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ABSTRACT 

Rock failure research has been conducted extensively in recent years due to its crucial 

role in the production enhancement of unconventional resources. This dissertation focuses on 

quantifying rock failure process for shales and tight sandstones through laboratory experiments. 

We have proposed several parameters that can be used to describe rock failure process and crack 

development better. Brittleness is widely used for drilling optimization and reservoir stimulation. 

However, it is not always a reliable parameter for designing hydraulic fracturing. More effective 

methods are needed to assess the fracability of tight sandstones and shales.  

We have performed triaxial compression experiments to rupture eleven tight sandstone 

and shale samples. The samples show systematic behavior from the measured stress-strain 

curves. The strain energy method is developed to characterize rock failure process quantitatively. 

We find that the brittle failure exhibits a higher percentage of elastic strain energy and residual 

strain energy, but a lower percentage of dissipated strain energy than the ductile failure. We also 

use key stress thresholds, including crack initiation stress (Ci), crack damage stress (Cd), and 

compressive strength (Cp), to explore progressive failure stages using the experimental data of 

the measured samples. The results show positive relationships between key stress thresholds and 

Young’s modulus. The ratios of Ci/Cp and Cd/Cp can better describe the ductile and brittle 

damage modes for tight rocks with different crack development processes. Both ratios can also 

evaluate rock damage behavior before and after failure. 

Another major component of this research is to study rock failure process by carrying out 

triaxial failure tests on 28 organic shale samples. We develop the strain energy evolution 

approach to detect crack initiation stress. A low Ci/Cp indicates that the organic shale samples 

are relatively ductile with slow crack growth, consistent with a long crack development process, 
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which leads to complicated microfracture distribution. It reflects that conventional brittleness is 

not relevant to fracture development for the measured samples. In addition, crack initiation stress 

is introduced to determine elastic stage and predict in-situ stress. 
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1. INTRODUCTION 

1.1. Overview 

Rock mechanics, especially for rock failure process, plays a crucial role in exploiting 

unconventional reservoirs. A better understanding of rock failure is vital for in-situ stress 

analysis (Haimson, 1969; Abou-Sayed et al., 1978; Higgins et al., 2008), wellbore strengthening 

simulation (Wang et al., 2009), wellbore stability evaluation (Li and Roegier, 1998; Zoback, 

1985) and hydraulic fracturing design (Haimson et al., 1981; Fjær et al., 2008). Rock failure 

process has received extensive interests due to its importance in many aspects of oil and gas 

exploration from well drilling to production. Rock damage occurs when it experiences sufficient 

stress causing permanent deformation and failure. It is difficult to accurately describe rock 

failure process during drilling and hydraulic fracturing due to the absence of simultaneous 

monitoring from underground. In addition, the complexity of rock properties in unconventional 

reservoirs makes rock failure process evaluation more challenging.  

Experimental and field works have been conducted to investigate rock failure process and 

its engineering applications in unconventional reservoirs. Brittleness is a key rock-mechanical 

parameter used to evaluate rock failure process and fractures development (Jaeger et al., 2009; 

Kundert and Mullen, 2009). It has been used to predict borehole collapse and select hydraulic 

fracturing configuration (Jarvie et al., 2007; Rickman et al., 2008; Holt et al., 2015). 

Additionally, in order to maximize high stimulated reservoirs volume (SRV) in hydraulic 

fracturing, fracture toughness is used to evaluate the ability of resisting stable fracture growth 

and extension (Thiercelin et al., 1989; Eseme et al., 2007). Damage behavior before failure is 

characterized by plastic deformation, which can be divided into crack initiation and crack 

damage stages based on cracks development during triaxial compression tests (Brace,1966; and 
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Bieniawski, 1967). In underground excavations, a similar fracture growth process is observed by 

microseismic monitoring (Collins and Young, 2000). Therefore, studying crack initiation stress 

from laboratory compressive tests is extremely useful for estimating in-situ stress, the spalling 

strength and hydraulic fractures initiation (Kaiser, 1953; Nicksiar and Martin, 2012; Stanchits et 

al., 2014).  

1.2. Challenges and motivations 

Rock failure in unconventional reservoirs has attracted numerous research interests 

recently. However, there are many challenges in rock damage research, especially for 

unconventional rocks. One challenge is the lack of an effective method to estimate brittleness, an 

essential parameter to describe roc failure. Although a variety of methods have been proposed to 

evaluate brittleness, none of them is reliable and widely accepted (Jin et al., 2014). Alternatively, 

Young’s modulus and Poisson’s ratio are used to determine ideal fracturing candidates (Rickman 

et al., 2008), but this technique is not robust because of the difference between dynamic and 

static elastic moduli and the complexity of elastic moduli in anisotropic rocks. Brittleness index 

with mineralogy indicates that rock brittleness is subject to the friction of brittle minerals (Jarvie 

et al., 2007). The application of this method is limited due to the lack of mineral distribution and 

the substantial heterogeneity in unconventional rocks. Recently, studies of fractures propagation 

in rocks may be useful in developing complicated hydraulic fractures. Unfortunately, brittleness 

evaluation in geoengineering projects does not include fracture extension after rock failure. 

Therefore, it is critical to conduct a comprehensive study of reliable brittleness evaluation and 

fracture developments. Another challenge about rock damage in unconventional reservoirs is 

identifying plastic damage induced by crack development in the pre-failure stage and using the 

plastic damage in modelling crack development. Martin and Christiansson (2009) analyzed the 
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crack development model in underground excavation to predict tunnel spalling strength. The 

plastic damage due to crack growth has not been systematically applied in unconventional 

reservoirs. Even though various methods have been proposed to determine crack initiation stress 

(Nicksiar and Martin, 2012), their reliability in unconventional rocks is questionable. 

Furthermore, the difficulty of direct monitoring rock damage during drilling and hydraulic 

fracturing makes the experimental study of rock damage one of the most essential approaches to 

investigate rock mechanical properties, linking laboratory measurements with fieldwork.  

In this research, we conduct laboratory experiments on tight rocks to investigate rock 

damage in unconventional reservoirs by overcoming the difficulty and complexity of coring in 

unconventional formations. Our study focuses on reducing the ambiguity in rock damage 

evaluation, including the following research:  

1. Renovate the brittleness index using a reliable method.   

2. Characterize traditional brittleness indices in the petroleum industry by testing their 

performance and analyzing their shortcomings.  

3. Describe the damage behavior of tight rocks based on key stress thresholds.  

4. Evaluate the approaches for crack initiation stress and modify a new method for tight 

rocks.  

5. Emphasize the significant applications of crack initiation stress. Make a connection 

between laboratory results and field applications.  

1.3. Dissertation outline 

In Chapter 2, theoretical backgrounds of rock mechanics are introduced, including stress-

strain curves, elastic moduli, and Mohr’s stress circle. We give a summary on rock damage and 

failure, discuss the effects of confining pressure and temperature on rock damage behavior, and 
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present measured rock samples, experimental apparatuses and the test methods used in this 

study.  

In Chapter 3, laboratory experiments are carried out on shale and tight sandstone 

samples. In the first experiment, we apply a triaxial cyclic loading on a shale sample until it 

ruptures. Strain energy conversion is exploited during each loading cycle. A new brittleness 

index is calculated by analyzing strain energy in the cyclic loading test. In the second 

experiment, we perform traditional triaxial failure and obtain stress-strain data of tight rocks. 

Traditional brittleness indices are derived based on stress-strain relationship and mineralogy data 

for different definitions. The new brittleness index developed in this study is compared with 

other brittleness indices. The correlations results indicate their performances in rock failure 

evaluation. We analyze the pros and cons of different methods and figure out the reasons leading 

to a large variance in brittleness evaluation.   

In Chapter 4, rock failure process can be divided into several stages based on crack 

development during the triaxial failure experiment. The stages are distinguished by key stress 

thresholds. For the triaxial failure test, key stress thresholds are obtained for all measured 

samples. We analyze the distribution of key stress thresholds on the stress-strain curve for shale 

and tight sandstone specimens. The crack growth processes of different damage modes can be 

explained using key stress thresholds. We conclude that key stress thresholds can describe the 

damage behavior of unconventional reservoir rocks before and after failure.    

In Chapter 5, triaxial failure experiments are carried out to study rock damage behavior 

using shale samples from the same unconventional reservoir. We also performed failure 

experiments using three sandstones samples to investigate the confinement effect on rock 

damage by applying different confining pressures. In addition, we have developed a reliable 
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method based on strain energy evolution to detect the crack initiation stress for the shale sample. 

Key stress thresholds and the stress-strain relationship are used to determine the damage mode. 

Additionally, the applications of crack initiation stress, such as elastic stage determination, in-

situ stress prediction, and fracability evaluation, are illustrated with field data.   
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2. INTRODUCTION TO THEORIES AND EXPERIMENTS  

2.1. Introduction to rock mechanics  

2.1.1. Linear elasticity 

Rock mechanics is a theoretical and applied science about the mechanical behavior of 

rock. It is the branch of mechanics focusing on the response of rock to force fields of its physical 

environment (Judd, 1964). The relationship between rock deformation and stress is the 

fundamental interest in rock mechanics. Most key mechanical parameters of rocks can be derived 

from stress-strain data that are measured from laboratory experiments. Stress (σ) is the internal 

force per unit area and is defined as: 

𝜎 =
𝐹

𝐴
                                                                 (2.1) 

where A is the area of the cross-section for a sample, and F is the load applied on the cross-

section. 

Strain describes rock’s deformation responding to the exerted stress. The axial strain (ε) 

can be described as:  

휀 =
 𝐿−𝑙

𝐿
                                                              (2.2) 

where L is the original length of the rock sample and l is the final length.  

Positive strain is for axial compression and negative strain is for lateral expansion in a 

compression test. Figure 2.1 schematically illustrates the stress and strain relation for a rock 

being deformed during a compression failure experiment. The axial stress-strain curve is located 

at the positive section of the coordinate system, and the lateral stress-strain curve lies in the 

negative section of the coordinate system. Furthermore, the volumetric strain is defined as the 

sum of axial strain and twice lateral strain. We can clearly distinguish the elastic and nonelastic 
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stage from the stress-strain curve. In the elastic regime, the stress and strain have a linear relation 

for homogenous isotropic rocks, which can be described by Hooke’s law as: 

      𝜎𝑖𝑗 = 𝜆𝛿𝑖𝑗휀𝑖𝑗 + 2𝜇𝜆휀𝑖𝑗                                                   (2.3) 

where 𝜎𝑖𝑗 are the components of the stress tensor; 휀𝑖𝑗 are the components of the strain tensor; 𝜆 

and 𝜇 are Lamé parameters (Timoshenko and Goodier, 1934; Mavko et al., 2009).  

Five commonly used elastic moduli for homogenous isotropic rocks are derived from 

Hooke’s law. Bulk modulus, which is defined as the ratio of the mean stress (σαα) to the 

volumetric strain (εvol) in hydrostatic compression, is expressed as:  

  𝐾 =
𝜎𝛼𝛼

𝜀𝑣𝑜𝑙
                                                                (2.4) 

The compressibility of a rock, β, is given as the reciprocal of the bulk modulus (1/K). 

Young’s modulus is considered as the rock stiffness in uniaxial stress condition. It is defined as 

the ratio of stress to the strain in the same direction, that is,  

𝐸 =
𝜎1

𝜀1
                                                                 (2.5) 

Poisson’s ratio, as the ratio of lateral expansion to axial shortening, is described as: 

𝜈 =
𝜀1

𝜀3
                                                                  (2.6) 

Shear modulus, μ, is defined as the ratio of applied shear stress to the corresponding shear 

strain.  

𝜇 =
𝜎13

2𝜀31
                                                                (2.7) 

Lamé parameter, λ, is also often used to describe rock’s physical properties, but it does 

not have a clear physical meaning. The relationships among elastic moduli in an isotropic rock 

have been studied extensively for many decades (Birch, 1961; Davis and Selvadurai, 1996; 
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Mavko et al., 2009). Elastic moduli can represent mechanical properties in the elastic stage. 

However, it is often not adequate to use them directly to describe the whole damage process.  

 
Figure 2.1. Schematic of the stress-strain curve for a rock under a compression failure test. 

2.1.2. Nonlinear elasticity 

 

Rocks that do not obey a linear stress-strain relation are considered behaving nonlinearly. 

The nonlinear behavior is caused by permanent deformation in the rock. Such irreversible 

deformation is known as the damage behavior. The stress level that the rock enters the nonlinear 

stage is described as yield stress. With the accumulation of nonlinear deformation, the slope of 

the stress-strain curve gradually decreases to zero at the peak stress point, the compressive 

strength. After this critical stress level, the rock structure starts to fail. Meanwhile, the stress 

decreases as deformation progress. Finally, the rock reaches a relatively stable status when stress 

remains a constant value, which is defined as the residual strength.  

The nonlinear behavior before failure is produced by the occurrence of cracks in the rock. 

It can be observed in some rocks at the early loading period due to preexisting cracks closure. 



 

9 

 

Figure 2.2 illustrates that the slope of stress-strain rises when increasing load makes the crack 

close. The crack closure is a process that makes rock stiff, which is not considered as damage  

behavior. Hence, we will not take it into account in our study.   

 
Figure 2.2. Nonlinear stress-strain behavior when preexisting cracks close (after Fjær et al., 

2008). 

