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Abstract 

Hydraulic fracturing (HF) or fracking is extensively used to increase the permeability of 

unconventional source rocks, such as the Montney Formation which is a prolific producer of oil 

and gas in Western Canada. Optimizing the economic recovery of hydrocarbons in these reservoirs 

is dependent on understanding how the rocks fail. During HF, it is generally assumed that vertical 

fractures in the rock occur, since fracture propagate perpendicular to direction of minimum stress, 

which in the subsurface is typically in the horizontal direction. However, recent studies have 

shown that horizontal fractures are also formed as a part of the hydraulic fracture network (HFN), 

which is assumed to be related to weak bedding planes. To investigate the potential influence of 

weak bedding planes, a series of Brazilian tests were conducted on Montney equivalent outcrop 

rock samples. In these tests axial load is applied at different orientations to the bedding plane of 

the rock samples to evaluate the influence of bedding plane orientation on fracture behaviour, 

including Brazilian tensile strength, elastic properties and fracture propagation in micro and macro 

scale. The results of this study can lead to better understanding of the fracture behaviour of 

Montney siltstone and may help better predict HF fracture propagation and enhance hydrocarbon 

recovery. 
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Chapter 1 

INTRODUCTION 

This chapter presents an overview of this dissertation, the research problem, and explains how it 

contributes to the current engineering knowledge. Research objectives are discussed, and the 

outline of research is summarized to provide a roadmap for the reader. 

1.1. Problem Statement 

The global demand for energy is growing and has raised important questions about how to meet 

the growing energy need, given the reduction in conventional hydrocarbon production. This has 

led to considerable interest in the field of unconventional reservoirs (Bentley 2002, Kerschner et 

al. 2013). As opposed to conventional oil and gas production which does not require 

supplementary recovery techniques, unconventional energy production requires specialized 

methods that come with higher production costs and more complex procedures. In view of the 

continued decline in conventional natural gas production in Canada, the industry has increased its 

investments in unconventional natural gas, which can be extracted from non-traditional, low-

permeability reservoirs such as shale formations. In comparison to other hydrocarbon resources, 

shale gas is more abundant energy source, especially in North America, and it has become a 

significant resource in the global unconventional oil and gas industry (Figure 1-1a) (Caineng et al. 

2015, Al-Douri et al. 2017). There are primarily five shale gas formations in Canada: the Horn 

River Basin and Montney siltstone in northeast British Columbia and western Alberta, the 

Duvernay Formation in central Alberta, the Colorado Group in Alberta and Saskatchewan, the 

Utica Shale in Quebec, and the Horton Bluff Shale in New Brunswick and Nova Scotia (NEB 

2009). Compared to the other sources of natural gas such as coalbed methane, tight sandstones and 

tight carbonates, shale gas may play a critical role in supplying Canadian domestic natural gas 

needs in the coming decades. Canada has potential reserves of at least 30 × 1012 m3 of shale gas, 

where even 20% hydrocarbon recovery would account for more than a third of Canadian 

conventional gas resources where 95% of the natural gas could be recovered (NEB 2009).  
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(a) (b) 

Figure 1-1: (a) Shale gas basins major plays in North America highlighting Montney in black 

box (NEB 2009). (b) Magnified view of Montney Formation with study area shown by red box 

(NEB 2013). 

 

Hydraulic fracturing (HF) or fracking is a drilling method to extract natural gas or other 

hydrocarbons trapped in low permeability reservoirs. Frack fluids are pumped down the wellbore 

until the injection pressure surpasses the rock strength and causes fracture in the rock that holds 

the fossil fuel. The low permeability of shales makes it difficult for the natural gas to flow through 

vertical wells, while a horizontal well may be able to overcome this problem since the drill bit 

follows a horizontal trajectory for one to two kilometers instead of a downward trajectory. 

Moreover, Montney is one of the thickest reservoirs, which covers a vast area, making horizontal 

drilling an ideal production method (Chalmers et al. 2012). Horizontal wells have multiple stages 

of fracture treatments along the transverse length, creating numerous flow paths with high 

permeability that expose the wellbore to as much reservoir as possible (Figure 1-2). The flow paths 

are caused by intersections of natural fractures, induced fracture along bedding planes envisaged 

as fractures in intact rock, and other zones of weakness, commonly known as complex hydraulic 

fracture network (HFN). Given the thickness of the Montney Formation (over 300 m), some 

operators are considering drilling vertical wells with horizontal legs stacked at different elevations. 

Estimated initial rate of production from vertical wells are approximately 28 × 103 m3/day, while 
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it is in range of 85 × 103 m3/day to 450 × 103 m3/day for horizontal wells. However, the cost of a 

horizontal well in the Montney Formation is over 10 times that of a vertical well and the 

availability of required resources (e.g., fresh water and fracture proppant) can be important on the 

pace of Canadian shale gas development (NEB 2009, Soeder 2018).  

  

 
Figure 1-2: Illustration of the stimulated volume in shale formation using traditional vertical well 

and horizontal well (Soeder 2018).  

 

Fracture complexity is not a new concept, and it has been proposed that this causes high 

treating pressures. The practical necessity and business compel the incorporation of HFN 

complexity into the reservoir-modeling domain to provide an early and reliable assessments in 

predicting the long-term production (Raterman et al. 2018). However, current HF models have a 

simple view of HFN by assuming uniform planar fracture model. Lack of an appropriate HF design 

program can lead to the unreasonable cost increase, irregular propagation of cracks, and increased 

greenhouse gas emissions. Also, induced seismic risk during the hydraulic fracture process is one 

of the most important outcomes which is referred to repeatedly (Howarth et al. 2011). 

Modern economical HF design requires analysis process which include specialists from 

different disciplines such as drilling, geology, petrophysics, reservoir engineering and operations. 

The data offered by these specialists must be integrated into a final fracture design program that 

meets the needs of the reservoir, enhances economic production from the well, and reduces the 
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potential environmental impacts of these operations (Soeder 2018). Although the basic physics of 

HF are straightforward, the geologic reality and inherent multidisciplinary nature of the fracturing 

process make it complicated. Optimizing the economic recovery of hydrocarbons is dependent on 

understanding the geomechanical response of the rock mass during HF and how it leads to complex 

HFN. Failure mechanics of shale rocks are not well-understood due to the heterogeneous fabric 

(bedding planes) of the rock and their anisotropic stress-strain behaviour, which is rarely 

considered in geomechanical HF models. The anisotropic behaviour in shales is caused by 

preferred orientations of fabric or microstructure, bedding planes, or cleavage planes, affecting 

geomechanical properties, such as tensile strength, which plays a vital role in rock engineering 

assessments (Keneti and Wong 2010). It is evident that tensile strength plays a critical role in 

hydraulic fracturing, but it is assumed to be zero in most petroleum-geomechanics studies, and no 

systematic study of tensile failure in fine-grained formations such as Montney exists (Fjaer et al. 

