an inverse relationship given by the equ
	Figure 6.37
	Figure 6.37


	 
	Figure
	Figure 6.35: Equation. The predicted cohesion for siltstone from literature and Wyoming. 
	 
	Figure
	Figure 6.36: Equation. The normalized cohesion with respect to porosity for siltstone. 
	 
	InlineShape

	Figure 6.37: Cohesion vs porosity for Wyoming Siltstones. 
	 
	InlineShape

	Figure 6.38: The ratio of cohesion to porosity vs water content for siltstone. 
	The RSE, AIC and BIC values of the equation in Figure 6.35 were 8.07, 66.86, and 67.45 and of equation in Figure 6.36 are 70.6, 131.36, and 131.59 respectively. The comparison of AIC and BIC suggested that cohesion better correlated to porosity alone and incorporating water content into the equation reduced the goodness of the fit. Hence, the equation in Figure 6.35 should be used to calculate cohesion from porosity for siltstones.  
	No relationship between the internal friction angle and porosity was observed in . For siltstones with porosity ranging from 0 and 15 percent, the internal friction angles ranged from 35 and 50 degrees. When the porosity increased to 20 and 35 percent, the internal friction angle reduced to less than 20 degrees. 
	Figure 6.39
	Figure 6.39


	 
	InlineShape

	Figure 6.39: Internal friction angle vs porosity for siltstone. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	CHAPTER 7: MECHANICAL PROPERTIES OF SHALE UNDER UNIAXIAL AND TRIAXIAL CONDITIONS 
	Due to the layered structure, shale tends to split into thin layers along the laminations (fissile). Although geologically, shale is an argillaceous sedimentary rock, the classification for engineering purposes is not straightforward. Martin et al. (2016) provided a general geomechanical classification of argillaceous soil and rocks shown in Table 7.1. Underwood (1967) classified shales as “soil-like” and “rock-like” to distinguish between compacted shale and cemented shale, respectively.  
	Extensive research on shales for wellbore stability, reservoir simulation, and as a source of shale gas has been conducted in past decades. The mechanical properties (strength and Youngs modulus) of shales are of utmost interest in assessing borehole stability and hydrofracturing. Some studies have been made to study the geomechanical behavior of shale with temperature (Johnston 1987, and Masri et al. 2014) and creep behavior (Sone and Zoback 2013a, Sone and Zoback 2014). These studies are limited to a spec
	7.1 Research Methods and Analysis 
	A total of 33 shale samples from eight different locations in Wyoming were tested under both uniaxial and triaxial compression. Most shale samples were collected from depths of 13 to 33 m, while five surface samples were tested. Results from published literature on shales were collected for correlation analysis and the development of strength relationships. The mechanical properties of shales vary due to their anisotropic nature. Past research works have been conducted to study the effect of compaction, lit
	7.2 Mechanical Properties under Uniaxial Compression 
	The UC test results described in this chapter were primarily based on unpublished test data of rock cores obtained from the state of Wyoming. The correlation analyses were conducted by considering shale test data from both literature and Wyoming and later considering only the Wyoming Shale data.  
	The literature data collected was from published papers for different formations of shales from different geographic locations. Most data are from USA, followed by China, Canada, and others. The type of shale encountered is a mix of soil-like and rock-like shales as defined by Underwood (1967). The number of tests for a specific formation of shale ranged from 1 to 161. The maximum porosity observed from the literature was 40 percent for Nigerian Shale, the maximum water content reported was 35 percent for K
	Wyoming Shales was collected from a shallow depth of below 30m, whereas shales from literature were mostly collected from deep mining and oil gas borings that run more than a couple hundred meters. The description of Wyoming and literature data used in the analysis are listed in Figure 7.1. 
	Shales UCS was related to physical properties such as water content, porosity, ρ, and β. Also, shale UCS was related to mechanical properties such as Young’s modulus, Poisson’s ratio, and axial strain at the peak stress.  
	 
	Water Content (w) 
	It has been reported that the saturation of shales reduced the compressive strength by 90 percent and Young’s modulus by 84 percent. The effect of water content on the mechanical properties of fine-grained sedimentary rocks has been reported by many researchers. An experimental study on coal mine Shale found that the increase in water content reduced compressive strength and Young’s modulus but increased Poisson’s ratio (Van Eeckhout 1976). Tandanand (1985) concluded that the compressive strength and tangen
	times greater than wet shales. Hsu and Nelson (1993) also reported a significant decrease in the compressive strength of clay shales in North America with the increase in water content. UCS and Young’s modulus increase on desaturation and decrease on resaturation of the shale samples. 
	Lin & Lai (2013) reported a reduction in UCS and Young’s modulus with the increase in water content on Barnett Shale. Similar to Van Eeckhout (1976), Lin & Lai (2013) also reported an increase in Poisson’s ratio with the increase in water content. The reduction of Young’s modulus and UCS of shales with the increase in the water content have also been reported by (Ghafoori 1995, Lashkaripour & Ghafoori 2002, Romana & Vasarhelyi 2007, Talal Al-Bazali 2012, and Cheng et al. 2015).  
	The reduction of compressive strength with an increase in water content can be attributed to the interaction of water with mineral surfaces altering their surface properties and the aid of pore water pressure, causing instability along the plane of weakness (Koncagul 1999). The relationships between water content vs UCS reported by various researchers and from this study are summarized in Figure 7.2. 
	 
	 
	 
	Figure
	Figure 7.1: Prediction models for UCS of shales based on water content. 
	Figure 7.4 compares the UCS with water content and illustrates the fitting of the power model proposed (Figure 7.2), from this study and the exponential model (Lashkaripour et al. 2000) from the literature. The root mean square error (RMSE), RSE, AIC, and BIC for the literature models and the proposed model are listed in Figure 7.1. RMSE is one of the most popular measures of estimating accuracy of predicted values of a proposed model. RMSE was chosen to describe the best model from literature as we cannot 
	Figure 7.5 shows an exponential model represented by the equation shown in Figure 7.3, for the UCS -water content relationship based on Wyoming Shale data only. The RSE, AIC, and BIC values of exponential model for data from Wyoming only were 4.0, 710.91, and 719.42. When fitting the exponential model with all data, the RSE, AIC, and BIC were higher than the power model, indicating that the power model provides the best prediction of UCS values of shale. This was because the formation and geological age of 
	 
	Figure
	Figure 7.2: Equation. The predicted UCS for shales from literature and Wyoming. 
	 
	Figure
	Figure 7.3: Equation. The predicted UCS for Wyoming shale only. 
	 
	Figure
	Figure 7.4: UCS vs water content for all shales. 
	 
	InlineShape

	Figure 7.5: UCS vs water content for Wyoming Shales. 
	 