The nonlinear behavior studied in this dissertation is the plastic deformation after the 

elastic stage, which is shown as red color in Figure 2.1. The increased stress leads to crack 

initiation and development. As shown in Figure 2.3, the crack surface begins to slide when the 

shear stress across the crack exceeds the critical shear stress. Moreover, the sliding along the 

crack surface is accompanied by the opening of two wing tensile cracks. The crack opening 

influences lateral strain rather than the axial strain. Therefore, the volumetric strain, which is 

made up of axial strain and double lateral strain, starts to reverse when lateral strain increases 

significantly. The phenomenon that the volume of the rock decrease under the action of 

additional compressive stress is known as dilatancy (Jaeger et al., 2009). These cracks contribute 

to the permanent deformation and help the rock to rupture easily, which is reflected as the 

smaller slope of the stress-strain curve smaller than that in the elastic stage (Figure 2.3).   
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Figure 2.3. Nonlinear stress-strain behavior due to crack sliding (after Fjær et al., 2008). 

2.2. Rock failure  

2.2.1. Compression tests   

Rock failure occurs when a rock is subject to large enough stress, resulting in the 

permanent shape change and loss of the capacity to carry loads. It displays more throughgoing 

damage than plastic damage before failure. A complete stress-strain curve is usually obtained 

through the axial compression test of a cylindric sample whose length-to-diameter ratio is about 

2 to 3. There are three types of configurations for compression tests (Figure 2.4). The uniaxial 

compression test is carried out without confining stress on the lateral surface. In a traditional 

triaxial compression test, confining stress is applied in the lateral direction of the rock with the 

same value in different directions. For the true triaxial compression test, the stress level of 

confining pressure varies in different directions. The traditional triaxial compression test is 

conducted in this study due to the limitation of the experimental apparatus.    
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Figure 2.4. Cube specimen under (a) uniaxial stress, (b) traditional triaxial stress in which the 

two lateral confining stresses are equal, and (c) true-triaxial stress in which all three principal 

stress are different (Jaeger et al., 2009). 

2.2.2. Mohr-Coulomb criterion 

Shear fractures often develop in triaxial compression failure tests. It happens when the 

shear stress is greater than the critical value along certain planes in the sample. Rock’s shear 

failure responding to the applied normal stress is described by the Mohr-Coulomb criterion 

(Coulomb, 1773; Mohr, 1900), which is expressed as:  

𝜏 = 𝑆0 + 𝜇𝜎                                                            (2.8) 

where τ is the shear strength; μ is the coefficient of internal friction; S0 is the inherent shear 

strength, also known as the cohesion of material; and σ is the applied normal stress. Figure 2.5 

illustrates the Mohr-Coulomb failure criterion. σ1 and σ3 represent the maximum normal stress 

and minimum normal stress, respectively. The straight line tangent to the Mohr’s circle is the 

envelope of shear failure criterion with a slope of  

𝑡𝑎𝑛 𝛼 = 𝜇                                                              (2.9) 

where μ is the coefficient of internal friction and α is defined as the angle of internal friction. 
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Figure 2.5. Mohr-Coulomb criterion with the linear envelope and the Mohr’s circle in a critical 

stress state. 

2.2.3. Effects of confining pressure and temperature 

Rock failure behavior is significantly affected by confining pressure. If the confining 

pressure increases in a triaxial failure test, the compressive strength required to rupture rock will 

also increase. A rock becomes more ductile under higher confining pressure and is more difficult 

to rupture rock (Becker, 1983; Adams, 1912). Figure 2.6(a) shows how confining pressure 

influences the axial stress-strain curve for a Rand quartzite. Within different confining pressures, 

there is no change for the linear elastic stage. However, both yield stress and compressive 

strength increase as the confining pressure increases. Generally, confining pressure restricts rock 

failure. The increment of confining pressure produces the transition from brittle failure to ductile 

failure.    

Temperature plays a similar role as confining pressure in rock failure. Figure 2.6(b) 

illustrates the stress-strain curves for granite measured with fixed confining pressure at various 

temperatures. In room temperature, rock failure occurs at a high stress level, accompanied by a 
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stress drop after peak stress. When the temperature increases to 800ºC, the stress drop is 

negligible. Meanwhile, the slope of stress-strain curves in the elastic stage decreases.  

It is clear that both temperature and confining pressure induce ductile damage during 

rock failure tests. In our traditional triaxial compression tests, we purposely select the confining 

pressure and use room temperature to eliminate the ductile effect in rock failure. 

 
Figure 2.6. (a) Stress-strain curves for quartzite with different confining pressures (Jaeger et al., 

2009). (b) Stress-strain curves for granite with different Temperatures (Griggs et al., 1960). 

2.3. Rock samples 

The samples used in this study are sedimentary rocks in unconventional reservoirs, 

namely, tight rocks, including tight sandstone and shale. Tight rocks have extremely low porosity 

and permeability. We select two groups of rock samples from different unconventional reservoirs 

for this study. The first group consists of 11 cylindrical plugs for shales and tight sandstones. 

Three tight sandstone samples are from fields of an unconventional play in Shaanxi, China, and 

six shale samples are from fields of shale reservoirs in Sichuan and Xinjiang, China. Two more 

shale plugs are chosen from outcrops of the Mancos shale play. Each sample is cut with the 

length-to-diameter ratio of roughly 2:1 as ISRM standards (Kovari et al., 1983). The porosity and 
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grain density are measured with a porosimeter. Additionally, X-ray diffraction (XRD) tests are 

performed on the powder of post-failure samples to obtain mineralogy information.  

Fourteen pairs of shale plugs from different depths in the same reservoir are selected as 

the second group. Each pair includes one vertical plugging sample and one horizontal plugging 

sample from the same shale block. The received shale samples are cut cylindrically with a 

tolerance of ±2.5×10-3 cm for the ground flatness of the ends. Porosity, grain density and bulk 

density are measured with the helium porosimeter at Rock Physics Laboratory. The physical 

parameters of measured samples are given in Chapter 5.   

2.4. Triaxial failure test systems  

2.4.1. NER AutoLab 1500 system  

The first measurement system we select is the AutoLab 1500 system from New England 

Research, which is shown in Figure 2.6. As a servo-hydraulically controlled triaxial testing 

apparatus, the system can produce a maximum axial load of 832 KN to rupture rock samples. 

Moreover, it also provides a maximum confining pressure of 68 MPa through the hydraulic oil in 

the vessel. A pair of linear variable differential transformers (LVDT) fixed at the end of two 

endcaps is used to measure axial strain. Another pair of LVDT attached with a lateral bridge is 

fixed at the middle position of the sample to obtain lateral strain. Piezoelectric transducers are 

placed in the top and bottom endcaps for ultrasonic measurements under different stress levels. 

Based on the suggestions from ISRM, the axial strain is controlled with a fixed rate during the 

whole failure process. More details about the experimental apparatus and procedures are 

presented in Chapter 3 and Chapter 4.   



 

15 

 

 
Figure 2.7. The NER AutoLab 1500 triaxial system. 

2.4.2. MR-RM 3000 system  

The second testing equipment we use is the rigid servo-controlled MR-RM 3000 Rock 

Mechanics Testing system manufactured by MetaRock Laboratories, which is shown in Figure 

2.7. This system provides internal load up to 50,000 lb and confining pressure up to 70 MPa. 

Like the NER Autolab 1500 system, the rock specimen is placed inside a confining vessel with a 

jacket in this system. A pair of linear variable differential transformer (LVDT) is clamped at the 

end of two endcaps for axial strain measurement. The ultrasonic velocity test can be performed 

simultaneously with the piezoelectric transducers, which are located in the platens. The 

difference with the NER Autolab 1500 system is that a cantilever bridge with four strain gauges 

is used in the MR-RM 3000 system to obtain the lateral displacement with two orthogonal 

directions. The whole failure test is controlled with a constant axial strain rate and confining 

pressure. This apparatus is used in Chapter 5.        



 

16 

 

 
Figure 2.8. The MetaRock MR-RM 3000 test system. 

2.5. Test methods 

2.5.1. Triaxial compression failure test with constant confining pressure 

Triaxial compression failure tests are carried out on most of the rock samples. In these 

tests, confining pressure is controlled at the target value based on in-situ stress condition during 

the failure process. As shown in Figure 2.8, the axial strain rate increases with a constant rate 

until rock failure occurs. Based on the triaxial failure test, a complete stress-strain curve, 

Young’s modulus, Poisson’s ratio, compressive strength as well as other rock mechanical 

parameters can be derived. The rock samples in the first group are tested using the NER AutoLab 

1500 system. The second group specimens are measured with the MR-RM 3000 system. 
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Figure 2.9. The typical test procedure of the triaxial failure test with constant confining pressure. 

2.5.2. Cyclic compression test with constant confining pressure 

One shale sample from the first group is tested in the NER AutoLab 1500 system under 

cyclic compression until it ruptures. When confining pressure remains fixed, the cyclic loading 

can be used to explore the strain energy distribution and conversion in different damage stages. 

This test is described in detail in Chapter 3.  

2.5.3. Triaxial compression test with various confining pressure 

Three additional sandstone samples from the same rock block are used to analyze the 

effect of confining pressure on rock damage behavior. Triaxial failure tests in different confining 

pressure are conducted separately on each rock sample with the NER AutoLab 1500 system. The 

experiment results are presented in Chapter 5.   

2.6. Summary  

As the frequently used method in rock mechanics study, the triaxial compression test 

provides stress-strain relationships of rocks under different stress conditions. Based on the stress-

stress curve, rock mechanical properties, namely, elastic moduli, patterns of the curve, the 
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compressive strength, the residual strength, strain energy etc., are derived to discuss rock damage 

behavior in the present dissertation. Meanwhile, we overcome difficulties to collect rock samples 

from unconventional reservoirs, which are rarely accessible. We perform a comprehensive 

investigation of rock failure process through the experimental study and offer sufficient data to 

optimize oil and gas production in unconventional reservoirs.  
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3. EXPERIMENTAL STUDY ON FAILURE PROCESS OF TIGHT SANDSTONES AND 

SHALES BASED ON STRAIN ENERGY  

3.1. Introduction 

Unconventional resources play an important role in the energy industry. In order to 

achieve industrial capacity in tight reservoirs, people pay much attention to geomechanical 

parameters to understand rock failure process, which is relevant to wellbore stability, drilling 

performance, and hydraulic fracturing (Nygrad et al., 2004; Zoback, 2010; Fjær et al., 2008). 

Brittleness is one of the essential mechanical properties to evaluate rock failure and stimulate 

reservoir volume for unconventional plays (Jaeger et al., 2009; Davis et al., 2011; Romanson et 

al., 2011). However, the universal definition for brittleness is still ambiguous, and the role of 

brittleness for identifying the desirable fracturing formation is uncertain in hydraulic fracturing 

(Jin et al., 2015; Bai, 2016). Hence, the experimental investigation of unconventional rocks is 

necessary to analyze failure process and understand brittleness.  

Although many people propose different definitions to describe brittleness, there is no 

unique definition widely accepted in literature. Morley (1944) thought brittleness could be 

expressed as the loss of plasticity of materials. Andreev (1995) defined brittle rock could deform 

continuously without producing permanent deformation when the rock was subject to sufficient 

stress to produce micro-cracks. Jaeger (2009) believed brittle failure behavior was thought of as 

a lack of irreversible deformation before failure and a loss of loading-bearing capacity after 

failure. Furthermore, there have been more than twenty brittleness indices to evaluate rock 

failure behavior quantitatively by elastic moduli, stress-strain relationship, mineralogy, and 

other parameters (Hucka and Das, 1974, Jarvie et al., 2007; Rickman et al., 2008; Jin et al., 

2015). However, the applicability of these methods to assess failure behavior is still in dispute.   
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Recently, strain energy, which is obtained from the area under the stress-strain curve, is 

used to analyze rock failure process (Nishiyama et al., 2002; Ai. et al., 2016; Li et al., 2017). 

Figure 3.1 illustrates that different types of strain energy appear under the whole failure test. 

When the extern load is applied to the rock sample, strain energy starts to exchange and convert 

in different deformation stages. From a thermodynamic viewpoint, energy conversion is an 

essential physical process, which infers that the rock’s rupture is the final result of an energy-

driven destabilization process (Xie et al., 2009). The intrinsic relationships among energy 

absorption, energy dissipation, and energy release are crucial to evaluate the rock’s damage 

process. Therefore, we conduct triaxial compression experiments to explore the strain energy in 

failure behavior evaluation.     

 
Figure 3.1. Strain energy in different stages of the stress-strain curve (after Ai. et al., 2016) 

Our study aims to investigate strain energy conversion during different damage stages 

and the ability of strain energy to evaluate rock failure process by two kinds of triaxial 

compression tests. One is the cyclic loading experiment in different damage stages. The other 

test is the conventional triaxial failure test. In the first part, the cyclic loading test helps us 
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understand the strain energy conversion in different stress levels and loading paths. The rock’s 

failure process is evaluated using strain energy conversion. In the second part, we propose a new 

brittleness index based on the strain energy to evaluate rock failure process quantitatively under 

the triaxial failure test. Simultaneously, several frequently used brittleness indices in the oil 

industry are introduced. They are compared with the proposed brittleness index to test their 

performances in rock failure evaluation.  