2008, Mokhtari et al. 2014). The anisotropic tensile strength could affect the way fractures 

propagate into HFN and subsequent gas production cost. This thesis is a contribution to 

understanding the geomechanical response of subsurface fine-grained formations and subsequent 

complex HFN during HF treatments. 

1.2. Research Objectives 

The focus of this thesis is the Sulphur Mountain formation which is considered to be age equivalent 

and geologically representative of the subsurface Montney Formation and therefore typically 

considered an analogue for characterizing the Montney (Figure 1-1b). Mechanically similar 

outcrops can provide a wealth of information unavailable from their subsurface counterparts. In 

addition, the access to rock samples from outcrops are far easier and less costly than the subsurface 

itself. This study investigates the geomechanical response of Montney outcrop intact rocks. 

 Production from long horizontal wellbores in shale formations is affected by the intrinsic 

anisotropy of shale at different scales, contributed by natural fractures (NF), bedding planes (BP), 

and other weakness zones, which makes it possible for hydraulic fracturing to generate complex 

HFN, as opposed to wrongly presumed simple bi-wing fracture. Figure 1-3 indicates the highest 

contribution made by bedding planes in HFN of stimulated Montney (Li et al. 2022). In this 

dissertation, the focus is on the anisotropic behaviour of intact rock, specifically bedding planes. 
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method to determine the indirect tensile strength of rock materials (Andreev 1991a, 1991b, Perras 

and Diederichs 2014). This test has the ability to replicate the realistic stress field (combination of 

compressive and tensile stress) involved in rock formations (ASTM 2016). This study reports on 

a series of Brazilian tests that were conducted on samples of Montney equivalent outcrop rocks. 

The samples were extracted from different bedding planes and were tested under different 

inclination angles (0 to 90°) to investigate the anisotropic and heterogeneous effect of possible 

planes of weakness related to bedding. In addition, the unconfined compressive strength (UCS) 

test was performed on a number of samples to measure the UCS/BTS ratio which is an indicator 

of rock brittleness. The purpose is to find a possible correlation among the UCS and BTS of 

different samples.  

In HF engineering, the failure modes of the shale rock vary with the bedding plane 

orientation, which is characterized by anisotropy, affecting the fracture geometry in HFN 

(Simpson et al. 2014, Ping et al. 2015, Feng et al. 2020). The anisotropic failure under the Brazilian 

splitting test is not necessarily pure tensile or pure shear, but is often a composite failure mode of 

tensile and shear (Debecker and Vervoort 2009). In this thesis, the detailed fracture classification 

of tested Brazilian discs is preformed to better understand the failure modes in HFN. In addition, 

the images from high-speed camera (HSC) were used to trace the onset and growth of fractures 

and the failure mode transition between shear failure and tensile failure. 

The geomechanical properties in the Montney Formation is governed by two geologic 

controls, namely mineralogy (what the rock is made of) and fabric (how the rock is put together). 

The mineralogy of the Montney outcrop rock was determined by conducting x-ray diffraction test 

(XRD) and the rock fabric is studied by microscopic observation of the thin sections to investigate 

the effect of microstructure in forming the possible planes of weakness and subsequent fracture 

formation along them to help interpret the experimental data. Based on the HFN observations on 

the Montney subsurface, natural fractures and bedding planes have strongly anisotropic surface 

roughness, which implies the anisotropic feature of shear strength and hydraulic conductivity (Li 

et al. 2022). 

The overall objective of this research is to evaluate the role of bedding planes in 

geomechanical properties and fracture complexity of the Sulphur Mountain Formation, age 

equivalent to the subsurface Montney Formation. These include anisotropic and heterogeneous 

behaviour in tensile strength, elastic properties, and fracture geometry on macro and micro scales. 
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Chapter 2 

LITERATURE REVIEW 

This chapter reviews the background for the research in this thesis. It starts with the importance of 

unconventional resources and geology of Montney Formation. The role of hydraulic fracturing in 

the economical production of oil and gas, the basic HF models and mechanics in the continuous 

medium are described. Afterwards, the geomechanics of sedimentary basins such as Montney 

Formation is introduced and the effect of bedding planes as an anisotropic factor on complex 

fracture geometry and strength of rock is clarified. At last, the experimental method to evaluate 

the effect of anisotropy on tensile strength of the Montney samples is introduced. 

2.1. Unconventional Resources 

Unconventional oil and gas resources are playing an increasing role in meeting the energy needs 

of society. They usually include coal bed methane, tight sands gas, shale gas, shale oil, oil shale, 

heavy oil, tar sands, and methane hydrates (Smith and Montgomery 2015). It was predicted that 

global production of unconventional gas will increase to a total amount of 2.48 × 1012 m3 which is 

42% of global total natural gas production with 1.7 × 1012 m3 of shale gas production (Conti et al. 

2016). Unconventional reservoirs are located throughout North America, and it is predicted that 

they will provide over 60% of society's natural gas requirements by 2040 (OECD 2016). It is 

estimated that up to 20 × 1012 m3 of natural gas is stored in the Montney Formation, a subsurface 

siltstone rock that spans the border between British Columbia and Alberta in Western Canada 

Sedimentary Basin (WCSB) and is a prolific producer of oil and gas in Canada (NEB 2009). 

Geological history and sedimentological processes in the Montney Formation play key roles in 

governing geomechanical behaviour during hydrocarbon recovery. 