	The relationship between Young’s modulus and water content for Mud Shale studied by Fang et al. (2022) showed an exponential relationship. Young’s modulus (𝐸) of Mud Shale decreased by around 34 percent when the shale was saturated compared to the dry state. According to Chang et al. (2014), many factors like water content and porosity affecting the rock strength also affected Young’s modulus. The study of Wyoming data and combined literature data represented in Figure 7.9 showed that the power model was t
	 
	Figure
	Figure 7.6: Prediction models for Young’s modulus of shale based on water content. 
	 
	Figure
	Figure 7.7: Equation. The predicted Young's modulus for shales from literature and Wyoming. 
	 
	Figure
	Figure 7.8: Equation. The predicted Young's modulus for Wyoming shales only. 
	 
	InlineShape

	Figure 7.9: Young’s modulus vs water content for shales. 
	 
	InlineShape

	Figure 7.10: Young’s modulus vs water content for Wyoming Shales. 
	Porosity (n) 
	Lashkaripour and Dusseault (1993) used a large set of published literature and lab data on shale with porosity of less than 20 percent and found a hyperbolic relationship between UCS and porosity. Horsrud (2001) conducted laboratory tests on shales with high porosity of 30-55 percent, Porosity showed an inverse nonlinear relationship with the strength of rocks. Kumar et al. (2012) found that porosity plays a critical role in the mechanical properties of shale. The prediction models describing the relationsh
	 compares the UCS with the porosity along with the power model, represented by the equation shown in Figure 7.11, proposed in this study. The proposed model suggested that the mean UCS was 141 MPa for an “ideal” shale with zero porosity, and UCS decreases with the increase in porosity. The UCS approached zero when the porosity of shale reached about 50 percent. The RMSE, RSE, AIC, and BIC for the prediction models from the literature and the proposed model are summarized in Figure 7.13. The lowest RMSE of 2
	Figure 7.14
	Figure 7.14


	 shows a power model represented by the equation shown in Figure 7.12, for the UCS -porosity relationship based on Wyoming Shale data only. When fitting the power model (Wyoming only) with all data, the RSE, AIC, and BIC were lower than the power model (considering all data) as the scatteredness of data from Wyoming only was relatively low because all the shales were from a nearby location and similar geological age. The power model (considering all data) provided better results and was more applicable to a
	Figure 7.15
	Figure 7.15


	 
	Figure
	Figure 7.11: Equation. The predicted UCS for all shale data. 
	 
	Figure
	Figure 7.12: Equation. The predicted UCS for Wyoming shale only. 
	 
	Figure
	Figure 7.13: Prediction models for UCS of shales based on porosity. 
	  
	 
	InlineShape

	Figure 7.14: UCS vs porosity for shale. 
	 
	InlineShape

	Figure 7.15: UCS vs porosity for Wyoming Shale. 
	 
	Kumar (2012) observed a linear relationship between Young’s modulus and porosity for four different shales with Young’s modulus decreasing with an increase in porosity as the increase in porosity tends to weaken the rock matrix framework. Hui Li (2016) also concluded that the impact of porosity on Young’s modulus is indeed significant. Figure 7.20 shows the comparison of models from the literature and this study for 𝐸 vs n. An exponential model for all shales and a power model observed for the shales from 
	The mean of Kumar et al. (2012) and Shukla et al. (2013) is very low because of the constants 67 and 73.45 respectively. The predicted value for Wyoming Shales from these models was very high compared to the measured value. The power model for data from literature and Wyoming and an exponential model for Wyoming Shales only have lower COV than the literature models. This suggests that these models predicted values of 𝐸 closer to the actual measured values. The model from combined shale data resulted in low
	 
	Figure
	Figure 7.16: The predicted Young's modulus for all shale data. 
	 
	Figure
	Figure 7.17: The predicted Young's modulus for Wyoming shale only. 
	 
	InlineShape

	Figure 7.18: Young’s modulus vs porosity for shale. 
	 
	InlineShape

	Figure 7.19: Young’s modulus vs porosity for Wyoming Shale. 
	 
	Figure
	Figure 7.20: Prediction models for Young’s modulus of shales based on porosity. 
	Bedding Angle (β) 
	Higgins et al. (2008) stated that bedding planes have a significant impact on the mechanical properties of bedded formation rocks. Test results from a series of UC tests indicated that the UCS values of shales first decreased and then increased when the 𝛽 of shales changed from 0 to 90 degrees (Fjaer et al. 2013, Jasmine et al. 2014). The effect of bedding planes on Colorado Shales has been studied by Wong et al. (2008) in terms of ultrasonic velocities. They concluded that samples parallel to the bedding 
	Yan et al. (2017) found that the compressive strength varied substantially with β as the reduction in strength was up to 60.2 percent. They reported that the maximum compressive strength occurred at 0 degree bedding, compressive strength reduced from 0-60 degrees with the lowest at 60 degrees bedding and the compressive strength increased from 60-90 degrees. A similar finding was reported on Mancos Shale by Jin et al. (2015).  
	Figure 7.21 shows the effect of β on the UCS of shales. Marcellus, Boryeong, and Sichuan Formation shales showed similar trends as mentioned with the highest UCS at either 0 or 90 degrees and lowest at β of 60 degrees. Two shales from Longmaxi Shales also showed the highest UCS at either 0 or 90 degrees, but the lowest UCS was not at β of 60 degrees. The Longmaxi black Shale has high porosity and showed the lowest strength at β of 30 degrees. The lowest compressive strength of Longmaxi Formation shale was n
	 
	InlineShape

	Figure 7.21: UCS vs bedding angle (β) for shales. 
	Higher Young’s modulus was observed parallel to bedding planes as compared to perpendicular by Wu & Tan (2010) and Sone and Zoback (2013). Jin et al. (2015) reported an increase in Young’s modulus with an increase in β. Figure 7.22 shows the relationship between Young’s modulus and β for different formations of shale. Only Sichuan Formation shale showed an increasing trend with an increase in β as mentioned in the literature.  
	Young’s modulus of Boryeong and Longmaxi black Shale showed a similar trend to that of the compressive strength with the highest value at 0 or 90 degrees and lowest in between 30-60 degrees. The Longmaxi Formation showed the least value of Young’s modulus at β of 90 degrees. The possible reasons for this variation were water content, porosity, total carbonic content, and mineralogy.  
	 
	InlineShape

	Figure 7.22: Young’s modulus vs bedding angle (β) for shale. 
	 
	Poisson’s Ratio () 
	Lashkaripour et al. (1993) concluded there was no relationship between the UCS and Poisson’s ratio of shale. Figure 7.23 similarly shows no relationship between UCS and Poisson’s ratio.  
	 