3.2. Experimental methods and sample description  

3.2.1. Experimental system introduction  

Triaxial compression failure tests are carried out to determine stress-strain data and 

failure behavior. Experiments are performed using the NER Auto 1500 triaxial apparatus, which 

is shown in Figure 3.2. In this system, the servo-hydraulically controlled piston can produce a 

maximum axial load of 832 KN to rupture rock samples. Moreover, the hydraulic oil in the 

vessel can provide a maximum confining pressure of 68 MPa. To prevent the hydraulic oil from 

contaminating the sample, we wrap a rubber sleeve on the cylindrical specimen. As shown in 

Figure 3.2, the axial strain is measured by a pair of linear variable differential transformers 

(LVDTs), which is clamped at the end of two end caps. Another couple of LVDTs attached with 

a lateral bridge is fixed at the middle position of the sample to obtain the lateral strain. The 

lateral LVDTs are placed as close to the sample surface as possible (two small holes without 

penetration are drilled at the rubber sleeve where the LVDTs are placed) to make the lateral 

strain measurement more accurate and sensitive. More details about the experimental equipment 

can be found in Wang et al. (2020a). 
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Figure 3.2. Schematic of the assembly inside of the confining vessel for the triaxial failure test 

(after Wang et al., 2020a) 

3.2.2. Cyclic loading test: sample description and experimental procedure 

A vertical plug coming from the outcrops of Mancos shale play (M1) is selected for the 

cyclic loading test. Based on porosimeter measurement, the porosity of the shale is 4.8%, and the 

grain density is 2.62 g/cm3 (Table 1). Meanwhile, the sample length is 4.9 cm, and the diameter 

is 3.7 cm. The plug is placed in an oven for 24 hours by keeping a temperature of 80ºC to ensure 

a dry test condition before we carry out the experiment. X-ray diffraction (XRD) test is 

performed on the powder of failure sample (Figure 3.5). This specimen has a high quartz fraction 

(55.2%) and relatively low clay content (25.2%). It also contains dolomite (10.7%), calcite (5%), 

and feldspar (3.9%). As shown in Figure 3.3, a thin section image is taken under a cross- 
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polarized light condition for the measured shale sample. Belt quartz concentration is observed in 

the sample, and the stiff minerals are poorly sorted with the angular shape. Organic matters are 

distributed in clay, which has the preferred orientation in the sample.  

 
Figure 3.3. The thin section image under polarized light conditions for the Mancos shale. 

The cyclic loading experiment is conducted in room-dry condition. Initially, confining 

pressure is applied up to 20MPa with 0.1 MPa/s after the vessel is filled with hydraulic oil. Then 

the deviatoric stress increases as long as the hydraulic piston is controlled to touch the top platen. 

The hydraulic piston is operated to change deviatoric stress with a constant strain rate (10-6/s) in 

each loading cycle. The stress-strain curve is monitored in real-time to determine the unloading 

stress level under the whole test. The loading-unloading cycle is performed in the initial damage 

stage, the severe damage stage, the peak strength stage, and the post-failure stage. Figure 3.4 

displays the complete stress-strain curve from the cyclic loading test. 
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Figure 3.4. The complete stress-strain curve for the shale specimen under the cyclic loading test. 

3.2.3. Conventional triaxial compression test: sample description and experimental procedure 

Ten cylindrical rock plugs (including seven shale plugs and three tight sandstone plugs) 

from different unconventional reservoirs are received for conventional failure experiments. 

Three tight sandstones (JZ1-JZ3) are from fields of unconventional plays in Shaanxi, China, and 

six shales (L1 to L6) are from fields of unconventional plays in Sichuan and Xinjiang, China. 

One more shale sample (M2) is chosen from outcrops of the Mancos shale play in the USA. Each 

sample is cut with the length-to-diameter ratio of roughly 2:1 according to ISRM standards 

(Kovari et al., 1983). The ends of rock samples are ground flat with a tolerance of ±2.5×10-3cm. 

The rock plugs are placed in an oven for 24 hours by keeping a temperature of 80ºC to ensure 

dry test condition before we carry out the experiments. Subsequently, the porosity and grain 

density are measured with a porosimeter (Table 3.1).  
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Table 3.1. Basic parameters of rock samples 

Sample Porosity 

(%) 

Grain density 

(g/cm3) 

Bulk density 

(g/cm3) 

JZ1 sandstone 5.8 2.74 2.59 

JZ2 sandstone 7.7 2.78 2.57 

JZ3 sandstone 6.3 2.79 2.61 

M1 shale  4.8 2.62 2.49 

M2 shale 5.0 2.65 2.52 

L1 shale 0.6 2.73 2.71 

L2 shale 5.3 2.64 2.50 

L3 shale 2.9 2.75 2.67 

L4 shale 1.6 2.67 2.63 

L5 shale 

L6 shale 

4.5 

6.7 

2.67 

2.58 

2.55 

2.41 

 

X-ray diffraction (XRD) tests are performed on the powder of post-failure samples to 

obtain the mineralogy information. The results are shown in Figure 3.5. Generally, quartz and 

clay are the dominant constituents in volume fractions. Mancos shales (M1 and M2) show much 

higher quartz content than Sichuan shales (L1 to L5). However, Sichuan shales exhibit more 

carbonate minerals (calcite and dolomite) than Mancos shales. Additionally, tight sandstones 

(JZ1 to JZ3) from Shaanxi contain more feldspar minerals than other shale samples.   
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Figure 3.5. Mineral composition of tested tight rock samples from XRD tests. 

Conventional triaxial compression tests are carried out to determine the stress-strain data 

and strain energy conversion for ten rocks. All the experiments are conducted in room-dry 

condition. Firstly, the confining pressure is increased to the target value with a constant pressure 

rate of 0.1 MPa/s after the vessel is closed and filled with hydraulic oil. It is pertinent to mention 

that we attempt to simulate effective in-situ stress conditions in rocks. Accordingly, the 

confining pressure is set as 20 MPa for four rock plugs (JZ1, JZ2, JZ3, L6) and 35 MPa for five 

rock plugs (L1 to L5). For comparison, the outcrop sample (M2) from the Mancos shale play is 

tested with a 20 MPa confining pressure. Subsequently, the deviatoric stress is applied once the 

hydraulic piston moves downwards and touches the top platen. The hydraulic piston is operated 

to increase deviatoric stress by controlling a constant strain rate of 5×10-5/s.  



 

27 

 

3.3. Strain energy analysis under triaxial cyclic loading conditions  

3.3.1. Strain energy conversion in a loading-unloading cycle  

The rock continuously absorbs, dissipates and exchanges energy in the entire damage 

process. Considering the deformation of a rock unit under the extern load, we assume no heat 

exchange from mechanical work. According to the first law of thermodynamics (Clausius, 1850), 

work done by the deviatoric stress on the rock can be expressed as:  

𝑈 = 𝑈𝑒 + 𝑈𝑑                                                          (3.1) 

where U is the total strain energy in the rock, namely, the external energy input; Ue represents 

the elastic strain energy described as the accumulated energy in rock, and it releases when the 

rock deformation recovers or the rock experiences rupture. Ud is the dissipated energy that is 

mainly used for internal micro-structure damage and plastic deformation.  

In the triaxial cyclic loading experiment, the rock sample absorbs and dissipates energy 

during the loading period and releases energy when the load is removed. Figure 3.6 shows the 

stress-strain curve of the measured sample in the first loading-unloading cycle. The loading 

curve is divided into elastic and plastic parts due to the slope change. The unloading curve does 

not coincide with the loading curve. Generally, the unloading curve is below the loading curve, 

which indicates a closed stress-strain loop is observed in the loading-unloading cycle. In the first 

loading condition, the extern load provides work on the rock sample. The area under the stress-

strain curve is total strain energy density, including accumulated elastic strain energy density and 

dissipated strain energy density. When the loading stress begins to decrease, the stress-strain 

curve reverses. Simultaneously, the area under the unloading curve represents the recoverable 

elastic strain energy density. However, due to the strain energy dissipation during cyclic loading, 

there is a divergence between the loading and unloading curves. The closed-loop area between 
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the loading curve and the unloading curve is the dissipated strain energy density, contributing to 

the unrecoverable damage.       

 
Figure 3.6. The elastic energy density (Ue) and the dissipated energy density (Ud) in the first 

loading cycle. 

3.3.2. Strain energy conversion in different loading-unloading cycles  

The cyclic loading test is widely used in rock mechanical studies. In the present research, 

the cyclic loading experiment covers the whole failure process, including the pre-peak stage and 

the post-peak stage. Axial, lateral and volumetric stress-strain curves in different loading cycles 

are shown in Figure 3.7. The start point of stress-strain curves is corrected as zero for intuitive 

comparisons. The unloading stress point in the first loading cycle is determined in the elementary 

phase of plastic deformation. After the first loading-unloading test, the sample cannot return to 

the original condition on account of plastic damage. The irreversible strain is 2.4×10-3, which is 

the difference between the original position and the end position of the unloading process. Then, 
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the unloading stress level is added to 142 MPa in the second loading-unloading process. The 

shale sample undergoes elastic deformation and plastic deformation again. However, the stress  

threshold between the elastic section and the plastic section in the second cyclic loading is higher 

than that in the first cycle. Meanwhile, the reversal of volumetric strain also occurs at a higher 

stress level in the second loading cycle. Generally, each loading cycle will induce irreversible 

damage and reduce rock strength. However, the sample becomes challenging to achieve the 

plastic stage after the first cyclic loading in this measurement. The irreversible strain in the 

second loading cycle is 1.5×10-3 and lower than that in the first cycle. This uncommon 

phenomenon can be explained by that the whole rock structure becomes stiff due to the reduction 

of initial cracks and defects after the first loading-unloading process. In the first cycle, the stress 

makes a consolidated process rather than a structural damage process. Based on the thin section 

image in Figure 3.3, quartz concertation is abundant. The compaction process makes the 

heterogeneity adjust to enhance rock mechanical structure. Hence, the rock in the second loading 

cycle is more rigid with a longer elastic section and more elastic strain energy.  

From the third cyclic loading, the specimen enters the pos-peak stage. The unloading 

process in the third loading cycle is performed when the loading stress approaches the peak 

strength. In contrast with the second cyclic loading, the plastic stage becomes shorter. The 

dilatancy occurs at a lower stress level. It indicates that the substantial damage brings about 

structural deterioration in the second cycle. Nevertheless, the small irreversible strain implies 

that the recoverable strain energy still dominates when the sample starts to rupture. Unlike the 

third cyclic loading, the load decreases when the rock becomes stable after failure in the fourth 

cycle. As the endpoint of the failure process, this unloading stress level is also described as the 

residual strength. The damage in the third cycle reduces the compressive strength from 150MPa 
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to 130 MPa. Moreover, the structural collapse after failure gives rise to the most irreversible 

strain and dissipated strain energy in the fourth cyclic loading. The slope of the unloading curve 

approaches Young’s modulus, which indicates that the residual structure still keeps similar 

mechanical property with the original sample.   

 
Figure 3.7. Stress-strain curves for the shale specimen in different loading cycles. 

3.3.3. Quantitative evaluation of rock damage in different loading-unloading cycles  

In the cyclic loading test, each loading-unloading test usually weakens the capacity of 

bearing structure damage. Aiming to evaluate rock damage behavior in different loading-

unloading cycles quantitatively, we select strain energy as a damage indicator. Based on our 

previous discussion, the unloading curve cannot overlap the loading curve due to the dissipated 

energy. Hence, different strain energy densities are calculated using the areas under the stress-
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strain curve. The damage coefficient is proposed to evaluate rock damage based on strain energy 

density in the cyclic loading test. It is expressed as,   

eU U
D

U

−
=                                                             (3.2) 

where U is the total strain energy density, which is the total area under the loading curve in each 

loading cycle. Ue represents the recoverable elastic strain energy density, namely, the area under 

the unloading curve. (U-Ue) is described as the dissipated strain energy density in each cycle. 

The damage coefficient represents the ratio of dissipated strain energy and total strain energy. A 

higher degree of structural damage involves more dissipated strain energy and less recoverable 

elastic strain energy.  

 
Figure 3.8. The variation of damage coefficient in different loading cycles. 

In Figure 3.8, the second loading cycle shows the lowest damage coefficient, and the last 

cycle has the highest damage coefficient. From the first loading cycle to the second loading 

cycle, the damage decreases due to the stiffer process in the first loading-unloading test. Then the 

rock damage begins to increase from the second cycle. When the shale sample completes the 
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whole failure process and reaches the stable condition in the last loading cycle, the damage 

coefficient increases to the maximum value, which indicates most damage and irreversible strain 

energy occur. In summary, the cyclic loading test clearly shows strain energy conversion, 

exchange, and dissipation during different damage stages. The damage coefficient is introduced 

to evaluate rock damage using the dissipated strain energy. 