2.1.1. Geology of the Montney Formation 

The Montney Formation has been interpreted as being deposited along a clastic ramp on the 

western coast of Pangaea, which was arid and affected by periodic upwellings and seasonal trade 

winds (Moslow 2000). Additionally, the absence of detrital clay and abundance of feldspar 

indicates that chemical weathering via hydrolysis did not occur. It was believed that during the 
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Triassic, sediment came from the east, but a minor component may also have originated in the 

north and west (Zonneveld and Moslow 2017). It is likely that west Pangaea experienced a 

monsoonal climate when it encountered rainfall, which is characteristic of a highly seasonal and 

catastrophic climate. Active tectonics may have influenced sediment accumulation by creating a 

high topography on the western margin of WCSB. In some cases, this led to subaerial exposure, 

while in others it led to anomalously thickened sections (Ferri and Zonneveld 2008). Furthermore, 

sea-level changes caused by global tectono-eustatic activity may have significantly affected 

sedimentation (Moslow and Davies 1997, Davies et al. 1997). Montney sediments were deposited 

along a low angle, steeply distal ramp setting on a westward-thickening succession with a 

maximum thickness of about 350 m occurring in a paleolow associated with the Fort St. John 

Graben. The Montney Formation is composed of multiple parasequence sets of fine to coarse 

grained siltstone, argillaceous siltstone, and very fine-grained sandstone (Figure 2-1) (Gibson and 

Edwards 1990, Davies et al. 1997). 

Based on lithology and paleontology, the Montney Formation is the subsurface equivalent 

to the lower Triassic rocks that outcrop in the Rocky Mountain Foothills. Age equivalent strata to 

Montney Formation occurring in outcrops are referred to as the Greyling and Toad formations in 

northeastern British Columbia and as the Sulphur Mountain Formation (Focus of this study) in 

southwestern Alberta (Davies et al. 1997, Orchard and Zonneveld 2009).  

 

 
Figure 2-1: An illustration of the depositional environment for each lithofacies in Montney 

Formation. The green bars indicate expected variance in water depths for each lithofacies 

(Zelazny et al. 2018). 
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to coarse-grained siltstone with bed thickness ranges from centimeter to decimeter scale. Siltstone 

and sandstone beds indicate parallel laminae and hummocky cross-stratification, respectively. 

The two sub lithofacies were deposited in an offshore transition depositional setting below 

wave base in fair weather and above storm weather wave base. Deposition of L-3a occurred during 

fair weather conditions due to settling of a suspension cloud (Reineck and Singh 1972). The bed 

thicknesses are consistent indicating a relatively uniform depositional setting (Pruss et al. 2004). 

Deposition of L-3b involved storm events and inter-storm periods, causing change in grain size 

due to change in wave energy. Storms with high energy level led to deposition of hummocky cross-

stratified very fine-grained sandstone beds, whereas the planar bedded medium-grained and fine-

grained silt were deposited under fair weather conditions (Duke 1990, Zonneveld 2011). Load 

casts were also formed by rapid cementation (Brenchley and Newall 1977). The current ripples 

were caused by the offshore flow following the storms and symmetrical wave ripples represented 

an oscillatory flow between storm events (Dingler and Inman 1977, Hamblin and Walker 1981).  

 

 
Figure 2-2: The load cast (light-colored bed) formed over interbedded layering. Coring was 

unsuccessful due to the fracture formation along the weak bedding planes. 

 

Studying and correlating the lithofacies suggest that as a consequence of changes in relative 

sea level, source terrain/provenance, and detrital clastic sediment input during intervals of 

extensive weathering and tectonic activity, there is evidence of a tectonically influenced 

depositional environment which explains the facies heterogeneity (Zelazny et al. 2018). 

Furthermore, more distal subsurface has more silt compared to outcrops which confirm the 

Montney Formation as a siltstone reservoir. 
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2.2. Hydraulic Fracturing  

There are many unconventional resources in North America that would not be commercial without 

technologies such as hydraulic fracturing. Due to the low permeability of siltstone in the Montney 

Formation, HF is predominantly employed to enhance the economical production of oil and gas. 

This is achieved by injecting fracturing fluids, including water, sand proppant, and chemicals 

under pressure to create fractures in the rock that propagate out from the well within the sub-

surface (Figure 2-3) (Smith and Montgomery 2015). 

 

 
Figure 2-3: A schematic view of hydraulic fracturing in shale formation (Chen et al. 2022) 

 

2.2.1.  Basic Fracture Modeling 

In the beginning, it was believed that hydraulic fractures were horizontal due to the lifting of the 

overburden rock mass. It was until 1957 when Hubbert and Willis showed that fractures are vertical 

since the fracturing operation is usually conducted at a great depth and the horizontal stresses are 

typically lower than vertical stress (weight of overburden) (Hubbert and Willis 1957). Fracture 

effectiveness in HF depends mostly on fracture geometry. Therefore, the appropriate treatment 

design must be implemented to create desired fracture geometry. The behaviour of hydraulic 
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steel rods (Figure 2-14e), flat platens with cushions (Figure 2-14f) and curved loading jaws (Figure 

2-14g) were suggested to improve the loading conditions. Although this method generally 

overestimates the tensile strength of geomaterials, the stress field generated inside the sample is 

similar to physical situation such as rock formation and in particular hydraulic fracturing with 

exception of important parameters such as fluid pressure (ASTM 2016, Xu Xueliang et al. 2018).  

2.5. Summary 

The economic production of hydrocarbons from unconventional resources requires special 

techniques such as hydraulic fracturing to increase the permeability of the subsurface rock. 

Montney Formation, the focus of this study, is the foremost example of unconventional gas play 

in Western Canada. The successful recovery of hydrocarbons requires optimized HF models to 

have a realistic view of HFN rather than wrongly presumed simple bi-wing fracture. The 

complexity in HFN is influenced by the intrinsic anisotropy of rock formation at different scales, 

contributed by geological heterogeneities such as natural fractures and bedding planes. Numerical 

and experimental investigations on shale rock reported on the role of the bedding plane as an 

anisotropic factor in geomechanical response, specifically tensile strength, and resultant fracture 

complexity. Therefore, it is necessary to evaluate the tensile strength of Montney, which is 

anisotropic and heterogeneous in nature, by considering the different orientations of the bedding 

plane through experimental testing such as the Brazilian tensile strength test.  
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Chapter 3 

EXPERIMENTAL PROCEDURES 

This chapter provides the background for the laboratory testing carried out on rock cores to 

determine their tensile strength as a function of bedding plane orientation. The study area and 

sampling methods used for obtaining samples for testing is first described. The XRD test, which 

is used to determine mineral components of rock samples, is introduced as an index test. 

Subsequently the theory applicable to the Brazilian test for evaluating the tensile strength of the 

rock at different orientations and locations is explained. The methodology for elastic properties 

calculation is described. Afterwards, image analysis was performed by evaluating the fracture 

initiation, final pattern and magnified thin section of a failed sample. Finally, the UCS test is 

discussed and its relationship to BTS and tensile elastic modulus is provided.  