	InlineShape

	Figure 7.23: UCS vs Poisson’s ratio for shales. 
	Bulk density () 
	Inoue and Ohami (1981) and Lashkiropour et al. (1993) have reported a poor relationship between UCS and ρ for weak rocks like shale. Lashkiropour et al. (1993) further concluded that density is not a good indicator of UCS in shales as the density of minerals, such as quartz, illite, and montmorillonite, is relatively similar. The ratio of quartz to clay minerals in shales has been found as a factor influencing the strength of shale, and a higher ratio indicates a higher strength of shale (Hui Li et al. 2016
	 
	Figure
	Figure 7.24: Equation. The predicted UCS for all shale data. 
	 
	Figure
	Figure 7.25: UCS vs density for shale. 
	Considering Wyoming Shale data, Figure 7.28 shows a similar exponential relationship between the UCS and ρ. The variation in UCS with respect to density could be attributed to the different types and formation depths of Wyoming Shales. Most shale from Wyoming was obtained from a relatively shallow depth of up to 30 m while the shale reported in the literature was collected from much deeper depths. The exponential model (Figure 7.26) has an RSE of 2.286, AIC of 480.10, and BIC of 488.09. Similarly, Figure 7.
	 
	Figure
	Figure 7.26: Equation. The predicted UCS for Wyoming shale only. 
	 
	Figure
	Figure 7.27: Equation. The predicted Young's modulus for Wyoming shale only. 
	 
	Figure
	Figure 7.28: UCS vs density for Wyoming Shales. 
	 
	InlineShape

	Figure 7.29: Young’s Modulus vs density for Wyoming Shales. 
	 
	Young’s Modulus (E) under Uniaxial Condition  
	A linear relationship between Young’s modulus (𝐸) and UCS of shales has been observed by Lashkaripour & Dusseault (1993) and Franklin (1981). However, an exponential relationship between 𝐸 and UCS was reported for North Sea Shale (Horsrud 2001). Chang et al. (2006), using data from Horsrud (2001), illustrated a remarkably different trend with two empirical equations developed using a high porosity North Sea Shale and a strong compacted shale. The difference in trend observed with different shale types sho
	Figure 7.33 compares Young’s modulus and UCS in a log plot along with a power model proposed given by the equation shown in Figure 7.30 from this study. The linear model for Wyoming Shales from this study had the lowest RMSE value followed by the power model from this study considering all data and Horsrud (2001). Comparing the Lashkaripour et al. (1993) linear model with the power model from this study we observe that the values of RSE, AIC, and BIC are smaller for the power model compared to the literatur
	The study of Wyoming Shale data only shows a similar trend. Figure 7.34 shows the fitting of a linear model given by the equation shown in Figure 7.31 on Wyoming Shale data only. 𝑅2 value at 94 percent for Wyoming Shales test data. Residual standard error, AIC, and BIC values at 0.029, -195.1, and -189.6 respectively.  
	 
	Figure
	Figure 7.30: Equation. The predicted Young's modulus for all shale data. 
	 
	Figure
	Figure 7.31: Equation. The predicted Young's modulus for Wyoming shale only. 
	 
	 
	 
	Figure
	Figure 7.32: Prediction models describing the relationship between E and UCS for shales. 
	 
	InlineShape

	Figure 7.33: Young’s modulus vs UCS for shale. 
	 
	InlineShape

	Figure 7.34:Young’s modulus vs UCS for Wyoming Shales. 
	Axial Strain at Peak Stress 
	No apparent relationship was observed between the axial strain at peak stress (percent) and the UCS for shales included in the study.  shows the comparison between UCS and axial strain at peak stress of Wyoming Shales. The linear fitting model with a relatively low 𝑅2 of 15 percent suggested that the linear model cannot provide a relatively accurate UCS prediction based on the axial strain. Axial strains of Cody Shale, Skull Creek Shale, Wasatch Shale, Wind River Shale, Steele Shale, and Harbell Shale rang
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	Young’s modulus (GPa) with axial strain at peak stress (percent) showed a power fitting given by the equation shown in Figure 7.35 and the data are shown in . The Skull creek Shales from Wyoming showed a sharp decrease in Young’s modulus with an increase in the axial strain at peak stress whereas in Steele Shale and Cody Shale the trend is not that apparent. The RSE, AIC, and BIC of the equation shown in Figure 7.35 for 𝐸 based on the axial strain at peak stress was 0.05, -139.40, and -133.85, respectively
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	Figure 7.37


	 
	Figure
	Figure 7.35: Equation. The predicted Young's modulus of Wyoming shale. 
	 
	InlineShape

	Figure 7.36: UCS vs axial strain at peak stress for Wyoming Shales. 
	 
	InlineShape

	Figure 7.37: Young’s modulus vs axial strain at peak stress for Wyoming Shales. 
	 
	7.3 Mechanical Properties under Triaxial Compression 
	Triaxial test results described in this chapter are largely based on rock cores obtained from the state of Wyoming. Correlation analyses are conducted first considering shale data from 
	literature and Wyoming and later considering only Wyoming Shale data. Wyoming Shale samples did not have an apparent β. The complete data from the literature and our lab used for the development of the correlation are shown in Table 7.1. Most of the shale data considered for analysis were from USA followed by China and France. Although most shales were from USA, they were from different formations.  
	Thirty-three triaxial tests were conducted on five formations of shales from Wyoming. The porosity and water content of Wyoming Shales ranged from 12.76 to 38.28 percent and 10.16 to 22.24 percent respectively. The porosity and water content of Wyoming Shales were much higher than shales from the literature, hence the confinement chosen for Wyoming Shales ranged from 0.14 to 10 MPa compared to 1 to 250 MPa for the literature shales. The peak strength obtained for Wyoming Shale ranged from 0.57 to 88.92 MPa 
	Effect of bedding angle (𝛽) 
	Jasmine et al. (2014) defined β as the foliation angle with respect to the longitudinal direction of a rock specimen. They found that the shear failure of anisotropic shales under compression occurs along the bedding planes for 30 degree ≤ 𝛽 ≤ 75 degree, and hence, shales with bedding planes in this range exhibited the lowest compressive strength. Shales with 𝛽 = 0 and 90 degrees exhibited tensile failure and a higher compressive strength than that with other β angles. Similar observations have been made 
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	The normalized stress (𝜎𝑝𝜎𝑐) magnified by the porosity as (𝜎𝑝𝜎𝑐×𝑛) is compared against the β in . The relationship between this normalized stress and porosity becomes more apparent with the highest strength at 𝛽 = 0 and 90 degrees and the lowest strength in the range 
	Figure 7.39
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	30 degree ≤ 𝛽 ≤ 75 degree. These comparisons further confirm the effect of β on the compressive strength of anisotropic rocks like shale in addition to the effect of confinement and porosity. 
	Table 7.1: Database of triaxial compression test results of shales from Wyoming and published literatures. 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 
	Sample ID 