3.4. Analysis of brittleness indices  

3.4.1. Brittleness index based on strain energy  

Depending on triaxial cyclic loading test results, we understand rock failure process is 

closely related to energy conversion, exchange, and loss. The same process is also discovered in 

the conventional compression test. Firstly, the rock specimen stores a large amount of elastic 

strain energy charged by the extern load in the elastic stage. Subsequently, irreversible 

deformation occurs and produces the dissipated strain energy, which results in micro-cracks 

development. With the dissipated strain energy increasing, more and more damage is induced in 

the rock structure. When the applied load achieves rock strength, the specimen absorbs 

maximum elastic strain energy and consumes maximum dissipated strain energy in this critical 

status. After the peak strength, the maximum stored elastic energy is released to create major 

fractures drastically until the rock reaches a new equilibrium at the residual strength.  

For brittle and ductile rocks, there are different characteristics of stress-strain curves and 

strain energy conversion processes. Some models have been developed to evaluate rock 

brittleness through strain energy (Tarasov et al., 2013; Ai et al., 2016). However, there is no 

normalized brittle index using strain energy to describe the entire failure process, including the 

pre-peak and post-peak stages. Therefore, we modify the model and propose a new normalized 

brittleness index with the strain energy under the triaxial compression test.  
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Figure 3.9. Schematic of stress-strain curves for (a) the ductile rock and (b) the brittle rock under 

the compression failure test. Note: Part I is the dissipated strain energy; part II is the elastic strain 

energy; part III is the residual strain energy (after Tarasov and Potvin, 2013). 

Figure 3.9 describes the two types of stress-strain curves. Overall, different damage 

behavior still experiences some similar energy conversion processes. Initially, most work offered 

by the extern load is stored in the rock as elastic strain energy. When the stress exceeds the crack 

initiation stress threshold, the dissipated energy occurs due to cracks initiation and growth. 

Subsequently, the extern load keeps increasing until it passes the rock strength. Meanwhile, the 

elastic strain energy and dissipated strain energy arrive at the critical value. Finally, the 

accumulated strain energy is released to complete the rock failure when the rock achieves stable 

status.  

However, the damage characteristics of two stress-strain curves cause different strain 

energy conversion processes.  For the failure process of type (a), the stress-strain curve indicates 

more plastic deformation and more dissipation energy (part I) in the pre-peak stage. In the post-

peak stage, the elastic energy stored in the pre-peak stage is not enough to complete the failure 

process. Hence, the extern load is applied to offer additional energy. This extra load leads to 

more residual energy (part III). For the failure process of type (b), the yield platform is steeper, 
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and more elastic energy (part II) is accumulated in the rock. Damage behavior in this type of 

failure indicates it has sufficient stored energy to rupture the rock. Most of the accumulated 

elastic energy releases rapidly to form major factures. Hence, we observe less residual strain 

energy (part III). The differences indicate the rock of type (b) has a self-sustaining failure mode. 

However, the rock of type (a) cannot complete the failure process without extra energy. Hence, 

the failure behavior of type (a) is defined as ductile damage, and type (b) is considered as brittle 

damage. Moreover, we assume the hypothetical unloading slop in the conventional triaxial 

failure test is the same as Young’s modulus (Tarasov and Potvin, 2013; Munoz et al., 2016). 

Hence, the area for each part can be calculated. Based on strain energy conversion in different 

failure processes, we propose a new brittleness index as:  

1
1 1

(1 ) (1 )
2 2

d r

e

U U
B

U U
= − + −                                                  (3.3) 

where Ud represents the dissipated strain energy density (part I); Ue is the elastic strain energy 

density (part II); U is the total strain energy density in the pre-peak section, including the elastic 

and dissipated strain energy density; Ur is the residual energy density (part III). B1 covers the 

whole failure process, including the pre-peak and post-peak sections. For a brittle rock, we 

consider it has more stored elastic energy in the pre-peak stage and less unconsumed strain 

energy from stored energy in the post-peak stage.  

3.4.2. Review of common brittleness indices  

Based on different experimental results and strain energy analysis, we believe the 

proposed brittleness index (B1) is reliable enough to describe the whole rock failure process. 

Therefore, we can appraise the performances of other common brittleness indices by comparing 

them to B1. 
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3.4.2.1. Brittleness indices based on the stress-strain curve  

The complete stress-strain curve consists of the pre-peak and post-peak stages during the 

entire failure process. Thus, there are two different brittleness indices derived from the various 

stages. As is shown in Figure 3.9, people use the ratio of the elastic strain (εel) to the total strain 

(εtot) in the pre-peak stage as brittleness index (Hucka and Das, 1974):  

2
el

tot

B



=                                                                 (3.4) 

where εtot=εel+εpl, and εpl is the plastic strain at the failure. B2 is used to evaluate brittleness by a 

percentage measurement of the elastic part in the pre-peak stage.  

In the post-peak stage, brittleness is strongly related to the difference between the peak 

strength and residual strength. Hence, the rock has a higher brittleness when stress drops 

enormously (Bishop, 1967).  
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=                                                          (3.5) 

where δpeak is the peak strength and δres is the residual strength in Figure 3.9. 
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Figure 3.10. (a) The relationship between B1 and B2. (b) The relationship between B1 and B3. 

B1 is compared with various brittleness indices to test their performances based on the 

stress-strain curve. In this study, we pick up the last loading cycle as the failure process for M1 

shale. Hence, different brittleness indices for eleven tight rocks are calculated. In Figure 3.10, B1 

is plotted with B2 and B3 separately. Compared with B1, B2 has a narrow range from 0.7 to 0.9.  



 

37 

 

Hence, B1 has a better capacity to distinguish different brittleness. Meanwhile, the coefficient of 

determination (R2) is below 0.24, which indicates a poor correlation between B2 and B1. B2 is 

obtained by the strain in the pre-peak stage. The tiny difference in B2 for different rocks leads to 

an obscure variance. Therefore, we consider B2 is unstable to evaluate the brittleness for the 

tested rock samples. Unlike the correlation between B1 and B2, B3 shows a primely positive 

relationship with B1 with a high R2 value. B3 describes the brittles rock drops more loading 

bearing capacity after failure. It is the result of the damage in the pre-peak stage. Though the 

perfect correlation is exhibited, we still observe a few inconsistent results for B1 and B3 in 

brittleness evaluation. It may be caused by the subjective determination of residual strength 

during the failure test. Therefore, accurate residual strength is critical to obtain reliable B3. 

3.4.2.2 Brittles index based on elastic moduli  

We cannot neglect the elastic moduli when describing the rock mechanical properties. 

Therefore, another brittleness index is determined from Young’s modulus and Poisson’s ratio, 

which are claimed to represent a rock’s ability to fail and maintain the fracture (Rickman et al., 

2008).  
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where En is the normalized Young’s modulus, and νn is the normalized Poisson’s ratio. In this 

method, high Yong’s modulus and low Poisson’s ratio indicate high rock brittleness. Usually, 
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Young’s modulus and Poisson’s ratio used here are dynamic, derived from well log data. 

Therefore, this brittleness index is popular in the petroleum industry.  

 
Figure 3.11. The relationship between B1 and B4. 

In Figure 3.11, B4 is correlated with B1 to determine its reliability in brittleness 

estimation. Generally, B4 and B1 have the same trend to predict rock brittleness. However, a low 

R2 value represents the weak correlation between them. Reviewing the definitions of normalized 

Young’s modulus and Poisson’s ratio, we notice that the maximum Young’s modulus and the 

minimum Poisson’s ratio are usually obtained from the same reservoir to distinguish brittleness 

for rocks in different depths. However, tight rocks in our study are from different reservoirs with 

various geologic backgrounds. It causes the unstable performance of B4. Moreover, the 

mechanical properties in the elastic stage cannot represent the entire failure process 

comprehensively due to the absence of progressive damage analysis. Hence, this method is not 

suitable for our study.  
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3.4.2.3. Brittles index with mineralogy method 

The mineral composition can influence rock porosity, permeability as well as mechanical 

properties. Different minerals have various mechanical properties. Hence, the properties of 

minerals closely relate to the mechanical properties of rocks. Jarvie et al. (2007) argued that the 

contents of quartz in rock could significantly affect rock brittleness. They defined the brittleness 

index B5 as the content of quartz to estimate rock brittleness.  

5
quartz

tot

W
B

W
=                                                              (3.9) 

This method is used widely in petroleum engineering because mineralogy information 

can be easily obtained from well logging and XRD test.  

 
Figure 3.12. The relationship between B1 and B5. 

Figure 3.12 illustrates when B1 increases, B5 decreases roughly. R2 is 0.17, which implies 

no apparent correlation between them. Compared with other brittleness indices, B5 shows the 

opposite results in brittleness evaluation. In this approach, quartz is considered as the dominant 
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stiff mineral to induce brittles damage. However, complicated rock structure and mechanical 

properties cannot be described comprehensively using quartz fraction. Other stiff minerals can 

also play the same role as quartz for brittle failure. Carbonate minerals, feldspar, and mica also 

favor brittle damage in some rocks (Jin et al., 2015). Mineral distribution is another factor to 

influence B5. Depending on the thin section image in Figure 3.3, even though high quartz content 

is observed, the belt concentration of quartz as a defect and weak plane significantly reduces 

structural strength. Substantial mineral heterogeneity cannot be ignored in shale when evaluating 

rock brittleness. Hence, the brittleness index based on mineralogy (B5) could be applicative when 

remarkably high clay content is discovered in a homogenous rock; nevertheless, it may be 

unreliable to evaluate brittleness for the heterogeneous shale in unconventional reservoirs.  

3.5. Summary  

In this study, we perform two kinds of triaxial compression experiments to investigate 

rock failure with strain energy. In the cyclic loading test, input work converts to recoverable 

elastic strain energy and dissipated energy in each loading cycle. More loading cycles induce 

more dissipated strain energy and reduce more rock capacity to bear the load. Based on the 

dissipated strain energy, the damage coefficient can evaluate rock damage degree accurately in 

different cycles. In the triaxial failure test, a new brittleness index is presented to evaluate failure 

behavior using strain energy. Meanwhile, it also is used to appraise the performances of four 

common brittleness indices through stress-strain curves and mineralogy data. The correlation 

results suggest the brittleness index with residual strength and peak strength (B3) can match well 

with the brittleness index based on strain energy (B1). However, the brittleness index based on 

mineral composition (B5) shows a negative relationship with B1. We conclude that brittleness 

indices from the stress-strain curve method and strain energy method are reliable, whereas they 
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cannot be extensively applied in engineering because of scale limitations. Brittleness indices, 

which are obtained from well-logging data, should be used in field operation strictly. Although 

well logging data are acquired easily, it may miss some key information that can affect rock 

mechanical properties dramatically. Therefore, we should combine field data with experimental 

data together to evaluate rock failure process. 
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4. EXPERIMENTAL STUDY ON DAMAGE BEHAVIOR OF TIGHT SANDSTONES 

AND SHALES BASED ON KEY STRESS THRESHOLDS 

4.1. Introduction 

Understanding rock damage behavior is helpful to enhance the hydrocarbon production in 

unconventional reservoirs due to its crucial role in controlling wellbore stability and designing 

hydraulic fracturing. Brittleness is a widely used mechanical parameter in evaluating rock 

damage behavior. Compared to ductile rocks with more plastic deformation, brittle rocks which 

are more easily fractured are chosen as hydraulic fracturing candidate (Jaeger et al., 2009; Fjær 

et al., 2008; Zoback, 2010; Wang et al., 2017; Dubey et al., 2019). Although more than twenty 

brittleness indices have been proposed from various perspectives, the relationship between 

traditional brittleness and rock damage behavior in hydraulic fracturing is still ambiguous. The 

performance of brittleness indices derived from experimental data and well logging data is not 

consistent in determining effective fracturing candidates. (Romanson et al., 2011; Holt et al., 

2011; Jin et al., 2015; Bai, 2016). Further investigations are needed to assess the damage 

behavior of rocks in unconventional reservoirs. 

Laboratory compression failure test have shown that the growth of cracks in rocks is a 

progressive damage process. The typical stress-strain curve from the experiments can be divided 

into five stages: crack closure stage, linearly elastic stage, crack initiation and stable crack 

growth stage, unstable crack damage stage, and peak strength and failure stage. The stress 

thresholds between different stages can be derived as crack closure stress (Cc), crack initiation 

stress (Ci), crack damage stress (Cd), and peak strength (Cp) (Brace, 1964; Bieniawski, 1967; 

Wawersik and Fairhurst, 1970; Martin and Chandler, 1994; Thompson et al., 2006). Parameters 

Ci, Cd, and Cp, which represent the generation, growth, and collapse of cracks, respectively, are 
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considered as key stress thresholds. The key stress thresholds of brittle failure for igneous rocks 

and sedimentary rocks have been investigated extensively in geoengineering. They are widely 

used to analyze progressive failure behavior and predict the spalling strength for the stability of 

excavation (Martin, 1997; Kaiser et al., 2000; Cai et al., 2004; Diederichs and Martin., 2010). By 

conducting compression failure tests, key stress thresholds could be used to characterize damage 

behavior of sandstone, claystone, and limestone (Gatelier et al., 2002; Amann et al., 2011). In 

addition, Amann et al. (2014) studied crack initiation and propagation in heterogeneous clay 

rocks with key stress thresholds. Wang et al. (2017) and Chen et al. (2019) proposed different 

methods to evaluate rock brittleness using crack initiation stress (Ci). Clearly, key stress 

thresholds are important parameters for exploring rock damage behavior based on crack 

development. However, these parameters are rarely used in evaluating rock damage in 

unconventional reservoir rocks. Meanwhile, to our best knowledge, it seems that few attempts 

have been conducted to investigate the roles of Ci/Cp and Cd/Cp in rock damage evaluation. 