3.1. The study Area and Sampling 

Rock samples were recovered from the Kamenka quarry near Harvie Heights, Canmore, Alberta 

(Figure 3-1). This site was chosen as it provided easy access to rock samples from the Lower 

Triassic Sulphur Mountain Formation of Western Canada, which is considered to be age 

equivalent, and geologically representative of the subsurface Montney Formation and therefore 

typically considered an analogue for characterizing the Montney (Zelazny et al. 2018). 

 

 
Figure 3-1: Location of rock quarry where outcrop samples were recovered from (Google n.d.). 
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The rock samples for testing were obtained from large rock boulders that were recovered 

from the quarry at the location highlighted by the star in Figure 3-2. The rock boulders had recently 

been exposed with clear laminations highlighting apparent bedding planes. No visible fractures 

were observed on the block surface. Rock samples at this location highlight the finely laminated 

siltstone deposition typical of the Montney, with no samples exhibiting abrupt changes in 

mineralogy, which may provide planes of weakness.  

 

 
Figure 3-2: (a) The Map view of Kamenka quarry with red star representing the boulder location. 

(b) Plan and side view of rock boulder. 

 

 
Figure 3-3: Illustration of the transition from intact rock to a heavily jointed rock mass with 

increasing sample size (Hoek and Brown 1980). 
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3.2. Mineralogical Testing 

Mineralogy, fabric, and structure of sediments are mainly affected by depositional and post-

depositional geological environments and processes. Additionally, sedimentological processes and 

depositional environments differ with time and space, thereby affecting sediments both laterally 

and vertically (e.g., anisotropy) leading to different lithofacies. Since the mineral compositions are 

critical for classifying the rock laminations, the application of petrographic analysis such as 

scanning electron microscope (SEM), X-ray diffraction and Rock-Eval/TOC (total organic carbon) 

can help characterize the Montney reservoir (Keneti 2011).  

XRD analysis is a very effective tool for determining the mineralogy of fine-grained 

sediments because it allows moderately accurate determination of the type and amount of minerals 

present in a sample (Egbobawaye 2016). Sample preparation for XRD involves removing the 

weathered surface of a sample and then grinding the rock sample into a fine powder using a 

shatterbox (an apparatus with a swing mill for grinding dry brittle rock samples). The XRD test 

was performed at the department of Geoscience and the spectrum of peaks was achieved. Data 

from conducting powder X-ray diffraction is typically presented in form of the intensity of the 

scattered x-rays (Braggs peaks) against diffraction angle (Figure 3-7). 

 

 
Figure 3-7: Illustration of processed XRD spectrum using PROFEX. 

 

The spectrum was analyzed using PROFEX 5.0 software by phase identification and the 

Rietveld refinement technique was implemented to characterize crystalline materials. The 
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Equation (3.3) is based on linear elastic theory for homogeneous and isotropic rock that is 

subjected to diametrically loading leading to tensile stresses resulting in vertical splitting of the 

discs. Shale rocks are heterogeneous, transversely isotropic in nature and do not typically exhibit 

singular vertical splitting (Yang et al. 2019, Feng et al. 2020). However, this equation is used 

simply for the purpose of comparison of tensile strength as a function of bedding plane inclination. 

3.3.2. Key Issues Related to BTS Test 

There are some key issues that can lead to errors in strength measurement from the Brazilian 

testing:  

1. Despite the justification for the Brazilian test that most rocks fail in biaxial stress fields at their 

uniaxial tensile strength, this test may overestimate the tensile strength of rocks due to the 

combined stress field rather than uniaxial tension condition, and it cannot replace uniaxial 

tensile testing of rocks (ISRM 1978).  

2. The Brazilian disc should fail along the compressive diametral line; otherwise, the failure is 

considered invalid. In other words, it contradicts the Griffith theory, which states the fracture 

should initiate from the central part of the Brazilian disc due to the maximum tensile stress. 

Some authors have reported the fracture initiation in the center and then propagation to the top 

and bottom surfaces (Yanagidani et al. 1978, Cai and Kaiser 2004, Steen et al. 2005, Zhu and 

Tang 2006). However, it has also observed that fracture can initiate at locations away from the 

disc center for relatively hard rock materials (Markides et al. 2010). These authors showed that 

the load transition from the stiff platens to the unloaded portion of the samples did not occur, 

and the fracture started from the perimeter of the disc. Overall, the discrepancy between the 

theoretical analysis and laboratory investigations can be related to the fracturing criteria and 

assumptions, and more importantly, the inherent defects and heterogeneity of the tested rocks. 

3. At least ten specimens are required to obtain a meaningful average value (ASTM 2016). While 

the number of samples may differ based on the repeatability of the results (coefficient of 

variation), extracting the same sample from the rock is nearly impossible, as there might be 

variation in rock fabric even on a small scale. Therefore, the precision is affected by paucity 

of samples (e.g., using a single rock disc for each inclination angle) which might lead to error 

in results. 
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4. Although BTS test can replicate the combined stress field in the rock disc, some important 

factors such as temperature and fluid pressure are missing in simulating the realistic behaviour 

of subsurface during the hydraulic fracturing. 

Despite the potential discrepancies identified above, the Brazilian test is still a widely used 

method to determine the tensile strength of rocks. This is due to the sample preparation and 

experimental procedure for the Brazilian test being much more straightforward than those for the 

direct uniaxial tensile test (Li and Wong 2013). Furthermore, improvements can be made such as 

using curved loading plates or placing cushions between flat loading platens to avoid compressive 

stress concentration (performed in this dissertation). 

3.3.3. Brazilian Test Procedure 

Brazilian splitting tests were carried out using a servo-controlled MTS hydraulic load frame with 

a 100 kN inline load cell attached to the loading ram to measure axial load (Figure 3-10). Axial 

loading was applied at a constant rate of displacement of 0.1 mm/min (independently measured by 

linear variable displacement transducer (LVDT) attached to the loading ram) to ensure tests were 

conducted under quasi-static loading condition. 

 

 
Figure 3-10: Brazilian test setup along with VEO high-speed camera. 
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Figure 3-11a shows the typical load-deformation history for a single test. Before the start 

of a test an initial nominal seating load of 0.35 kN is applied to the sample. As the test progresses 

axial load increases with increasing displacement of the loading ram (given by the LVDT mounted 

on the loading ram) until tensile splitting (failure) of the sample occurs corresponding to a rapid 

drop in axial load. From the maximum load that was recorded at failure, the tensile strength of the 

rock can be calculated from Equation (3.3). 