	Formation 
	Formation 

	Location 
	Location 

	No of Tests 
	No of Tests 

	Porosity (Percent) 
	Porosity (Percent) 

	Water 
	Water 
	Content (Percent) 

	Confining Pressure (MPa) 
	Confining Pressure (MPa) 

	Peak Strength (MPa) 
	Peak Strength (MPa) 

	Young's Modulus (GPa) 
	Young's Modulus (GPa) 

	Poisson's Ratio 
	Poisson's Ratio 

	References 
	References 



	1 
	1 
	1 
	1 

	Cody Shale 
	Cody Shale 

	Wyoming, USA 
	Wyoming, USA 

	24 
	24 

	20.10-31.00 
	20.10-31.00 

	11.59-20.37 
	11.59-20.37 

	0.3-10 
	0.3-10 

	0.57-12.86 
	0.57-12.86 

	0.02-280.31 
	0.02-280.31 

	0.26-0.49 
	0.26-0.49 

	This Study 
	This Study 


	2 
	2 
	2 

	Morrison Shale 
	Morrison Shale 

	Wyoming, USA 
	Wyoming, USA 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 

	N/A 
	N/A 

	This Study 
	This Study 


	3 
	3 
	3 

	Undifferentiated 
	Undifferentiated 

	Wyoming, USA 
	Wyoming, USA 

	3 
	3 

	27.80-35.50 
	27.80-35.50 

	10.16 
	10.16 

	0.3-0.6 
	0.3-0.6 

	1.05-1.27 
	1.05-1.27 

	0.02-0.07 
	0.02-0.07 

	0.19 
	0.19 

	This Study 
	This Study 


	4 
	4 
	4 

	Fort Union Shale 
	Fort Union Shale 

	Wyoming, USA 
	Wyoming, USA 

	3 
	3 

	36.24-38.28 
	36.24-38.28 

	22.24 
	22.24 

	0.14-0.6 
	0.14-0.6 

	0.57-0.78 
	0.57-0.78 

	N/A 
	N/A 

	N/A 
	N/A 

	This Study 
	This Study 


	5 
	5 
	5 

	Hanna Shale 
	Hanna Shale 

	Wyoming, USA 
	Wyoming, USA 

	3 
	3 

	12.76-13.20 
	12.76-13.20 

	5.01 
	5.01 

	4-10 
	4-10 

	81.67-88.92 
	81.67-88.92 

	5.38-9.83 
	5.38-9.83 

	0.12 
	0.12 

	This Study 
	This Study 


	6 
	6 
	6 

	Coal Shale 
	Coal Shale 

	Maryland, USA 
	Maryland, USA 

	28 
	28 

	0.79 
	0.79 

	N/A 
	N/A 

	10-30 
	10-30 

	90-213 
	90-213 

	12-37.97 
	12-37.97 

	N/A 
	N/A 

	Jin et al. (2015) 
	Jin et al. (2015) 


	7 
	7 
	7 

	Longmaxi Formation 
	Longmaxi Formation 

	Sichuan, China 
	Sichuan, China 

	8 
	8 

	4.00 
	4.00 

	N/A 
	N/A 

	15-25 
	15-25 

	192.5-220.2 
	192.5-220.2 

	N/A 
	N/A 

	N/A 
	N/A 

	Guoliang Yang et al. (2020) 
	Guoliang Yang et al. (2020) 


	8 
	8 
	8 

	Pierre Shale 
	Pierre Shale 

	South Dakota, USA 
	South Dakota, USA 

	8 
	8 

	23.2 
	23.2 

	N/A 
	N/A 

	16-25 
	16-25 

	31.60-50.90 
	31.60-50.90 

	N/A 
	N/A 

	N/A 
	N/A 

	Animul et al. (2013) 
	Animul et al. (2013) 


	9 
	9 
	9 

	Tournemire Shale 
	Tournemire Shale 

	Massif Central, France 
	Massif Central, France 

	24 
	24 

	8.35 
	8.35 

	N/A 
	N/A 

	1-50 
	1-50 

	27-155 
	27-155 

	15 
	15 

	N/A 
	N/A 

	Niadou et al. (1997) 
	Niadou et al. (1997) 


	10 
	10 
	10 

	Tournemire Shale 
	Tournemire Shale 

	Massif Central, France 
	Massif Central, France 

	12 
	12 

	8.35 
	8.35 

	N/A 
	N/A 

	5-20 
	5-20 

	62.63-106.76 
	62.63-106.76 

	11-15 
	11-15 

	N/A 
	N/A 

	Masri et al. (2014) 
	Masri et al. (2014) 


	11 
	11 
	11 

	Longmaxi Marine Shale 
	Longmaxi Marine Shale 

	Chongquing, China 
	Chongquing, China 

	16 
	16 

	4.45 
	4.45 

	N/A 
	N/A 

	20-100 
	20-100 

	173-584 
	173-584 

	21.3-32.3 
	21.3-32.3 

	N/A 
	N/A 

	Yuan Li et al. (2018) 
	Yuan Li et al. (2018) 


	12 
	12 
	12 

	Bossier Shale 
	Bossier Shale 

	North America 
	North America 

	34 
	34 

	2.75 
	2.75 

	N/A 
	N/A 

	7-70 
	7-70 

	46-324.72 
	46-324.72 

	N/A 
	N/A 

	N/A 
	N/A 

	Jasmine et al. (2014) 
	Jasmine et al. (2014) 


	13 
	13 
	13 

	Longmaxi Black Shale 
	Longmaxi Black Shale 

	Schizu County, China 
	Schizu County, China 

	20 
	20 

	4 
	4 

	N/A 
	N/A 

	20-60 
	20-60 

	90-340 
	90-340 

	N/A 
	N/A 

	N/A 
	N/A 

	Song Yu et al. (2016) 
	Song Yu et al. (2016) 


	14 
	14 
	14 

	Wilcox Shale 
	Wilcox Shale 

	Louisiana, USA 
	Louisiana, USA 

	4 
	4 

	2.50 
	2.50 

	N/A 
	N/A 

	250 
	250 

	437.40-448.30 
	437.40-448.30 

	N/A 
	N/A 

	N/A 
	N/A 

	Ibanez et al. (1993) 
	Ibanez et al. (1993) 


	15 
	15 
	15 

	Vaca Murata Shale 
	Vaca Murata Shale 

	Argentina 
	Argentina 

	14 
	14 

	5.00 
	5.00 

	N/A 
	N/A 

	7-138 
	7-138 

	138.71-482.38 
	138.71-482.38 

	N/A 
	N/A 

	N/A 
	N/A 

	Jasmine et al. (2014) 
	Jasmine et al. (2014) 