In this study, we investigate the relationship between key stress thresholds and rock 

damage behavior by conducting triaxial compression failure tests on tight rocks from different 

unconventional reservoirs. Firstly, crack initiation stress (Ci), crack damage stress (Cd), peak 

strength (Cp), and elastic moduli are obtained based on experimental measurements. Secondly, 

Ci/Cp and Cd/Cp are applied to evaluate the damage behavior of tight rocks. Meanwhile, strain 

energy evolution is introduced to explain rock damage with different Ci/Cp and Cd/Cp. Based on 

various characteristics of stress-strain curves and strain energy evolutions, we discuss how Ci/Cp 

and Cd/Cp describe rock damage behavior before failure and after failure. Furthermore, the 

strain energy-based and elastic parameter-based brittleness indices are introduced to compare 

with Ci/Cp and Cd/Cp. By investigating the correlations, we analyze the defects of those two 
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brittleness indices and the advantages of Ci/Cp and Cd/Cp in evaluating damage behavior of 

unconventional reservoir rocks. 

4.2. Experimental methodology 

4.2.1. Sample description  

As introduced in Chapter 3, the samples used for triaxial failure experiments include ten 

cylindrical rock plugs (seven shales and three tight sandstones) from different unconventional 

reservoirs. Three tight sandstone plugs (JZ1 to JZ3) are from an unconventional play in Shaanxi, 

China and six shale plugs (L1 to L6) are from unconventional plays in Sichuan and Xinjiang 

China. One shale sample (M2) is from the outcrop of Mancos shale play in the USA. Unlike the 

study in the previous chapter, we ignore M1 shale in this study. This sample experiences cyclic 

loading, so it is difficult to detect the crack development in the original status. All the measured 

shales are horizontal plugs. We put the rock plugs in an oven for 24 hours by keeping a constant 

temperature of 80 ºC to ensure the dry test condition before carrying out the experiments. The 

bulk density for each dry rock is calculated from the weight and volume. The porosity and grain 

density measured by a helium-porosimeter are recorded in Table 3.1.  

The mineral composition of all samples is determined by X-ray diffraction (XRD) 

analysis on the powder of post-failure samples. The samples are a mixture of clay, quartz, 

feldspar, calcite, dolomite, ankerite, and pyrite (Figure 3.5). In general, the mineral composition 

of tight sandstones is dominated by quartz and feldspar accompanied by over 10 vol.% soft clay. 

The dominant constituents in tight shales are quartz and calcite with the clay volume below 20 

vol.% except for L3 shale. 
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4.2.2. Experimental apparatus and procedure 

The servo-hydraulically controlled apparatus used to perform the triaxial failure test is the 

same equipment mentioned in Chapter 3. Initially, a rubber sleeve is wrapped on the specimen to 

keep from the hydraulic oil. A pair of linear variable differential transformers (LVDT) is fixed at 

the end of two end caps to obtain the axial strain. Meanwhile, the lateral strain is measured by 

another set of LVDT attached with a lateral bridge which is horizontally fixed at the middle 

position of the plug (Figure 4.1). Additionally, the room-dry condition is kept during the entire 

experimental process.  

 
Figure 4.1. The assembly inside of the confining vessel for the triaxial failure test. 

After setting up the sample in the confining vessel, we add the confining pressure to the 

target value with 0.1 MPa/s. The confining pressure is set as 20 MPa for four rock plugs (JZ1, 

JZ2, JZ3, L6) and 35 MPa for five rock plugs (L1 to L5) to simulate effective in-situ stress 

conditions in rocks. Additionally, the outcrop sample (M2) from the Mancos shale play is tested 

with a confining pressure of 20 MPa for comparison. The deviatoric stress is applied once the 
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hydraulic piston moves downwards and touches the top platen. The hydraulic piston is operated 

to increase deviatoric stress by controlling a constant strain rate of 5×10-5/s.  

4.2.3. The methodology to determine key stress thresholds 

The key stress thresholds are defined using the stress-strain response, as shown in Figure 

4.2. The crack damage stress (Cd) is picked at the point where the volumetric strain reversal 

occurs, and the peak strength (Cp) is considered as the peak stress on the stress-strain curve.  

 
Figure 4.2. Crack development stages and key stress thresholds from the stress-strain response of 

L5 shale. 

In contrast to Cd and Cp, the determination of crack initiation stress (Ci) is more difficult 

using the strain-stress curve. In this work, we adopt the lateral strain response (LSR) method to 

obtain the crack initiation stress (Ci) (Nicksiar and Martin, 2012). In an experiment, the lateral 

strain response to the applied stress can be recorded from zero to the crack damage stress (Figure 

4.3a). A linear reference line is plotted from zero to Cd in Figure 4.3a. The lateral strain 

difference is obtained as the value between the measured lateral strain and the point on the 

reference line at a given applied stress. Figure 4.3b displays the variation of lateral strain 
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difference with the applied stress. After the best parabola fitting of the data points, crack 

initiation stress (Ci) is determined easily at the point with the maximum lateral strain difference.  

 
Figure 4.3. The LSR method to establish Ci for L5 shale sample: (a) The LSR methodology. (b) 

The LSR result. 

4.3. Experimental results 

4.3.1. Stress-strain curves 

We have carried out triaxial failure tests on all 10 samples, and their axial stress-strain 

curves are shown in Figure 4.4. Overall, the three tight sandstone samples (JZ1 to JZ5) have 

lower peak strength in contrast to shale samples. Although all samples experience a relatively 

linear segment at low stress levels, they begin to deform and break in different ways with the 
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subsequently increasing stress. Stress-strain curves for samples JZ1, JZ2, JZ3, L5, L6, and M2 

gradually flatten before the peak stress, indicating plastic deformation. Rock deformation can 

also be characterized by the stress-strain response after failure. More ductile rocks experience a 

less stress decrease after failure than more brittle rocks, such as JZ1, L6, and M2. Therefore, it is 

important to find parameters that can describe rock damage behavior before and after failure.   

 
Figure 4.4. The axial stress-strain curves for all 10 samples. 

4.3.2. Key stress thresholds and elastic moduli 

Key stress thresholds are measured using the stress-strain curves and the LSR method. 

The results are listed in Table 4.1. Generally, Ci and Cd increase with increasing Cp for all the 

samples. The key stress thresholds for L1 to L5 are much larger than those for other samples 

because they are subjected to higher confining pressure. Meanwhile, Ci, Cd, and Cp for tight 

sandstones are smaller than those for shales.  
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Table 4.1. Key stress thresholds of the measured rock samples. 

Sample 
         Ci Cd Cp E ν 

       (MPa)            (MPa) (MPa) (GPa)  

JZ1 sandstone 57.4 90.3 139.1 12.2 0.24 

JZ2 sandstone 80.1 134.3 148.5 14.6 0.23 

JZ3 sandstone 88.2 138.4 151.8 14.9 0.21 

L1 shale 215.5 301.2 318.9 39.8 0.17 

L2 shale 204.1 283.4 291.2 31.7 0.14 

L3 shale 162.7 235.1 248.7 36.5 0.24 

L4 shale 177.4 260.1 271.4 35.7 0.19 

L5 shale 138.7 210.2 252.9 28.2 0.20 

L6 shale 89.5 138.3 203.5 33.4 0.27 

M2 shale 95.9 152.8 218.6 33.0 0.22 

 

We also calculated Young’s modulus (E) and Poisson’s ratio (ν) for all the samples from 

the elastic stage of stress-strain curves (Wang et al., 2020b). For the shales from the same 

reservoir under similar experimental conditions (L1 to L5), they display relatively high Young’s 

moduli from 28.2 GPa to 39.8 GPa. Their Poisson’s ratios vary significantly from 0.14 to 0.23. 

In contrast, L6 and M2 shales with low confining pressure have relatively high Young’s moduli 

and Poisson’s ratios. In addition, Young’s moduli for the tight sandstones (JZ1 to JZ3) are much 

lower than those for the shales, whereas their Poisson’s ratios are higher than those of most shale 

samples.   
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Figure 4.5. The relationship between key stress thresholds and elastic moduli. 

The relationships between key stress thresholds and elastic moduli are analyzed in Figure 

4.5. Key stress values have generally positive correlations with Young’s Modulus, and the best 

correlation is found between Cp and E with a correlation coefficient of 0.78. The correlation 

between Ci (Cd) and E is not as well as Cp because two shale samples (L6 and M2) have 

anomalously low Ci and Cd values. Moreover, key stress thresholds decrease with the increasing 

Poisson’s ratio, and Cp has the worst correlation with Poisson’s ratio. The shale samples (L6 and 
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M2) that have anomalously low Ci and Cd also have relatively high Poisson’s ratio. L3 has a 

high Poisson’s ratio but intermediate key stress values. Therefore, Young’s modulus and 

Poisson’s ratio cannot reflect the complexity of rock damage behavior. 

4.3.2. Damage behavior 

Rock damage progressively accumulates from the crack initiation stage to the whole 

structure collapse stage with continuous loading. Different damage stages usually display 

different crack development mechanisms and failure processes, which can be represented by key 

stress thresholds. However, each key stress thresholds only indicates the individual damage stage 

and fails to characterize the entire crack development processes. We find that the combination of 

Ci, Cd, and Cp, namely, Ci/Cp and Cd/Cp can better represent the proportion of crack growth 

and damage in the whole failure process (Figure 4.6). Ci/Cp varies from 0.4 to 0.7, and Cd/Cp is 

from 0.6 to 0.97 for all 10 samples. Based on the different Ci/Cp and Cd/Cp, we divide the 

measured samples into three groups, as shown in Figure 4.6.  

 
Figure 4.6. (a) The variation of Ci/Cp with porosity for all 10 samples. (b) The variation of 

Cd/Cp with porosity for all 10 samples. 

 

The first group of samples (L1 to L4) have relatively high values for Ci/Cp and Cd/Cp 

regardless of porosity, corresponding to more elastic deformation before failure and a sudden 
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stress drop after failure in Figure 4.7a. Key stress thresholds divide the stress-strain curves into 

four significant stages: the elastic stage, the stable crack initiation stage, the unstable crack 

damage stage, and the post-failure stage. Higher Ci/Cp values imply more elastic deformation 

and less stress-strain slope change, which means a shorter crack growth process. Similarly, high 

Cd/Cp values indicate that unstable sliding cracks increase dramatically within a small stress and 

strain range during a rapid failure process. Also, stress decreases rapidly from the peak strength 

to the residual strength after failure for the first group of samples.  

The second group includes L5, JZ2, and JZ3, which have intermediate Ci/Cp and Cd/Cp 

values. They display more plastic deformation before failure and a rapid stress decline in the 

post-peak segment, as shown in Figure 4.7b. Cd/Cp in the second group is 0.1 lower than that in 

the first group, representing a longer unstable crack growth process. On the other hand, the 

difference of Cd/Cp between the first and second group is less than 0.06 on average. Similar to 

the first group of samples, the stress-strain curves of the second group also show a dramatic 

stress drop in the post-failure segment. These samples display ductile damage behavior before 

failure and brittle damage behavior after failure.  

The third group consists of JZ1, L6, and M2 with relatively low Ci/Cp and Cd/Cp values. 

These samples experience more plastic deformation before failure and a slow stress decrease 

after failure. This group shares the similarity with the second group on plastic deformation and a 

short elastic stage before failure (Figure 4.7c). However, the slow stress decrease after failure is 

unique for the third group of samples. These samples represent very ductile damage behavior 

during the entire failure process. 
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Figure 4.7. (a) Stress-strain curves of the first group of samples with high Ci/Cp and Cd/Cp. (b) 

Stress-strain curves of the second group of samples with intermediate Ci/Cp and Cd/Cp. (c) 

Stress-strain curves of the third group of samples with low Ci/Cp and Cd/Cp. Note: The solid 

line denotes the axial stress-strain curve; the dashed line denotes the lateral stress-strain curve; 

the dotted line denotes the volumetric stress-strain curve.   
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4.3.4. Strain energy evolution 

Strain energy that is derived from the stress-strain curves is also used to investigate 

damage behavior evolution. During the triaxial failure test, the deformation and damage of rocks 

are accompanied by energy input, accumulation and release. The strain energy density at a 

specific stress level is calculated using the area under the stress-strain curve (Figure 4.8). The 

elastic energy density and dissipated energy density are represented by different areas with the 

assumption that the unloading slope is equal to Young’s modulus in the triaxial compression test 

(Tarasov and Potvin, 2013; Munoz et al., 2016). According to the first law of thermodynamics, 

the work done by the external load on rocks can be expressed as (Clausius, 1850):  

U Ue Ud= +                                                             (4.1) 
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where Ue represents the elastic energy density and is derived from the stress and Young’s 

modulus (E); Ud is the dissipated strain energy density; U as the total strain energy density is the 

area under the stress-strain curve; σi is the stress at any point on the stress-strain curve; εi is the 

strain corresponding to the stress.  
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Figure 4.8. The elastic energy density and dissipated energy density at the point A under the 

axial stress-strain curve. 