Axial and radial strains measured by the strain gauges were simultaneously recorded using 

DATASCAN data acquisition system, along with the applied axial load, at a rate of 10 hertz. 

Comparison of the strains calculated from the LVDT and those measured by the strain gauges are 

provided in Figure 3-11b. It can be seen that the resolution of the LVDT attached to the loading 

ram, which has a full-scale deflection of 50 mm, leads to a jagged response in the load-deformation 

curve that is not seen in the strain gauges, where the greater resolution leads to smooth curves. In 

addition, as the strain gauges only measure the strains in the rock sample over the gauge length, 

the overall strains are much less than the LVDT which includes deformation of the cardboard strips 

and any compliance of the system. The splitting of the disc typically breaks the strain gauges, 

which leads to an abrupt change in strain at around 260 seconds. For analysis, the peak axial load 

and corresponding strain at this point is used in calculations. 

 

  
(a) (b) 

Figure 3-11: (a) Plot of frame LVDT against load based on raw data. (b) Comparison of strain 

gauges strains and LVDT. 
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3.3.3.1. Calibration and Refinement of Technique 

To ensure the apparatus setup was working properly and the load cell had sufficient resolution for 

accurate determination of stresses during the Brazilian test, a concrete block was placed between 

the platens and subject to a series of step loading up to 30 kN (with 10 seconds constant loading 

between each step) and a series of step unloading back to seating load (0.1 kN). Based on the 

observations, the machine was fully functional for the tested load range with high resolution of 

0.01 kN. 

During a Brazilian test high contact stresses can arise where the steel platen meets the outer 

diameter of the rock disc during the test, which leads to premature cracking and reduced strength 

(Figure 3-9a). To consider the impact of stress concentration on behaviour, Brazilian tests were 

performed on multiple concrete discs (dummy samples) with different materials acting as cushions 

(Figure 3-9b), including plywood (50 × 50 × 6 mm) and Polycarbonate sheet (50 × 50 × 6 mm), 

as well as a test without cushions. 

 

 
Figure 3-12: The results of BTS against the loading ram movement for concrete samples. 

 

Figure 3-12 shows the failure strength as a function of the measured displacement for each 

test. It can be seen that the sample with no cushion split under the lowest BTS and LVDT 

measurement. The disc with plywood cushions exhibited the highest BTS (more than two-fold 

increase) and largest displacement of the ram. This large strength arises due to the plywood sheets 
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redistributing the applied load over a much wider area, exacerbated by the compressibility of the 

wood, which is not considered in determining the resultant strength. In addition to the increased 

apparent strength, the fracture pattern at failure in the concrete disc was more complex than a 

single tensile fracture when no cushions are used (Figure 3-13). As such, the use of plywood is not 

recommended. Samples with polycarbonate cushions showed BTS strength and overall 

deformation values somewhat similar to the test without cushions. The results suggest that 

polycarbonate cushions were an appropriate choice for concrete samples, however, the higher 

strength exhibited by Montney samples led to permanent deformation of this material (Figure 3-14) 

and increasing stress distribution, making it ineligible for tests on Montney outcrop discs.  

 

 
Figure 3-13: (a) Tensile splitting of concrete disc without using cushion. (b) The complex failure 

of sample and breakage of plywood cushion. 

 

 
Figure 3-14: Permanent indentation of polycarbonate sheets during the test. 
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from the center to the point C (D) during experimental study. As the speed of fracture propagation 

is rapid, capturing the initiation and growth of a fracture is not possible with regular cameras. 

 

 
Figure 3-17: Brazilian disc test failure modes showing the transition between shear and tensile 

fracture zone (Hobbs 1964). 

 

To investigate fracture behaviour manifested during Brazilian tests, a VEO-E 340L high-

speed camera was used to capture the onset and growth of fractures observed at the surface of rock. 

As shown in Figure 3-18, the frame rate of 2000 and 4000 frame per second (fps) were not enough 

to capture the fracture initiation, while the frame rate of 19000 fps could effectively trace the 

fracture. The constant and uniform lighting was provided to have good contrast for the given 

exposure time. The camera was manually set to record prior to the occurrence of peak strength 

with 6 seconds worth of images recorded. Due to the limited RAM capacity (16 GB), the resolution 

of images was set to 384 × 288 pixels which is appropriate in terms of quality. The images of 

interest were extracted after the test for selected samples. 

 

 
Figure 3-18: The captured fracture nucleation image at different frame rates. 
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Based on the results of UCS tests on granite, they found samples without friction reducer exhibit 

the barrel-shape geometry with radial displacement near the top of the specimen 20% smaller than 

at its mid-height. In contrast, samples lubricated with stearic acid indicated identical hoop strains 

at the middle and top of the sample over elastic range (Figure 3-23). Therefore, this mixture was 

used on loading platens for the UCS tests conducted. 

3.4.2. UCS Fracture Type 

The failure of a rock occurs when the surrounding stress exceeds the tensile, compressive, or shear 

strength of the rock formation, whichever occurs first. Different types of failures can result from 

lithology, microstructure, and applied stresses. Figure 3-24 illustrates rock failures at various 

confining pressures (Jaeger et al. 2007).  

 

 
Figure 3-24: Rock failure types: (a) splitting, (b) shear failure, (c) multiple shear fractures, (d) 

tensile failure and (e) tensile failure induced by point loads (Jaeger et al. 2007). 

 

Uniaxial compression testing of rock may reveal two different modes of fracture which 

depends on the strength, anisotropy, brittleness, and grain size of the crystalline aggregates in the 

testing sample (Wawersik and Fairhurst 1970): 

1. Local tensile fractures primarily parallel to applied stresses. 

2. Local and macroscopic shear fracture (faulting). 
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Chapter 4 

RESULTS AND DISCUSSION 

In Chapter 2 it was highlighted that bedding planes within sedimentary formation can cause 

anisotropy in rock fabric and may act as planes of weakness. These weak planes can lead to more 

complex fractures than the typically assumed bi-wing fracture during hydraulic fracture 

stimulation. Chapter 3 highlighted experimental techniques that would be used to evaluate the role 

of bedding plane on tensile strength of Montney outcrop rocks. This chapter presents and discusses 

the results from the testing that was conducted including mineralogy, Brazilian tensile test, elastic 

properties, fracture analysis and unconfined compressive test to describe the Montney outcrop 

sample behaviour. 