	16 
	16 
	16 

	Pierre-1 Outcrop 
	Pierre-1 Outcrop 

	USA 
	USA 

	14 
	14 

	23.20 
	23.20 

	N/A 
	N/A 

	16-25 
	16-25 

	31.60-55.39 
	31.60-55.39 

	0.64-1.90 
	0.64-1.90 

	0.10-0.54 
	0.10-0.54 

	Aminul Islam et al. (2013) 
	Aminul Islam et al. (2013) 


	17 
	17 
	17 

	Opalinus Clay Shale 
	Opalinus Clay Shale 

	USA 
	USA 

	9 
	9 

	16.85 
	16.85 

	N/A 
	N/A 

	5-15 
	5-15 

	14-30 
	14-30 

	N/A 
	N/A 

	N/A 
	N/A 

	Mohamadi (2015) 
	Mohamadi (2015) 


	18 
	18 
	18 

	Tournemire Shale 
	Tournemire Shale 

	USA 
	USA 

	30 
	30 

	8.00 
	8.00 

	N/A 
	N/A 

	1-50 
	1-50 

	24-110 
	24-110 

	N/A 
	N/A 

	N/A 
	N/A 

	Mohamadi (2015) 
	Mohamadi (2015) 


	19 
	19 
	19 

	Queenston Shale 
	Queenston Shale 

	Canada 
	Canada 

	6 
	6 

	N/A 
	N/A 

	1.505 
	1.505 

	2.5-20 
	2.5-20 

	42.04-77.79 
	42.04-77.79 

	4.1-26.9 
	4.1-26.9 

	0.24-0.48 
	0.24-0.48 

	Al-maamori et al. (2016) 
	Al-maamori et al. (2016) 


	20 
	20 
	20 

	Black Shale 
	Black Shale 

	Europe 
	Europe 

	16 
	16 

	N/A 
	N/A 

	N/A 
	N/A 

	0.1-100 
	0.1-100 

	75-352 
	75-352 

	N/A 
	N/A 

	N/A 
	N/A 

	Herrmann et al. (2018) 
	Herrmann et al. (2018) 




	Note: USA‒ United States of America. 
	 
	InlineShape

	Figure 7.38: Normalized 𝝈𝒑𝝈𝒄  vs bedding angle for shales. 
	 
	InlineShape

	Figure 7.39: Normalized 𝝈𝒑𝝈𝒄 ×𝒏  vs bedding angle for shales. 
	Cohesion (c) and internal friction angle (𝜑) 
	Cohesion (c) and internal friction angle (𝜑) are important strength parameters of rocks. Figure 7.41 suggests that the cohesion of shales was inversely proportional to porosity. An exponential model (Figure 7.40) was established to describe this inverse relationship for predicting the cohesion (MPa) of shales using porosity (percent). Since cohesion is related to UCS via a friction factor (Dewhurst et al. 2008), the observed inverse relationship given by the equation shown in Figure 7.40 was expected. The 
	 
	Figure
	Figure 7.40: Equation. The predicted cohesion of shales.  
	 
	InlineShape

	Figure 7.41: The relationship between cohesion and porosity for shales. 
	No effect of the internal friction angle on the measured physical properties was observed by Horsrud (2001) in North Sea Shales. Figure 7.43 compares the internal friction angle and porosity. For porosity ranging between 4 and 10 percent, a constant internal friction angle of about 23.4 degrees was observed except for the Hanna Shale. The relatively high internal friction angle of 45 degrees observed in Hanna Formation might be attributed to the size effect as 25 mm diameter Hanna Shale specimens versus 50 
	formations are used in the testing. Cody Shale with the porosity ranging from 23 to 30 percent exhibited a linear relationship (Figure 7.42) for the internal friction angle (𝜑) in degree in terms of porosity (n) in percentage.  
	 
	Figure
	Figure 7.42: Equation. The predicted internal friction angle of shales. 
	 
	InlineShape

	Figure 7.43: Comparison of internal friction angle and porosity for shales. 
	 
	Young’s Modulus (E)  
	Figure 7.45 shows that Young’s modulus decreased with the increase in rock porosity. A power model (Figure 7.44) is fitted to define this relationship. Han et al. (2018) reported a gradual increase in Young’s modulus with the increase in packing density and reduction of porosity in shale. The observed Young’s moduli for shales below 30 GPa were comparable with the observation reported by Han et al. (2018) of 24.2 GPa for shales with a parallel bedding plane. The RSE of 6.786, AIC of 177.27, and BIC of 181.0
	 
	Figure
	Figure 7.44: Equation. The predicted Young's modulus of shales. 
	 
	InlineShape

	Figure 7.45: Young’s modulus vs porosity for shales. 
	  
	  
	  
	CHAPTER 8: MECHANICAL PROPERTIES OF CLAYSTONE UNDER UNIAXIAL AND TRIAXIAL CONDITIONS 
	The study of the anisotropy effect on clay rocks by experimental investigation of mechanical properties has been conducted, especially on Callovo-Oxfordian Claystone (COX) and Opalinus clay. The investigations on COX by Zhang et al. (2012), Yang et al. (2013), and Belmokhtar (2017) reported that the deformability and strength of the clay rock depend on loading direction with respect to the bedding plane. The study by Naumann et al. (2007) and Amann et al. (2017) on opalinus clay also highlighted the effect 
	The initial increase is attributed to the hardening effect of claystone. The effect due to claystone hardening has also been investigated (Plinninger et al. 2010, Hu et al. 2014). The mechanical properties and the effect of physical properties on the compressive strength of claystone have not been well published. Unlike other rock types, literature data on compressive strength of claystone is rarely available from laboratory tests. From a civil engineering perspective, since claystone is an important geomat
	8.1 Research Methods and Analysis 
	A total of 46 UC tests have been conducted on nine different claystone formations obtained from Wyoming. Five triaxial compression tests have been performed on claystone from three formations. All claystone samples were collected from depths less than 30 m. Literature data for the mechanical and physical properties of claystone cannot be found, and hence, the following correlation studies were conducted based only on Wyoming Claystone data. To evaluate and compare the prediction models, AIC, BIC, and RSE we
	8.2 Mechanical Properties under Uniaxial Compression  
	Correlation analyses were conducted by considering claystone test data from Wyoming as shown in Table 8.1. Ten different formations of claystone were tested. The average water content, porosity, ρ, axial strain, UCS, and Young’s modulus for all ten formations of claystone are listed in Table 8.1. The average porosity of all claystone was less than 20 percent except for 
	the Ogallala Formation. Similarly, the average porosity for all formations was less than 30 percent except for Ogallala and Upper Lance Creek Formations. Three formations, Fort Union, Frontier and Goose Egg have higher densities compared to the other formations. The average UCS of the claystone ranged from 0.63 MPa to 5.30 MPa. The lowest UCS was observed in the Upper Lance Creek Formation with high porosity (32 percent) and water content (20 percent) as compared to other formations. 
	Table 8.1: Database of uniaxial compressive test results of claystone from Wyoming. 
	Claystone Formation 
	Claystone Formation 
	Claystone Formation 
	Claystone Formation 
	Claystone Formation 