The strain energy density is calculated continuously following the stress-strain curve to 

obtain the energy density evolution at different time. The strain energy density evolution curves 

for all 10 samples in the pre-peak segment are displayed in Figure 4.9. The elastic stage is 

marked as the overlap segment between the elastic energy density and the total strain energy 

density, coinciding with Ci. The dissipated energy starts to accumulate once the stress exceeds Ci 

and raises synchronously, consistent with the difference between the total strain energy density 

and the elastic strain energy density. Therefore, strain energy evolution offers a reliable approach 

to characterise damage behavior during the failure test.  

In Figure 4.9, the brittle samples (L1 to L4) with rapid crack development process shows 

the elastic energy absorption stage takes up 60% of the pre-peak time and a shorter dissipated 

strain energy stage. Ue/U of these samples at the peak stress point are above 0.75, indicating that 

the elastic strain energy always dominates during the pre-peak segment. Meanwhile, when the 

stress reaches Cd, the dissipated strain energy grows quickly due to the unstable cracks boost. 
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However, the dissipated strain energy still display a low proportion at the failure point, which 

represents the rocks can rupture easily with inadequate dissipated strain energy development.  

In contrast, a lower proportion of elastic stage occurs in other groups of samples with 

relatively slow crack growth. For the second group (L5, JZ2 and JZ3), Ci occurs at about 48 % 

of the pea-peak process, and it is observed earlier at 43 % of failure time. In these two groups, 

the dissipated strain energy occurs early and grows adequately. As a result, Ud/U is from 0.4 to 

0.5, which is much larger than that in the first group. It proves that these rocks are difficult to be 

fractured with slow crack growth. The crack development from Ci to Cp is similar for both the 

second and third groups of samples. The proportion of unstable crack growth process from Cd to 

Cp in the third group (JZ1, L6, and M2) is 20 % higher than that in the second group (L5, JZ2 

and JZ3) on average. Therefore, most of the dissipated strain energy is induced by unstable crack 

development for the third group of samples. 
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Figure 4.9. Strain energy evolution for all 10 samples. 
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4.3.5. Brittleness indices 

Brittleness is widely applied to select effective fracturing interval in hydraulic fracturing 

(Jarvie et al., 2007; Rickman et al., 2008). It can be described as a rock with relatively shorter 

plastic deformation and a lack of ductility (Hetenyi, 1966). In order to test the performance of 

Ci/Cp and Cd/Cp in evaluating rock damage behavior, two common brittleness indices are 

introduced for comparisons. The first index (BI1) is derived from strain energy (Baron, 1962) and 

is expressed as follow: 

1
Ue

BI
U

=                                                                 (4.5) 

where Ue is the reversible elastic strain energy density and U is the total strain energy density 

when the stress reaches the peak strength. They can be obtained from Equations (4.2) and (4.3).  

 

 
Figure 4.10. (a) The correlation between Ci/Cp and BI1. (b) The correlation between Cd/Cp and 

BI1. 

Figure 4.10 illustrates the relationships between Ci (Cd)/Cp and BI1. BI1 positively 

correlates with Ci/Cp and Cd/Cp for the first and second groups of samples (L1 to L5, JZ2, and 

JZ3), for which the stress decreases sharply after the peak strength. However, it fails to 

distinguish damage behavior of the third group of samples (JZ1, L6 and M2) from the other two 
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groups, suggesting that BI1 is not effective to quantify the damage behavior of rocks that are 

more ductile. 

The other brittleness index is expressed using the combination of Young modulus and 

Poisson’s ratio (Rickman et al., 2008; Li et al., 2015) as:  
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where E is Young’s modulus; ν is Poisson’s ratio; En and νn are the normalized Young’s modulus 

and Poisson ratio, respectively; Emin (νmin) and Emax (νmax) represent the lowest and highest values 

for the measured rocks. 

 

 
Figure 4.11. (a) The correlation between Ci/Cp and BI2. (b) The correlation between Cd/Cp and 

BI2. 

 

BI2 calculated for the 10 samples are compared with Ci/Cp and Cd/Cp (Figure 4.11). 

Ci/Cp and Cd/Cp display a roughly positive correlation with BI2. BI2 of the first group of 

samples, L1 to L4, are highest, consistent with the highest Ci/Cp and Cd/Cp values for this 
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group. The lowest values of all three parameters agree on JZ1. However, BI2 fails to distinguish 

damage behavior between the tight sandstones (JZ2 and JZ3) and the shales (L6 and M2). In fact, 

JZ2 and JZ3 belong to the second group based on Ci (Cd)/Cp and should be more brittle than L6 

and M2, but their BI2 values are lower. Therefore, Ci/Cp and Cd/Cp are better than BI2 in 

describing rock brittleness. 

4.4. Discussion 

4.4.1. Ci/Cp and Cd/Cp in rock damage evaluation  

Ci/Cp and Cd/Cp can characterize different crack developments in rock failure tests and 

describe damage behavior before and after failure. High Ci/Cp and Cd/Cp represent a rapid crack 

growth mode, such as in the first group of samples. In this case, cracks develop quickly to 

rupture the rock in a narrow stress range. Hence, the failure criterion for these brittle rocks is 

easy to achieve due to the weak capacity to support crack development. The brittle damage also 

exhibits a dramatic stress decrease from the peak strength to the residual strength after failure, 

consistent with the high elasticity of these rocks. Low Ci/Cp and Cd/Cp represent a slow crack 

growth mode in more ductile rocks as the third group of samples. The critical failure condition is 

hard to reach for these rocks because they have a long stress stage between Cd and Cp, indicating 

a strong ability to bear more crack development without the structural collapse. These ductile 

rocks also have a slow stress drop with a higher residual strength in the post-peak segment.  

The intermediate Ci/Cp and Cd/Cp reveal a mixed damage mode for the second group of 

samples, including a slow crack growth mode before failure like ductile rocks and a sudden 

stress drop after failure like brittle rocks. The rocks in this group have relatively low Ci/Cp 

values, and short elastic stages and slow crack growths. However, their average Cd/Cp value of 

0.90 is much higher than the third group’s 0.66 and just slightly lower than the first group’s 0.95. 
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These rocks have relatively short segments between Cd and Cp, representing the proportion of 

unstable crack development during the whole failure process. The unstable cracks slide and 

connect individual cracks to form the major fracture (Brace et al., 1966; Bieniawski, 1967; 

Lockner et al., 1992; Martin, 1997). The relatively short segment between Cd and Cp of the 

second group of samples agrees with the weak ability to bear unstable deformation, resulting in a 

rapid stress drop in the post-peak segment.  

The variations of Ci/Cp and Cd/Cp generally correlate with the strain energy evolution in 

rock failure experiments. Low Ci/Cp and Cd/Cp describe the damage behavior with less elastic 

strain energy and more dissipated strain energy for more ductile rocks. The dissipated strain 

energy increases rapidly after Cd. A low Cd/Cp is equivalent to a long segment between Cd and 

Cp, reflecting more dissipated strain energy and ductile deformation. In this case, more residual 

strain energy is left after a slow failure process in the post-peak segment (Tarasov and Potvin, 

2013; Ai et al., 2016). In contrast, high Ci/Cp and Cd/Cp correlate with high elastic strain energy 

and less dissipated strain energy,  indicating a rapid crack growth mode for more brittle rocks. 

The relatively low Ci/Cp and high Cd/Cp for the second group of samples, especially JZ2 and 

JZ3, also have low dissipated strain energy and rapid stress drop after failure.  

4.4.2. Ci/Cp and Cd/Cp as brittleness indices 

Brittleness has been used to describe rock failure behavior in geoengineering. However, 

various brittleness indices induce questionable results to identify the effective formation in 

hydraulic fracturing (Jin et al., 2015; Bai, 2016).  We have compared Ci/Cp and Cd/Cp with two 

common brittleness indices, BI1 and BI2, in evaluating rock damage behavior and found that 

Ci/Cp and Cd/Cp can more precisely characterize crack development. All parameters can 

identify the highly elastic rocks such as the samples in the first group.  However, BI1 and BI2 fail 
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to distinguish the mixed and more ductile rocks, such as the second and third group.  Because BI1 

is based on Ue/U at peak stress level, it cannot describe the evolution of Ud, which is essential in 

telling the difference of samples in the second and third groups. BI2 infers that high Young’s 

modulus and low Poisson’s ratio indicate brittle damage behavior (Rickman et al. 2008). It 

describes the average elastic property of rocks but cannot describe the style of crack growth 

during the fracturing process. Ci/Cp and Cd/Cp use key stress thresholds at different stages of 

rock failure experiments and can provide more details for crack development to evaluate damage 

behavior before and after rock failure.  

Several studies have found that the crack growth evaluated by key stress thresholds is 

strongly related to rock damage behavior in hydraulic fracturing and other in-situ engineering 

projects (Collins and Young, 2000; Nicksiar and Martin, 2013; Stanchits et al., 2014). Therefore, 

measuring Ci/Cp and Cd/Cp may help to evaluate micro-fracture development in hydraulic 

fracturing. Low Ci/Cp and Cd/Cp values indicate micro-fractures occur early and grow slowly, 

unfavorable for fracking. In contrast, high Ci/Cp and Cd/Cp values indicate fast micro-fracture 

growth and rock failure, beneficial for effective hydraulic fracturing. Our experiments and 

analyses find that Ci/Cp and Cd/Cp are reliable parameters to describe different rock damage 

behavior and can be used in selecting hydraulic fracturing targets.  

4.5. Summary 

We have derived Ci/Cp and Cd/Cp using the stress-strain curves from the triaxial failure 

experiments. Based on the key stress ratios, the measured rocks can be divided into three groups 

with different crack development processes. The first group has high Ci/Cp and Cd/Cp values 

and a rapid stress drop after failure, consistent with brittle rocks. The third group is characterized 

by low Ci/Cp and Cd/Cp and a gradual stress decrease after failure, indicating more ductile 
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deformation. The damage behavior of samples in the second group is a mixed mode with 

intermediate Ci/Cp and Cd/Cp and a fast stress drop after failure. In addition, the variations of 

Ci/Cp and Cd/Cp correlate well with strain energy evolutions calculated from the experimental 

measurements. Compared with BI1 and BI2, Ci/Cp and Cd/Cp are reliable parameters to 

characterize crack growth during the entire rock failure process in evaluating the effectiveness of 

hydraulic fracturing. 
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5. EXPERIMENTAL STUDY ON FAILURE PROCESS OF ORGANIC SHALES: 

CRACK INITIATION STRESS DETERMINATION, DAMAGE BEHAVIOR 

ANALYSIS, AND ENGINEERING APPLICATIONS 

5.1. Introduction   

Hydraulic fracturing is widely applied to stimulate the reservoir volume in 

unconventional reservoirs (Hagström and Adams, 2012; Lange et al., 2013). In hydraulic 

fracturing and other underground excavations, progressive fracture growth is observed by 

microseismic monitoring (Collins and Young, 2000; Fischer et al., 2008). Meanwhile, rock 

damage behavior in the laboratory failure test displays a similar crack development process 

based on acoustic emission (Lockner, 1993; Thompson et al., 2006). The progressive failure of 

rock materials is induced by crack initiation, development, and coalescence. It can be divided 

into five stages based on the stress-strain curve: crack closure stage, elastic deformation stage, 

crack initiation stage, unstable crack damage stage, and failure stage (Brace et al., 1966; Hoek 

and Bieniawski, 1966; Bieniawski, 1967; Lajtai, 1974; Eberhardt et al., 1999). The crack 

initiation stress (Ci), as the onset of newborn cracks during the compressional failure process, 

could be used to estimate the in-situ spalling strength, borehole breakout, and hydraulic fracture 

initiation in petroleum engineering (Cai et al., 2004; Mrartin and Christiansson, 2009; Andersson 

and Martin, 2009; Stanchits et al., 2014). Hence, the crack initiation stress as an essential 

parameter from the laboratory failure test can be applied to understand rock damage 

characteristics for underground work.  

The crack initiation stress is defined as the stress threshold between the elastic and 

nonlinear stage where microfractures occur. Stable cracks keep growing from this stress level to 

the crack damage stress (Brace, 1966). Due to its geoengineering applications, accurate Ci is 
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necessary based on the compression failure test (Nicksiar and Martin, 2012). Martin and 

Chandler (1994) proposed that Ci is the stress level where the crack volumetric strain begins to 

grow after the elastic stage. However, this method is limited by high requirements on elastic 

moduli measurement. Eberhardt et al. (1998) have used the acoustic emission method to identify 

Ci by monitoring crack development in rocks. However, it is challenging to determine Ci 

because of the interference of the background noise. Lately, Nicksiar and Martin (2012) 

presented the lateral strain response method to obtain Ci. The defect of this method is the strong 

dependence on the measurement of lateral strain and crack damage stress. Hence, a more reliable 

method is required to acquire Ci for this work.  

As discussed in Chapter 3, rock brittleness is not enough to explain damage behavior and 

fracture development in hydraulic fracturing (Jin et al., 2015). Due to the neglect of accurate 

fracture mechanisms, brittleness is not equivalent to fracability (Bai, 2016). A practical 

fracability evaluation, including fracture initiation and fracture development, is necessary for 

hydraulic fracturing.  