4.1. Mineralogical Composition 

The summary of the main mineralogy from the outcrop rock sample (Figure 4-1a) is compared 

with the average values for dominant minerals from the Montney subsurface (Figure 4-1b), which 

was obtained from the report by Anderson et al. (2010). The full analysed data is provided in Table 

A-1.  

 

 
Figure 4-1: Graph of derived mineralogy of: (a) Montney subsurface and (b) Outcrop rock 

sample. 
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variability of axial strain is higher compared to radial strain, with samples from core B1 exhibiting 

the largest variability for both axial and radial strains. In comparing axial and radial strain 

response, it appears that samples with higher axial strains for a given load (least stiff) developed 

the lowest radial strains, while samples with the least axial strain for a given load (stiffest) showed 

the highest radial strains. This relationship can be seen when comparing core sample A1-15 with 

A1-90 (Figure 4-3a), core sample B1-90 with B1-0 (Figure 4-3b), C1-75 with C1-90 (Figure 4-3c) 

and D1-75 with D1- 30 (Figure 4-3d). 

 

 
Figure 4-3: Plots of axial and radial strain against BTS for different cores. 

 

Comparison of core samples from the same bedding planes (A1 and A2, B1 and B2, C1 

and C2) in terms of BTS under different inclination angle are presented in Figure 4-4. The R-
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4.4.1. Fracture Tracing and Classification 

Figure 4-9 shows a sequence of frames from the camera that capture the initiation of a tensile 

fracture and its propagation during the testing of sample B1-75. Figure 4-9a shows the first frame 

immediately before a primary fracture is observed (1/19000 sec) with subsequent images capturing 

the evolution of the fracture across the face of the sample. In most tests the onset of fracturing 

initiates near the center of the specimen (Figure 4-9b) and extends in the direction of loading across 

the disc (Figure 4-9c). Secondary fractures subsequently started from the sample-platen contacts 

and connected with the primary fracture to form a complex fracture network (Figure 4-9d to Figure 

4-9f). The connection point of shear and tensile failure is considered as location of maximum 

tensile strain (Li and Wong 2013). The time from initiation of a fracture to the eventual failure of 

this sample took less than 210 microseconds (µs) to occur, which suggests a fracture propagation 

velocity to be 182 m/sec (assuming half disc diameter). 

 

 
Figure 4-9: Fracture initiation and propagation of B1-75, starting from one frame before fracture 

initiation at the center of specimen (a) until multiple fracture formation (f). 

 

Figure 4-10 shows a premature fracture along the bedding plane before the occurrence of 

tensile fracture for both sample B1-60 and B1-90. The fracture nucleation in sample B1-60 was 

faster than the sample B1-90 and led to more complex fractures. 
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(a) Core A1 (b) Core A2 

  
(c) Core B1 (d) Core B2 

  
(e) Core C1 (f) Core C2 

 
(g) Core D1 

Figure 4-12: Fracture paths observed for all Brazilian discs (represented by red lines). 

Predominant fracture mode is given with the secondary fracture mode in parentheses. 
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Figure 4-14: XPL images of rock fabric around propagated fracture (Microscopic scale: 10X). 

 

The laminations in the rock can be observed by a colour change from grey to black in 

macro scale. However, in micro scale, they can be further distinguished by both change in colour 

and grain size (I-15). Based on the observations, coarse-grained minerals are mainly identified by 

a colour gradient of light blue to dark grey and fine-grained minerals are perceived as dark brown 

to black. In addition, an abundance of opaque minerals (black in colour) is found among coarse 
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and fine minerals. Since light cannot path through them, opaque minerals are more observable in 

plane-polarized (PPL) image (Figure 4-15). 

 

  
 (a) (b) 

Figure 4-15: Rock fabric image comprised of coarse and fine-grained minerals: (a) XPL and (b) 

PPL (Microscopic scale: 10X). 

 

To evaluate the variation in rock fabric along the disc thickness, XPL images were captured 

from the locations illustrated in Figure 4-13c (I-1 to I-5). The fine-grained minerals trace a path 

that starts in the lower portion of Figure 4-16a, moving upwards and to the right side of the images. 

In Figure 4-16b the fine-grained material dominates the central portion of the image and appears 

to be deposited around the coarse-grained minerals. The path continues until it moved to the top 

(Figure 4-16c to Figure 4-16e). The coarse-grained minerals seem to be scattered uniformly in the 

rock fabric, while being interrupted by a thin non-uniform layer of opaque-rich fine-grained 

minerals. Therefore, the variation of opaque mineral deposition can be interpreted as heterogeneity 

in micro scale, which can affect the BTS and fracture pattern. 

 

   
(a) (b) (c) 
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Figure 4-18: Fracture pattern in core: (a) V1, (b) V2, (c) H1, (d) H2 and fractured chunks, (e) 

H3, (f) H4 (Red: shear fracture, blue: tensile fracture). 

From the stress-strain curves presented, the idealised stages of a UCS (Section 3.4) were 

different for the tested cores. The initial crack closure and unstable crack growth stages are more 

evident in core H1 and H2, while the other cores exhibit a linear elastic response from the initial 

loading up to failure of each sample. As highlighted in Figure 4-17 and Table 4-3, significant 

variation in UCS was observed, with samples V1, V2, H3 and H4 exhibiting similar strength (167 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 
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increase in radial expansion in stress-strain graph (Figure 4-17e) For core H4, a minor reduction 

of stress ~ 1.5 MPa was observed after UCS of 170 MPa, followed by another two rise and drop 

in stress until complete failure of sample. This behaviour may explain the multiple layer-induced 

and shear fractures in core H4 compared to core H3 where only two tensile fractures (including 

one layer activation) were observed (Figure 4-18e and Figure 4-18f). The shear fractures in core 

H3 were not easy to interpret due to the breakage of sample to many pieces.  

4.5.1. Relation between UCS and BTS 

As stated in Section 3.1, the remaining parts of horizontal drilled cores (H1, H2, H3 and H4), 

where the major part was used for the UCS test, are used for BTS tests to investigate the 

relationship between UCS and BTS. Figure 4-19 represents the stress-strain graphs of discs 

equipped with strain gauges with Table 4-4 highlighting the summary of results including 

UCS/BTS ratio.  