	Avg 𝒘 (Percent) 
	Avg 𝒘 (Percent) 

	Avg n (Percent) 
	Avg n (Percent) 

	Avg  (g/cm3) 
	Avg  (g/cm3) 

	Axial Strain (Percent) 
	Axial Strain (Percent) 

	UCS (MPa) 
	UCS (MPa) 

	Young’s Modulus (GPa) 
	Young’s Modulus (GPa) 



	Aspen 
	Aspen 
	Aspen 
	Aspen 

	9.74 
	9.74 

	20.33 
	20.33 

	2.95 
	2.95 

	3.43 
	3.43 

	3.60 
	3.60 

	0.02 
	0.02 


	Chugwater 
	Chugwater 
	Chugwater 

	15.20 
	15.20 

	28.77 
	28.77 

	2.81 
	2.81 

	4.83 
	4.83 

	5.30 
	5.30 

	0.01 
	0.01 


	Fort Union 
	Fort Union 
	Fort Union 

	8.80 
	8.80 

	16.18 
	16.18 

	3.05 
	3.05 

	2.68 
	2.68 

	2.59 
	2.59 

	1.57 
	1.57 


	Frontier 
	Frontier 
	Frontier 

	3.47 
	3.47 

	7.98 
	7.98 

	3.21 
	3.21 

	1.90 
	1.90 

	1.50 
	1.50 

	0.23 
	0.23 


	Goose Egg 
	Goose Egg 
	Goose Egg 

	4.97 
	4.97 

	11.11 
	11.11 

	3.15 
	3.15 

	1.87 
	1.87 

	2.28 
	2.28 

	0.31 
	0.31 


	Green River 
	Green River 
	Green River 

	14.36 
	14.36 

	27.48 
	27.48 

	2.76 
	2.76 

	3.72 
	3.72 

	4.50 
	4.50 

	0.23 
	0.23 


	Ogallala 
	Ogallala 
	Ogallala 

	37.27 
	37.27 

	49.67 
	49.67 

	2.26 
	2.26 

	1.56 
	1.56 

	1.41 
	1.41 

	0.37 
	0.37 


	Upper Lance Creek 
	Upper Lance Creek 
	Upper Lance Creek 

	19.96 
	19.96 

	32.70 
	32.70 

	2.72 
	2.72 

	3.80 
	3.80 

	0.63 
	0.63 

	- 
	- 


	Willwood 
	Willwood 
	Willwood 

	16.42 
	16.42 

	29.55 
	29.55 

	2.76 
	2.76 

	2.23 
	2.23 

	2.99 
	2.99 

	0.05 
	0.05 


	Wasatch 
	Wasatch 
	Wasatch 

	15.16 
	15.16 

	27.01 
	27.01 

	2.83 
	2.83 

	2.37 
	2.37 

	2.73 
	2.73 

	0.74 
	0.74 




	Note: Avg‒ Average; 𝑤‒ Water content (percent); n‒ Porosity (percent);  ‒ Bulk density (g/cm3); UCS ‒ Uniaxial compression test. 
	Claystone UCS was related to physical properties such as water content, porosity, and ρ, in addition to mechanical properties such as Young’s modulus and axial strain at peak stress.  
	Water content (𝑤) 
	The effect of water content on the compressive strength of Wyoming Claystone is illustrated in . An exponential decreasing trend of UCS with increasing water content was observed for water contents less than 30 percent. The exponential relationship of UCS in MPa and water content (𝑤) in percentage is described by the equation shown in . Young’s modulus (E) in GPa versus water content (𝑤) in percentage is described by the equation shown in 4.  shows the exponential relationship between Young’s modulus and 
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	Figure
	Figure 8.1: Equation. The predicted UCS of Wyoming Claystone. 
	 
	Figure
	Figure 8.2: Equation. The predicted Young's modulus of Wyoming claystone. 
	 
	InlineShape

	Figure 8.3: UCS vs water content for Wyoming Claystone. 
	 
	InlineShape

	Figure 8.4: Young’s modulus vs water content for Wyoming Claystone. 
	Porosity (n) 
	 shows an inverse relationship between UCS and porosity for Wyoming Claystone. This linear relationship of UCS, in MPa, and porosity, in percent, is described by the equation shown in . The statistical parameter for the proposed model showed a Residual standard error of 7.642, AIC of 293.97, and BIC of 299.18. The slightly lower AIC and BIC values of UCS vs porosity over UCS vs water content showed that the porosity was a more significant variable in predicting the UCS than water content.  provides the rela
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	Figure
	Figure 8.5: Equation. The predicted UCS of Wyoming claystone. 
	 
	Figure
	Figure 8.6: Equation. The predicted Young's modulus of Wyoming claystone. 
	 
	InlineShape

	Figure 8.7: UCS vs porosity for Wyoming Claystone. 
	 
	InlineShape

	Figure 8.8: Young’s modulus vs porosity for Wyoming Claystone. 
	Bulk density () 
	 shows the linear relationship between UCS and ρ. Similarly, Figure 8.10 showed the relation between Young’s modulus and ρ for claystone. The ρ showed no relation with UCS and Young’s modulus as no prediction model could be developed.  
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	Figure 8.9: UCS vs bulk density for Wyoming Claystone. 
	 
	InlineShape

	Figure 8.10: Young’s modulus vs bulk density for Wyoming Claystone. 
	Young’s modulus (E)  
	In this study, a linear trend was observed for claystone as shown in Figure 8.12. The relationship between 𝐸 and UCS is described by the equation shown in Figure 8.11 with the 𝑅2 of 96 percent. The R-squared value of 96 percent showed that there was a strong relationship between Young’s modulus (GPa) and the UCS (MPa).  
	 
	Figure
	Figure 8.11: Equation. The predicted Young's modulus of Wyoming claystone. 
	 
	InlineShape

	Figure 8.12: Young’s modulus Vs UCS for Wyoming Claystone. 
	Axial Strain at Peak Stress 
	Figure 8.13 shows no apparent relationship between UCS and the axial strain at peak stress (in percentage) for claystone. Figure 8.14 shows the relationship between Young’s modulus (GPa) and axial strain at the peak stress (in percentage). There seemed to be no apparent relationship between UCS and the axial strain at peak stress of claystone. Similarly, Figure 8.14 shows no apparent relationship between Young’s modulus and axial strain at the peak stress for claystone and no correlation could be developed.
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	Figure 8.13: UCS vs peak strain for Wyoming Claystone. 
	 