Based on the study of rock plastic damage and failure process in Chapter 3 and Chapter 

4, a comprehensive study is performed to investigate failure process of organic shales from an 

unconventional reservoir. This study is divided into two parts. In the first part, we perform 

triaxial failure experiments on oil shales. According to the stress-strain data, three widely used 

methods to identify Ci are examined. Meanwhile, we propose a new method based on the stress-

strain curves and strain energy evolution. The reliability of each method is investigated by 

comparing Ci results from different methods. In addition, triaxial compression tests with 

different confining pressures are applied to three sandstones from the same rock block. It is used 

to analyze the influence of confining pressure on key stress thresholds and rock failure process. 
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In the second part, we explore the characteristics of rock damage and acoustic responses for 

transversely isotropic oil shales. Subsequently, the applications of Ci for elastic stage 

determination, in-situ stress prediction, and fracability evaluation are presented through 

experimental data and field data.  

5.2. Sample information and experimental procedure   

5.2.1. Sample description 

In this case study, we receive 14 sets of cylindrical shale plugs cored from different 

depths of the same unconventional reservoir in China. Each set consists of two shale samples, 

cutting from the same block with vertical and horizontal directions. The length to diameter ratio 

for measured shale samples is about 1.5:1. Though it is different from the ISRM standard, which 

requires the length-to-diameter ratio as 2:1, the similar shape for all samples implies that the size 

effect can be ignored when conducting the comparative investigation. The ends of each plug are 

polished to guarantee ground flat and parallel with a tolerance of ±2.5×10-3 cm. Before the 

compression failure test, basic physical parameters such as porosity, grain density and bulk 

density are obtained through the porosimeter.  

Additionally, triaxial compression tests with various confining pressures are conducted 

on three cylindrical sandstone samples from the same rock block to discuss the confinement 

effect on rock damage behavior. All samples are cut with the length-to-diameter ratio of 2:1. The 

porosimeter is used to measure porosity, grain density, and bulk density. The physical parameters 

for these sandstones are similar because the samples are plugged from the same source rock.  

5.2.1. Triaxial compression test with constant confining pressure 

The triaxial compression failure test is performed on the shale samples to investigate rock 

damage behavior. The MR-RM 3000 rock mechanics testing system from MetaRock 
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Laboratories is used in the triaxial failure test with constant confining pressure. The ball screw 

pressure utilizes a microprocessor-based electronic servo drive to provide high precision load 

and position control in this system. This internal load of this system is up to 60,000 lb, and the 

confining pressure is up to 70 MPa. The assembly in the confining vessel is illustrated in Figure 

5.1. The rock sample is placed between two platens which contain piezoelectric transducers to 

measure ultrasonic velocities in the vertical direction. A pair of linear variable differential 

transformers fixed at the top and bottom platens provide the axial displacement measurement. 

The lateral displacement is measured by the cantilever bridge with two pairs of orthogonal strain 

gauges. There is a stress sensor under the bottom platen to detect the deviatoric stress in the axial 

direction. The rock sample is covered by a thin heat-shrink tube to prevent confining oil before it 

is placed in the vessel.        

 
Figure 5.1. Schematic of the instrumentation in the confining vessel for the MR-RM 3000 testing 

system (Sharif-Aldin et al., 2013). 
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Unlike one pair of LVDT to measure the lateral strain in the NER AutoLab 1500 system, 

Figure 5.2a shows two pairs of strain gauges on the cantilever bridge to measure the lateral strain 

with two orthogonal directions. If the rock sample is isotropic, the lateral strains in different 

directions are contiguous. However, the lateral strains are unequal in two orthogonal directions 

for the horizontal shale plug with strong lamination. In this work, as Figure 5.2b shown, two 

strain gauges are separately attached with the direction parallel to the bedding and perpendicular 

to the bedding. Hence, two different lateral strains (εr1 and εr2) are obtained for the horizontal 

shale. 

 
Figure 5.2. (a) The cantilever bridge attached with two pair of strain gauges. (b) The top view of 

the orthogonal lateral strain gauges in a horizontal shale plug. 

Before the experiment, the received rock samples are placed in an oven for 24 hours with 

a temperature of 80ºC for dry condition. Firstly, the confining pressure is added to the target 

value with 0.5 MPa/s. Based on the depth information, most shale samples are applied with 20 

MPa confining pressure to simulate in-situ condition. 15 MPa confining pressure is used for two 

shale samples with relatively shallow depth. Subsequently, the deviatoric stress is applied when 

the piston moves downward to touch the platen. The deviatoric stress will compress the rock 
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sample along the axial direction until it ruptures. During the triaxial compression process, the 

axial strain rate is controlled at 3×10-6/s; simultaneously, the confining pressure remains a 

constant value. Moreover, we perform the ultrasonic velocity measurement during the entire 

failure process. The P-, Sh- and Sv-wave velocities are obtained every 14 MPa deviatoric stress.  

5.2.2. Triaxial compression test with different confining pressures 

The apparatus used for the triaxial compression test with different confining pressures is 

the NER AutoLab 1500 system. More details of this test system have been introduced in Chapter 

3 and Chapter 4. All sandstone samples are dried in the same condition in an oven before the 

experiment. Different confining pressures are purposely selected, including 25MPa, 30Mpa, and 

50MPa. Except for the confining pressure, other test conditions for each sample are equivalent. 

The axial strain rate in each failure test is controlled at 1×10-5/s.  

5.3. The methods to detect the crack initiation stress 

As Figure 5.3 shown, the measured stress-strain curve of N1 shale is used to test Ci 

results from various methods. Based on the definition of key stress thresholds during the crack 

development process, crack damage stress as the threshold between stable crack growth stage 

and unstable crack damage stage is the reversal of volumetric stress-strain curve (Brace, 1964; 

Bieniawski, 1967; Martin and Chandler, 1994). However, it is difficult to find the reverse point 

on the volumetric stress-strain curve for N1 shale in Figure 5.3. In addition, Young’s modulus 

and Poisson’s ratio for each sample are obtained from the elastic stage of the stress-strain curve. 

Utilizing the stress-strain curve and elastic moduli, we can detect Ci for N1 shale based on 

different methods.  
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Figure 5.3. The stress-strain curve of N1 shale. 

5.3.1. Crack volumetric strain method (CVS)  

Martin and Chandler (1994) proposed that the crack volumetric strain could determine Ci 

by performing the compression failure test. They stated that the crack volumetric strain was 

obtained by subtracting the elastic volumetric strain from the measured volumetric strain. It can 

be expressed as: 

𝑉𝑐𝑟𝑎𝑐𝑘 = 𝑉 − 𝑉𝑒𝑙𝑎𝑠𝑡𝑖𝑐                                                     (5.1) 

𝑉𝑒𝑙𝑎𝑠𝑡𝑖𝑐 =
1−2𝜈

𝐸
𝜎𝑎𝑥𝑖𝑎𝑙                                                     (5.2) 

𝑉 = 휀𝑎𝑥𝑖𝑎𝑙 + 2휀𝑙𝑎𝑡𝑒𝑟𝑎𝑙                                                    (5.3) 

where V is the total volumetric strain from the measured axial strain and lateral strain; Vcrack and 

Velastic represent the crack volumetric strain and the elastic volumetric strain, respectively; 

Young’s modulus (E) and Poisson’s ratio (ν) are derived from the elastic stage of the stress-strain 

curve.   
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Figure 5.4. The plot of the crack volumetric strain versus axial strain to determine Ci for N1 

shale. 

The crack volumetric strain is plotted with the axial strain in Figure 5.4. Initially, the 

crack volumetric strain almost remains constant with the increase of the axial strain. Once an 

axial strain threshold is achieved, the crack volumetric strain begins to increase. This axial strain 

threshold corresponds to where new cracks are initially generated, namely the crack initiation 

stress (Ci). The continuous increase in the crack volumetric strain is caused by the lack of 

dilatancy of the volumetric strain curve, which denotes the more significant axial deformation in 

contrast to the lateral deformation. For the rock without dilatancy, the rock volume is compacted 

accompanied by ductile damage under compression (Scott and Nielsen, 1991; Popp and Kern, 

2001). The flat section representing the elastic stage is still apparent on the volumetric strain for 

all the samples. Thus, as the thresholds between the elastic and plastic stage, the Ci value can be 

determined as 37.5 MPa in Figure 5.4.   
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5.3.2. Moving point regression method (MPR) 

Eberhardt et al. (1998) introduced another method to identify Ci using the volumetric 

stiffness. With the moving point regression method, the slope of the volumetric stress-strain 

curve in a selected window is derived. Then, the volumetric stiffness as the curve slope is plotted 

with the deviatoric stress in Figure 5.5. Generally, the slope of the volumetric stress-strain curve 

increases with the deviatoric stress in the crack closure stage. Then it enters a relatively 

consistent stage when linear elastic deformation occurs. The mutation of the volumetric stiffness 

after the elastic stage indicates the crack initiation. Since there is no dilatancy for N1 shale 

during the failure test, its volumetric stiffness decreases after the elastic stage. Then, it shifts 

from positive to negative when the deviatoric stress reaches the peak strength. Hence, as Figure 

5.5 shown, the Ci value for the measured sample is established as 35.2 MPa when the volumetric 

stiffness starts to change from a relatively consistent value in the elastic stage.  

 
Figure 5.5. The volumetric stiffness as a function of the deviatoric stress for N1 shale. 
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5.3.3. Lateral strain response method (LSR) 

More recently, Nicksiar and Martin (2012) introduced the lateral strain response (LSR) 

method to detect Ci. The lateral strain response to the deviatoric stress is examined from zero 

stress to the crack damage stress, which is the reversal of volumetric strain. Meanwhile, a 

reference line is selected from zero point to the crack damage stress. The lateral strain difference 

is obtained as the value between the reference line and the lateral strain curve. Then, the points 

of lateral strain difference are fitted polynomially, and the maximum strain difference on the best 

fitting parabola indicates Ci (Figure 5.6). 

 
Figure 5.6. The lateral difference as a function of the deviatoric stress for N1 shale. 

Nevertheless, there is no reversal point on the volumetric stress-strain curve for N1 shale 

in the test. Hence, we consider the peak strength as the crack damage stress for this sample. The 

Ci result from the LSR method is displayed as 69.1 MPa in Figure 5.6.  

5.3.4. Proposed strain energy evolution method (SEE) 

In triaxial compression tests, energy input, accumulation, and release occur as the rock 

deformation process. Firstly, the rock specimen absorbs and stores a large amount of elastic 

 



 

74 

 

strain energy charged by the extern load in the crack closure and elastic stages. After that, a part 

of the energy is dissipated to initialize and develop cracks. With the increase of the dissipated 

strain energy, the structural collapse is induced by more damage. Hence, crack development is 

strongly related to the dissipated strain energy. Ning et al. (2018) proposed that the energy 

dissipation derived from the cyclic loading test could be used to describe crack growth. 

However, the cyclic loading test is expensive and time-consuming due to its complicated 

procedure. Meanwhile, cyclic loading in different stress level will influence the original rock 

mechanical structure. Hence, we calculate the strain energy evolution from the conventional 

compression test based on previous research. 

In the analysis of rocks’ damage behavior in Chapter 4, strain energy evolution is 

introduced to display the energy conversion process under the failure test. Meanwhile, we find it 

can be used to establish Ci for the rock does not experience the dilatancy in the triaxial failure 

test. Depending on the method and formulas mentioned in Chapter 4, the strain energy density is 

plotted with the deviatoric stress in Figure 5.7.   
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Figure 5.7. The strain energy density as a function of the deviatoric stress for N1 shale. 

According to the formulas, we calculated the strain energy evolution at different stress 

levels. In the crack closure and elastic stages, there is no new crack to initialize and develop. The 

curve of the elastic energy density almost overlaps with that of the total strain energy density, 

indicating that nearly no energy is dissipated in these two stages. Subsequently, as far as the 

stress reaches a certain stress level, the curves for the elastic energy density and the total strain 

energy density begin to divaricate. The difference between the total strain energy and the elastic 

strain energy indicates that the dissipated strain energy occurs. The dissipated strain energy 

contributes to crack growth, and the rock enters the nonlinear stage. Therefore, the stress level of 

the forked point between the elastic strain energy density and the total strain energy density is 

considered as the crack initiation stress (Ci). Meanwhile, the start point of the dissipated strain 

energy can also represent Ci. The Ci value for N1 shale sample is 40.2 MPa based on the strain 

energy evolution method in Figure 5.7. 
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Due to the close relationship between strain energy and crack development, the strain 

energy evolution method (SEE) is developed to identify Ci in this study. Based on the results 

from different methods, the crack volumetric strain method requires an accurate measurement of 

Poisson’s ratio from the compression test. The moving point regression method is relatively 

more subjective to find Ci and can induce the error for Ci determination. The lateral strain 

method (LSR) overestimates the Ci value for the sample without dilatancy under the failure 

process. However, the proposed SEE method is stable and objective to obtain accurate Ci for all 

the tested samples because it avoids other methods’ shortcomings. It is appliable in different 

failure modes and practical for Ci determination based on Young’s modulus and stress-strain 

data. Therefore, the SEE method provides a new viewpoint to determine Ci accurately under the 

triaxial compression test.  

5.4. The effect of confining pressure on rock damage behavior 

Triaxial compression failure tests are conducted on three sandstone specimens plugged 

from the same rock block. Different rock damage behavior is noticed under different confining 

pressures. We discuss the effect of confining pressure on rock damage behavior from two 

aspects.  