 

  
(a) (b) 

 
(c) 

Figure 4-19: Plots of axial and radial strain against BTS from UCS horizontal cores. 
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Brazilian 

disc 
BTS (MPa) 

Average 

BTS (MPa) 

Related 

UCS (MPa) 
UCS/BTS 

H1-B1 12 
15.8 78.4 4.97 

H1-B2 19.5 

H2-B1 2.4 2.4 85.1 - 

H3-B1 14.7 

14.8 166.9 11.26 H3-B2 14.5 

H3-B3 15.3 

H4-B1 21.2 

17.5 167 9.53 H4-B2 16.2 

H4-B3 15.2 

Table 4-4: Summary of BTS results related to the horizontal cores. Highlighted samples were 

equipped with strain gauges. 

Two rock discs from core H1 were obtained for BTS testing. Results from the tests 

indicated that tensile strength in H1-B1 and H1-B2 are 12 and 19.5 MPa, respectively. Although 

the samples were from the same core and tested under the same inclination angle, a difference of 

7.5 MPa in BTS is observed. Comparing the fracture patterns for both samples, disc H1-B2 

highlighted a complex fracture, while only layer activation occurred in disc H1-B1 (Figure 4-20). 

Furthermore, the tensile fracture observed in the UCS core did not coincide with the same bedding 

plane as BTS discs. 

Two discs were attempted from core H2. However, one split along a weak plane or 

premature fracture during the cutting operation. Furthermore, the other disc (H2-B1) failed at a 

very low tensile strength ~2.4 MPa. Comparison of the fracture observed in the UCS test and 

Brazilian test suggest that they occurred in the same plane suggesting that a plane of weakness 

may have dominated the rock behaviour for the Brazilian test. The BTS for discs obtained from 

core H3 were similar with a mean of 14.8 MPa. The fracture pattern in all discs comprised of two 

fracture types, indicating the high layering stiffness against the deformation and consequent 

failure. A fracture occurred across the bedding plane in disc H3-B1 and H3-B2 which suggested 

an existing weakness in the rock. However, images taken by the high-speed camera suggest that 

this fracture initiated at the disc edge after crack nucleation at the disc center lack, Thus this 
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fracture process zone where micro fractures develop gradually inside the disc and ultimately lead 

to rapid propagation of macro fracture. 

4.6.4. Variation in UCS Results 

The UCS results indicated variation at different orientations and locations to some extent. For 

vertical samples, the compressive load compacts the bedding planes in the rock matrix and the 

planes of weakness do not appear to impact the UCS and elastic properties. On the other hand, for 

horizontal cores, a high variation in behaviour is observed suggesting that the bedding planes are 

planes of weakness in the rock that directly impacts the results. Referring to Figure 4-25, samples 

H1 and H2 are from different bedding planes, while cores H3 and H4 are from same bedding 

planes. Two possible competing scenarios can be considered: either there are planes of weakness 

in the rock fabric at H1 and H2 location, or the rock is stronger in the Y-direction compared to the 

X-direction in general. The latter statement would thus define the Montney equivalent outcrop 

samples as completely anisotropic rather than transversely isotropic. Nevertheless, change in the 

rock fabric over the small scale is evident and more experiments are required to validate this 

assumption by taking cores from different locations.  

 

 
Figure 4-25: Illustration of UCS cores with related UCS and elastic properties. 

The fractures in the vertical samples consisted of only one axial splitting near the sample 

edge, which might be due to the sample misplacement during the test. Fractures in cores H3 and 
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pattens: (a) Fracture initiation at the sample central portion and simultaneous propagation to the 

lower and upper portion of the disc (B1-75 and H1-B2); (b) Fracture initiation slightly above 

central portion and propagation to the top edge faster than the bottom (H3-B1 and H4-B3). 

 

 

 

 

   

 (a)  (b) (c) (d) 

Figure 4-27: (a) Strain distribution in homogeneous specimen. (b) Plastic regions in 

heterogeneous specimen. (b) Fractured chunks of the specimen (Kulkov et al. 2020). (c) Fracture 

pattern of sample A1-75 in this study. 

 

They observed that the fracture pattern in homogeneous material consisted of two equal 

parts. In contrast, large fragments were observed in the heterogeneous sample, similar to some 

fracture patterns in the present study (Figure 4-27c and Figure 4-27d). The major difference 

between homogeneous and heterogeneous samples is strain and stress distribution across the 

sample. The structural heterogeneity (e.g., variation in rock fabric) led to strain localization and 

disc fragmentation during fracture rather than fracture initiation in the center (Yue et al. 2003, 

Kulkov et al. 2020). 

The variation of fracture nucleation caused by different strain and stress distribution affects 

the experimental procedures. According to the numerical analysis by Li and Wong (2013), the 

local concentration of tensile strain was found near the loading points where the maximum tensile 

strain criterion is satisfied instead of center of the sample. As a result, the position of fracture 

initiation is affected. On the other hand, the applied load is not a line load, although cardboard 

cushions were used to reduce stress concentration and prevent the subsequent shear crushing at 

sample-platen. Therefore, the location of strain gauges at the center does not necessarily indicate 

the location of maximum radial or axial strain. Furthermore, the strain measured in a localized 

area, for example, at the center of the Brazilian disc, is a disadvantage when applying the strain 

measurement technique to determine the elastic constants of large-diameter or fine-grain rock 
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gauges may not capture. In addition, detailed explanations of the mechanism of failure of such an 

anisotropic material under different stress conditions could be achieved through constitutive 

modeling, contact mechanics, fracture mechanics approaches, and numerical simulations. 

4.6.8. The Relationship between BTS and Fracture Complexity 

The BTS results from samples tested in this study do not show any strong correlation between 

strength and bedding plane inclination angle. However, there is an apparent relationship between 

BTS and fracture complexity. According to Tavallali and Vervoort (2010a), higher strength is 

associated with increasing total fracture length. Table 4-5 to Table 4-8 presents the measured 

strength on samples from core A1, B1, C1 and D1 along with the observed fractures. It can be seen 

that the fracture complexity increases with BTS. Samples with low strength typically exhibited 

one central fracture or layer activation, while samples with the highest strength exhibited multiple 

fractures. These results suggest that higher strength is correlated with fracture complexity, further 

suggesting that rock fabric dominates the strength behaviour rather than inclination angle. 

 

BTS (MPa) 18.4 20.5 21.8 22 23.9 25.9 28.3 

Fracture 
complexity 

       
Table 4-5: BTS values and corresponding fracture pattern for core A1. 

 

BTS (MPa) 17.1 19.1 21 21.8 21.9 22.6 25.7 

Fracture 
complexity 

       
Table 4-6: BTS values and corresponding fracture pattern for core B1. 