	InlineShape

	Figure 8.14: Young’s modulus vs peak strain for Wyoming Claystone. 
	 
	8.3 Mechanical Properties under Triaxial Compression  
	The triaxial test results summarized in this chapter were based on rock cores obtained from Wyoming. Five triaxial tests were performed in the laboratory on three claystone formations, and the test results are summarized in . No triaxial test data on claystone could be found in published literature. Due to the limited triaxial test data on claystone, similar correlation analysis to develop prediction models cannot be performed. 
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	Table 8.2: Database of triaxial compression test results of claystone from laboratory. 
	Claystone Formation 
	Claystone Formation 
	Claystone Formation 
	Claystone Formation 
	Claystone Formation 

	Avg 𝒘 (percent) 
	Avg 𝒘 (percent) 

	Avg n (percent) 
	Avg n (percent) 

	Confining Pressure (MPa) 
	Confining Pressure (MPa) 

	Peak Stress (MPa) 
	Peak Stress (MPa) 

	Avg 𝑬 (GPa) 
	Avg 𝑬 (GPa) 


	Ogallala 
	Ogallala 
	Ogallala 

	15.90 
	15.90 

	28.00 
	28.00 

	0.32-0.56 
	0.32-0.56 

	1-1.27 
	1-1.27 

	0.01-0.017 
	0.01-0.017 


	Wind River 
	Wind River 
	Wind River 

	7.85 
	7.85 

	5.13 
	5.13 

	4-10 
	4-10 

	51-70 
	51-70 

	3.58-4.57 
	3.58-4.57 


	Hanna 
	Hanna 
	Hanna 

	6.58 
	6.58 

	7.65 
	7.65 

	4 
	4 

	51 
	51 

	3.90-4.49 
	3.90-4.49 




	Note: Avg‒ Average; 𝑤‒ Water content (percent); n‒ Porosity (percent);  ‒ Bulk density (g/cm3); UCS‒ Uniaxial compression test; 𝐸‒ Young’s Modulus. 
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	9.1 Research Methods and Analysis 
	Three limestones and one dolostone sample from Wyoming were tested for uniaxial and triaxial compression tests. The four samples were collected from the surface for testing. The limestone samples have water contents (𝑤) ranging from 1.84 percent to 2.18 percent and the porosity (n) ranges from 1.86 percent to 12.20 percent. Whereas the dolostone sample had water contents of 1.41 percent and porosity (n) of 8.29 percent.  
	Other carbonate rocks collected from literature in addition to limestone data collected from the historical WYDOT database are summarized in Figure 9.3 and Figure 9.11 for uniaxial and triaxial compression tests respectively. Carbonate rocks from the literature included limestone, dolomite, gypsum, chalk, and marble. The proposed models were compared with other models from the literature based on the RMSE and MAD values.  
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	Mechanical Properties under Uniaxial Compression 

	 

	An experimental study was carried out on 3 limestones and one dolostone formations from Wyoming, USA in addition to other data collected from literature, to examine the effect of physical properties on the UCS of carbonate rocks. A summary of the UC test results is given in Figure 9.3. Additional test results of Madison Limestone were collected from a historical rock database developed by the Wyoming Department of Transportation (WYDOT). Various formations collected from literature were utilized to better u
	 
	Figure
	Figure 9.1: Equation. The predicted UCS of carbonate rocks. 
	 
	             
	Figure 9.2: Relationship between UCS and rock porosity. 
	Figure
	The negative power trend in porosity on predicting UCS (Figure 9.1) was consistent with past findings that explain the weakening effect of pores on the rock’s compressive strength because pores are considered weak points within the rock matrix that induces stress concentration (Ludovico-Marques et al. 2012). Figure 9.4 summarizes several relationships developed for predicting UCS based on specific carbonate rock formations reported in the literature. According to the independent testing dataset that contain
	 
	Figure
	Figure 9.3: Summary of UC test results of carbonate rocks from literature and this study. 
	 Figure 9.3 (Continued): Summary of UC test results of carbonate rocks from literature and this study. 
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	Figure
	Figure 9.4: Assessment of prediction equations for UCS based on the testing dataset. 
	Young’s Modulus 
	The relationship between Young’s modulus and porosity according to the training dataset is shown in Figure 9.6. The plot illustrated a power decrease in mean E as the porosity increased according to the training dataset that contained 79 data points from literature and Wyoming. Other studies related to predicted E are summarized in Figure 9.7. According to the testing dataset that contained 66 data points, the proposed equation shown in Figure 9.5 had lower RMSE and MAD compared to those from the literature
	 
	Figure
	Figure 9.5: Equation. The predicted Young's modulus of carbonate rocks. 
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	Figure 9.6: Relationship between Young’s modulus and rock porosity. 
	 
	Figure
	Figure 9.7: Assessment of Young’s modulus predictions based on the testing dataset. 
	9.3 Mechanical Properties under Triaxial Compression 
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	Figure 9.11 includes a summary of the triaxial compression test results of carbonate rocks from this study and literature. The effect of porosity on rock strength was further demonstrated with the comparison of porosity and the failure parameters, cohesion (c), and internal friction angle (𝜑), derived for the Mohr-Coulomb criterion as shown in 8. The internal friction angle decreased with increasing porosity indicating that the porosity had a significant effect on the rock failure. A similar decreasing tre
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	Figure
	Figure 9.8: Comparison of the porosity effect on the internal friction angle and cohesion. 
	9 contains a linear model to capture the relationship between n in percentage, 𝜎3 in MPa, and the true mean 𝜎1 in MPa based on the training dataset that contained 250 data points from literature and Wyoming. The relationship is shown in Figure 9.10. 
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	Figure
	Figure 9.9: Equation. The predicted peak compressive strength of carbonate rocks. 
	 
	Figure
	Figure 9.10: Relationship between the peak compressive strength and the porosity and confining pressure. 
	The mean 𝜎1 decreased with the increase in n. An increase in the internal surface area per unit rock volume resulting from a higher n decreased the predicted integrity of the rock and hence reduced its strength (Atapour and Mortazavi 2018a). On the other hand, the mean 𝜎1 generally increased with an increase in the confining pressure (𝜎3) due to the strengthening effect of confinement on compressive strength. Statistical results indicated that both n and 𝜎3 were significant predictors of mean 𝜎1. 
	 