 

BTS (MPa) 17.7 18.7 21.9 23.9 25.6 26.4 27.9 

Fracture 
complexity 

       
Table 4-7: BTS values and corresponding fracture pattern for core C1. 
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BTS 
(MPa) 19.5 21.7 23.8 24.4 25.4 26.3 29.8 

Fracture 
complexity 

       
Table 4-8: BTS values and corresponding fracture pattern for core D1. 

4.6.9. Role of Micro scale Parameters 

The tested cores were visually similar, thereby suggesting similar BTS and fracture pattern results. 

However, it was somewhat surprising that a significant variation was noted in the behaviour of 

different cores. On the other hand, the role of thick black line was evident in systematic variation 

of BTS with inclination angle, low UCS and layer activation fracture type (core D1 in BTS test 

and core H2 in UCS test). Therefore, conducting micro-scale petrographic analysis was necessary 

to evaluate the variability in rock fabric parameters such as mineral content, grain size, and layer 

thickness which appeared to contribute to variations in strength and fracture patterns.  

The petrographic analysis of the Montney outcrop samples conducted in this study is 

performed by referring to the investigation of Wüst et al. (2018) on the lowermost units of the 

Montney Formation, which is well aligned with mineral composition and sedimentary texture both 

visually and microscopically in the present study. In the study by Wüst et al. (2018), the rocks 

appeared macroscopically as "light grey to dark grey silty sediments" while at the microscopic 

scale, the dark laminae composed of finely dispersed opaque organic matter, clays, and 

microcrystalline minerals such as dolomite, quartz, and feldspars, interbedded with light-coloured 

laminae that contain mostly diagenetic silt-size dolomite, quartz, and feldspars, along with minor 

mica, clays, and organic materials.  

First, it is necessary to identify minerals in the rock fabric. Quartz exists in a wide range of 

sizes and shapes. Most of the silt-sized quartz exhibit amorphous shapes without signs of 

overgrowth and often contains open pores, which show the voids created by dissolved carbonates 

such as dolomite. However, it is difficult to generalize the pore structure in unconventional 

reservoirs since diagenesis has been observed in varying degrees (Chalmers et al. 2012). Various 

morphologies of dolomite are evident, including rhombs, megalithic and pervasive cements, as 

well as fine-grained microcrystalline to cryptocrystalline clusters (Zhang 2015, Zelazny et al. 

2018, Wüst et al. 2018). There is difficulty in identifying clay minerals in petrographic analysis. 
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However, mica lathes are prevalent in the dark laminae (Wüst et al. 2018). Figure 4-30 illustrates 

the coarse-grained lamina and fine-grained laminae assigned with mineral names. 

  

  
(a) (b) 

 
(c) 

Figure 4-30: XPL images of two types of laminations in different scales of dummy sample: (a) 

10X, (b) 20X and (c) 50X. The red dashed lines indicate layer boundaries and green box is the 

area of interest for higher magnifications. The letters stand for: Q (quartz), D (dolomite), DC 

(dolomite cement), O (organic matter), M (mica), Q+DC (quartz overgrowth with dolomite), F 

(feldspar). 

The majority of light-coloured coarse-grained laminae consists of quartz which is 

considered as the main stress-bearing skeleton, with the ability to accumulate large amounts of 

elastic strain energy. Higher amount of quartz corresponds to higher tensile strength. On the other 



94 
 

hand, an abundance of weak clay minerals such as mica can form potential planes of weakness, 

reducing the strength which was predominately observed in dark-coloured fine-grained laminae 

(e.g., thick black line) (Tavallali and Vervoort 2010a). It is also likely that the lack of dolomite 

cement in fine-grained laminae contributed to lower strength, the weak cement properties of the 

bedding plane alter the peak tensile strength, fracture propagation path, and stimulate the fracture 

pattern (Wang et al. 2017). Previous studies confirmed the diminishing effect of clay minerals on 

the strength of rock material. The low bedding strength in Hood Creek Outcrop is probably due to 

low energy deposition of clay and organic matter, which has also been related to a decrease in 

strength and stiffness (Zoback 2007, McKean 2017).  

Second, to further investigate the effect of rock fabric on fracture pattern, the XPL images 

around the fracture are represented in Figure 4-31, highlighting the minerals, grain size and fracture 

angle. The fracture geometry is divided into three paths: (1) smooth tensile fracture, (2) smooth 

composite fracture (combination of tensile and shear fracture) (3) jagged composite fracture.  

The mineral composition around the tensile fracture consisted of mainly fine-grained 

minerals. Mica sheets are common in the laminae along with fine-grained minerals. A slight 

amount of fine-grained quartz is observed but scattered away from the fracture. The fracture type 

is mainly layer activation which indicates the high content of weak minerals. While fine-grained 

laminations can be observed in other rock discs, they were not activated during the fracture 

process. The probable reason is variability in grain size, mineral composition, and concentrations 

of weak minerals (Figure 4-31a to Figure 4-31c). 

The case for composite fracture is slightly different from smooth fracture, since it is 

surrounded by coarser minerals such as quartz mixed with mica and fine-grained minerals. The 

fracture behaves differently depending on the type and size of surrounding minerals. The fracture 

boundary is relatively smooth along fine-grained minerals and flaky mica. In contrast, the fracture 

movement through the grain boundary around a relatively small quartz grain caused a slight 

deviation in the angle of movement. However, the fracture returned to previous path to dissipate 

less energy for growing (Figure 4-31d to Figure 4-31f).  
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(a) Tensile fracture at top edge (b) Tensile fracture in the middle (c) Tensile fracture at bottom edge 

   
(d) Composite fracture starting 

point 

(e) Composite fracture in the 

middle 
(f) Composite fracture deviation 

  

(g) Jagged composite fracture (upper portion) (h) Jagged composite fracture (lower portion) 

Figure 4-31: XPL images of fracture mechanism based on composition and grain size. The red 

dashed lines indicate layer boundaries and solid red is the fracture boundary. The yellow angular 

lines represent the angle of fracture. The additional letters stand for: FG+O (fine-grained 

materials plus organic matter), Or (orthoclase), P (pyrite). 

 

The jagged composite fracture occurred across both fine-grained and coarse-grained 

beddings. The effect of grain size and strong minerals (e.g., quartz and dolomite) is more evident 

in Figure 4-31h, where multiple sharp angles ae observed in jagged fracture. The fracture is 












