	 
	 
	Figure
	Figure 9.11: Summary of triaxial compression test results of carbonate rocks from this study and literature. 
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	Figure 9.11 (Continued): Summary of triaxial compression test results of carbonate rocks from this study and literature. 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	CHAPTER 10: SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
	10.1 Summary 
	This study was aimed at understanding the mechanical and deformation behaviors and quantifying the mechanical properties of Wyoming bedrocks to improve the design and construction of transportation infrastructures in the state. To accomplish this objective, fifty samples were tested under different confining pressures. Tested rock samples were mostly sandstone (30 percent), siltstone (23 percent), shale (14 percent), and others (33 percent). Bedrocks in Wyoming were from different geological ages, and a con
	Uniaxial and triaxial compression tests were conducted using GCTS RTR-1500 rapid triaxial rock testing equipment for hard rocks and GeoJac triaxial equipment for soft and soil-like rocks. The physical properties like water content, porosity, and specific gravity of tested specimens were measured before compression testing. Laboratory compressive tests were performed to measure the stress and strains of each rock specimen.  
	Elastic properties (Young’s modulus and Poisson’s ratio) were determined from the linear stress-strain relationship of the rock under compression. Shear strength parameters, such as cohesion and internal friction angle, were determined from the Mohr-Coulomb criterion constructed from a series of Mohr’s circles. The nonlinear HB criterion was also applied to determine the tensile strength and material constant (𝑚𝑖) for each rock sample. This research focused on presenting the results of laboratory tests an
	 
	10.2 Conclusions  
	An extensive experimental study was conducted to study the effects of physical properties and environmental conditions on the mechanical behaviors of Wyoming bedrocks under different loading conditions. The empirical equations developed from this study for predicting UCS, E and strength parameters in a SI unit system and English unit system are summarized in Figure 10.1 and Figure 10.2, respectively.  
	 
	  
	 
	Figure
	Figure 10.1: Developed prediction equations for UCS, E and strength parameters from this study in SI unit system. 
	 
	Figure
	Figure 10.2: Developed prediction equations for UCS, E and strength parameters from this study in English unit system. 
	 
	 
	 
	 
	 
	 
	The main findings drawn from this study for each rock type were described as follows:  
	Sandstone 
	1)
	1)
	1)
	 The UCS of sandstone was linearly related to water content (𝑤), porosity (n), and mean grain size (dm).  

	2)
	2)
	 The n and confining pressure significantly affected the triaxial compressive strength of dry sandstones.  

	3)
	3)
	 A linear relationship between Young’s modulus (E) and UCS was observed.  


	 
	Shale 
	1)
	1)
	1)
	 The UCS of shale decreased with the increase in 𝑤 and n. It was found that the UCS was lowest when the bedding angle (β) was between 30-60 degrees and highest when the β was either 0 or 90 degrees. The UCS increased with the increase in bulk density (ρ) of shales. Axial strain at peak stress for shale showed no relationship with UCS. 

	2)
	2)
	 E of shale decreased with the increase in 𝑤. A negative relationship between E and n of shale was observed. E increased with the increase in UCS. For Wyoming shales, some data showed that E increased with the increase in β. Most data showed that the lowest E occurred in shales with β between 30-60 degrees and the highest E in shales with the β at either 0 or 90 degrees. E had a decreasing trend with the axial strain at peak stress. 

	3)
	3)
	 A linear relationship was observed between the peak stress and confining pressure for all β angles 0, 15, 30, 45, 60, 75, and 90 degrees. No relationship was observed between the ratio of peak stress to confining pressure versus n for β of 0, 15, 30, 45, 60, 75, and 90 degrees. The effect of β on rock strength was similarly observed in the triaxial test condition. The lowest peak stress occurred at the β between 30-60 degrees and the highest peak stress at the β of either 0 or 90 degrees.  

	4)
	4)
	 No relationship was observed between E and the ratio of confining pressure to n for β of 0, 15, 30, 45, 60, 75, and 90 degrees. E decreased with the increase in n for the triaxial condition. 

	5)
	5)
	 Regarding shear strength parameters, the cohesion decreased with the increase in n. No relationship was observed between the internal friction angle and n for shale data from literature. However, an increasing trend between internal friction angle and n was observed in Cody shale. 


	 
	 
	Claystone 
	1)
	1)
	1)
	 For Wyoming claystone, UCS decreased with the increase in 𝑤. UCS decreased exponentially with the n. No apparent relationship was observed between UCS and ρ as well as the axial strain at peak stress. 

	2)
	2)
	 A linear relationship was observed between E and UCS. E decreased exponentially with the increase in 𝑤 and n. No relationship was observed between E and the ρ as well as the axial strain at peak stress. 


	Siltstone 
	1)
	1)
	1)
	 UCS decreased with the increase in 𝑤. The power relationships between UCS and 𝑤 for both all siltstone data and Wyoming data were determined. The relationship between UCS and 𝑤 was improved when siltstones from individual geological ages were used in the analysis. The negative relationships between UCS and n for both all siltstone data and Wyoming siltstone data were determined. The relationship between UCS and n was improved when siltstones were analyzed from individual geological ages. A positive powe

	2)
	2)
	 E decreased with the increase in 𝑤, and a negative relationship between E and n was determined. The linear relationship between E and UCS was determined. The positive relationship between E and ρ could be described by an exponential model. No relationship was observed between E and axial strain at peak stress. 

	3)
	3)
	 The peak stress under triaxial compression condition had a positive relationship with the normalized confining pressure with n.  

	4)
	4)
	 Cohesion (c) decreased with the increase in n. The ratio of c to n also decreased with 𝑤. Internal friction angle showed no relationship with n. 

	5)
	5)
	 No relationship was observed between E and n as well as confining pressure.  


	 
	Carbonate rocks 
	1)
	1)
	1)
	 The UCS of carbonate rocks was negatively related to n.  

	2)
	2)
	 A significant effect of n and confining pressure on the triaxial compressive strength was observed.  


	3) A negative relationship between E and n was observed. 
	 
	10.3 Future Studies 
	This study focused on the strength properties of rocks at their in-situ water conditions. The rock samples obtained were either surface boulders or rock cores from shallow depths (around 30 m). The effect of water saturation had not been considered in this study. Sedimentary rocks like shale and claystone were known to exhibit lower strength properties at higher water saturation, and hence, studying the behaviors of these bedrocks at different saturations can be a point of interest.  
	The mineral composition of rocks affected their shear and compressive strengths. The percentage of clay content and clay fraction in the overall composition of shale and claystone have been found to significantly alter the strength and deformation behaviors of these rocks. The mineral composition of rocks can be quantified in a future study to understand the anisotropic effect on the rock strength. No apparent bedding was noticed on Wyoming rocks, but it has been found that the rock strength was highly infl
	There is a lack of research regarding the mechanical properties of claystone and siltstone in terms of their physical properties. The shear and compressive strengths of claystone and siltstone from Wyoming were very low compared to the strengths of rocks reported in literature. Additional research on different claystone and siltstone formations will help to populate more test data and help better understand their mechanical behaviors.  
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