5.4.1. The characteristics of stress-strain curves 

Figure 5.8 exhibits the axial stress-strain curves for the measured sandstone plugs under 

different confining pressures. Young’s moduli for three sandstone samples are similar, even 

though the confining pressures vary from 28 MPa to 50 MPa. With confining pressure 

increasing, the samples experience more axial deformation when they rupture. The compressive 

strength in high confining pressure is higher than that in low confining pressure. Additionally, 

the stress drops slowly in the post-peak period when more confining pressure is added. When the 
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confining pressure is raised to 50MPa, a rare stress decline is observed. Therefore, high 

confining pressure squeezes the rock sample and make it ductile in the triaxial failure test. 

 
Figure 5.8. The axial stress-strain curves for the sandstone samples under different confining 

pressures. 

5.4.2. The characteristics of key stress thresholds 

Key stress thresholds under different confining pressures are derived by stress-strain data. 

In Figure 5.9, the crack initiation stress (Ci), the crack damage stress (Cd) and the peak strength 

(Cp) are displayed in different confining pressures. From low confining pressure to high  

confining pressure, key stress thresholds increase synchronously. However, the increments are 

large in a relatively low confining pressure range (28-35 MPa). When confining pressure 

increases from 35 to 50 MPa, the increments become small.    
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Figure 5.9. Key stress thresholds for three sandstone samples under different confining pressures. 

The influence of confining pressure on Ci/Cp and Cd/Cp is investigated in Figure 5.10. 

When the confining pressure changes from 28 MPa to 35 MPa, Ci/Cp approximately remains 

constant, but Cd/Cp decreases from 0.76 to 0.71. When the confining pressure is added to 50 

MPa, both Ci/Cp and Cd/Cp slightly increase. Hence, there is no significant difference in Ci/Cp 

and Cd/Cp under various confining pressures due to the coincident changes in key stress 

thresholds.  

We conclude that confining pressure induces the difficulty to rupture the rock with high 

compressive strength and ductile damage behavior. With confining pressure increasing, this 

impact becomes weak.    



 

79 

 

 
Figure 5.10. The ratios of Ci/Cp and Cd/Cp under different confining pressures. 

5.5. Analysis of rock damage behavior  

We perform triaxial compression failure tests on twenty-eight shale samples. However, 

three samples cannot be ruptured due to the strength beyond the equipment limitation. Twenty-

five rock samples are ruptured successfully to provide stress-strain curves for rock failure 

investigation.     

5.5.1. Damage evaluation of shale samples  

In Chapter 4, we discussed different damage processes in tight rocks. Similar damage 

modes are observed in the measured shale samples using stress-strain relationships and key stress 

thresholds. Figure 5.11 displays the stress-strain curves for two samples, representing the brittle 

and ductile shale, respectively. In the ductile damage mode, the elastic stage is shorter, and the 

plastic stage is longer. Meanwhile, the sample experiences more axial strain during the whole 

failure process. The stress drops slowly from the peak strength to the residual strength. It is 

difficult to obverse apparent fractures in the picture of the ruptured sample. Unlike ductile 
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damage behavior, the brittle shale is ruptured with a longer elastic deformation and a shorter 

plastic deformation. There is a small change in the slope of the stress-strain curve in the pre-peak 

segment. When the sample enters the post-peak segment, the stress drops violently.  

 
Figure 5.11. The stress-strain curve, key stress thresholds and the picture of the ruptured sample 

for (a) the ductile shale and (b) the brittle shale. Note: Both shale samples are horizontal plugs. 

Key stress thresholds are selected as crucial mechanical parameters to describe rock 

damage behavior. Ci and Cp in the brittle rock are higher than those in the ductile rock. The 

difference Ci/Cp values in brittle and ductile damage modes imply distinct crack growth 

processes. The Ci/Cp value for the ductile plug is as low as 0.39, but it is up to 0.45 for the brittle 

plug. As a reliable indicator to display the crack growth velocity in the triaxial failure test, high 

Ci/Cp illustrates that fast crack growth results in brittle failure with a rapid stress drop. Apparent 

fractures are detected on the rock surface in this damage mode. However, when the crack grows 

slowly from the nonlinear stage to the peak stress level, Ci/Cp exhibits a relatively low value. 

This crack growth mode indicates a prolonged stress drop after failure.  

5.5.2. Damage behavior of anisotropic shale samples 

Anisotropy is widely distributed in shale and can significantly influence rock mechanical 

properties. The stress-strain curve and key stress thresholds are analyzed to understand 

mechanical properties for the shales with different plugging directions in Figure 5.12. The 
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pattern of the stress-strain curve and Ci/Cp are similar for both vertical and horizontal plug; 

namely, the anisotropy rarely influences plastic damage behavior for these two plugs. Compared 

with the horizontal plug, the vertical plug undergoes a larger axial strain (i.e.1.31%) together 

with a lower Ci (i.e.44 MPa), compressive strength (i.e.134.8 MPa) and Young’s modulus (i.e.13 

GPa). As Figure 5.12b shown, two lateral strains measured from orthogonal directions are 

exhibited in the horizontal plug. Lateral 1, as the bedding-perpendicular lateral strain presents 

more changes during the pre-peak period than the bedding-parallel lateral strain, denoted as 

lateral 2. Moreover, the pictures of broken samples reveal different fracture configurations. A 

major shear fracture attached with minor horizontal cracks is found in the vertical plugs. 

However, multiple vertical fractures along the bedding plane are shown in the horizontal plug. 

The effect of anisotropy on rock damage behavior can be explained by the mechanical properties 

of bedding planes (Wang et al., 2020b).   

 
Figure 5.12. The stress-strain curve, key stress thresholds and the ruptured sample picture for (a) 

the vertical shale plug and (b) the horizontal shale plug. 

5.5.3. Ultrasonic velocity measurement under triaxial failure test 

In the compression failure experiment, the acoustic test to obtain ultrasonic velocities is 

conducted synchronously. Figure 5.13 shows the stress levels where the acoustic measurements 

are performed. When the deviatoric stress reaches the target stress level, the piston will stop 

Strain (10-3) 



 

82 

 

moving downward and hold 40 seconds to acquire P- and S-wave signals. The velocities 

measurements are carried out during the entire failure process, including the pre-peak and post-

peak periods. The stress interval between each measurement is 14 MPa. 

 
Figure 5.13. The measurement points of ultrasonic velocity on a stress-strain curve. 

The results of the acoustic measurements are displayed in Figure 5.14. For the vertical 

plug, P- and S-wave velocities keep increasing with the stress. However, there exists a slowdown 

in ultrasonic velocities when the applied stress reaches around 80 MPa. Different from the 

vertical plug, P- and S-wave velocities for the horizontal plug increase slightly. Subsequently, 

they remain constant when the deviatoric stress is 40 MPa, which is close to the crack initiation 

stress. Later, P wave velocity increases gradually until the compressive strength. However, S-

wave velocities (Vsh and Vsv) are not sensitive to the deviatoric stress. When the rock is 

ruptured, all ultrasonic velocities decrease significantly due to major fractures in the plugs. We 

conclude that crack growth negatively impacts the ultrasonic velocity. This effect is more evident 

for the horizontal plug than the vertical plug due to the distinct crack development along the 
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bedding plane. The strongly isotropic bedding plane is discovered in the measured shales. The 

ultrasonic velocity is much smaller in the bedding-normal direction. Hence, the P-wave velocity, 

along with bedding, is much higher than the velocity normal to bedding. Meanwhile, the 

different bedding structures in the two axial orthogonal directions lead to the various S-wave 

velocities in the horizontal plug. For S-wave velocities, the approximate overlap of Vsh and Vsv 

proves similar mechanical properties in different lateral directions for the vertical plug. 

 
Figure 5.14. The relationship between the measured ultrasonic velocities and the deviatoric stress 

in triaxial failure tests for (a) the vertical shale plug and (b) the horizontal shale plug. 

5.6. The applications of the crack initiation stress in petroleum engineering 

5.6.1. Accurate elastic stage determination  

In unconventional reservoirs, Young’s modulus is a critical parameter to build the in-situ 

stress profile and predict fracture geometry (Higgins et al., 2008; Barree et al., 2009). Reliable 

Young’s modulus is usually derived from the elastic stage under the compression experiment. 

Based on the ASTM standard, people typically select the section near half of the compressive 

strength on the stress-strain curve as the elastic stage. However, this standard may be invalid in 

different shale plays. The crack initiation stress as the onset of the nonlinear part can provide a 

more accurate elastic stage. Figure 5.15 displays the relationship between Ci/Cp and effective 
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porosity. Ci/Cp for most of the shale samples is below 0.5. The elastic stage for these samples 

does not exceed the stress level of half compressive strength. If we use the ASTM standard to 

obtain Young’s modulus, the result will be underestimated. Therefore, Ci is a trustworthy 

parameter to determine the elastic stage.   

 
Figure 5.15. The plot of Ci/Cp versus effective porosity for the measured shale samples. 

5.6.2. In-situ stress description  

The Kaiser effect indicates that material under load emits acoustic waves only after a 

primary load level is exceeded (Kaiser, 1953). As Figure 5.16 shown, the acoustic events will 

occur in the reloading sample when the load achieves the previous maximum load level. This 

phenomenon reveals that the material can memorize its stress history.    
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Figure 5.16. An example of the Kaiser effect in a cyclically loaded concrete specimen. Note: The 

thick black line represents the AE activity; the thin color line is the stress; the dashed line 

indicates the Kaiser effect (modified from ndt.net). 

According to the analysis of crack development in the rock, acoustic emission appears 

when new cracks start to develop. Thus, Ci can predict in-situ stress, representing the stress 

environment before the rock is cored from the underground. Figure 5.17 illustrates that the 

cluster distribution of Ci for the shales from the same reservoir. Two groups of shale samples are 

from the same target formation. Their approximate Ci values can be explained by the Kaiser 

effect and prove that the rock samples from the target formation go through similar in-situ stress 

conditions. But Ci varies significantly for the samples from adjacent formations. Hence, we think 

the crack initiation stress may be relevant to in-situ stress.      
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Figure 5.17. The relationship between Ci and the sample depths. 

5.6.3. Fracability evaluation  

In hydraulic fracturing, brittleness has been applied to detect the effective fracturing zone 

(Jarvie et al., 2007). Thus, it was studied intensively in Chapter 3 to improve the understanding 

of rock failure. However, brittleness has the defects of frequently ignoring the actual 

mechanisms of effective fracturing (Bai, 2016). Brittleness is not sufficient to evaluate the 

complex fracture development in hydraulic fracturing because high brittleness can be a fracture 

barrier in some cases (Bruner and Smosna, 2011; Jin et al., 2015). The integrated fracturing 

process in unconventional reservoirs includes fracture initiation and fracture development. The 

evaluation of fracability should reflect not only rock damage initiation but also the ability to 

develop complicated fracture nets.  

5.6.3.1. Fracture initiation  

In the triaxial failure test, the rock is ruptured when deviatoric stress rises to the 

compressive strength. After the peak stress level, major fractures emerge. However, the fracture 
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initiation stress in hydraulic fracturing is usually much smaller than the compressive strength. 

Most of the initial fractures in hydraulic fracturing are tensile fractures. The gap between tensile 

strength and shear strength impedes the reliability of brittleness in hydraulic fracturing design.  

Based on the crack damage process, newborn cracks after the linear elastic stage are 

tensile cracks similar to the tensile fractures in hydraulic fracturing. Moreover, unlike the peak 

strength, Ci is independent of loading conditions such as loading rate (Martin, 1993). Therefore, 

the crack initiation possibly provides a new approach to build a connection between the crack 

initiation stress in the experimental measurement and the fracture initiation stress in the 

hydraulic fracturing. The result of the hydraulic fracturing experiment is shown in Figure 5.17, 

which displays the relationship between fracture development and acoustic activity. Meanwhile, 

a similar crack growth process is also observed in the rock under the compression test. We 

believe the crack initiation stress is more relevant to the fracture initiation stress with physical 

meaning than the compressive strength. 

 
Figure 5.18. Wellbore pressurization history (red), rock deformation (light blue, dark blue and 

green), and cumulative acoustic emission number as a function of time (Stanchits et al., 2014). 
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Additionally, the significant effect of heterogeneity in hydraulic fracturing should be 

considered. For heterogeneous rock samples, hydraulic fracture initiation occurs considerably 

earlier before the breakdown pressure is reached. However, the fracture initiation pressure and 

breakdown pressure are indistinguishable for homogeneous rocks. The heterogeneity of shale 

samples also influences the hydraulic fracture path and shape (Yang et al., 2004). 

Simultaneously, Ci is proved to describe the heterogeneity of rock samples in laboratory tests.  

Using the relationship between Ci and the sorting coefficient in Figure 5.18, we consider that 

strong heterogeneity with a low sorting coefficient purports a low Ci value. It suggests Ci can be 

thought of as a local failure event caused by the stress concentration in heterogeneous rocks. 

Shales in unconventional reservoirs display an evident mechanical heterogeneity such as 

anisotropy, minerals concentration, and preexisting fractures. Hence, Ci is a reliable parameter to 

indicate the fracture initiation stress in hydraulic fracturing.          

 
Figure 5.19. The crack initiation stress as a function of the sorting coefficient in a rock 

mechanical model (Nicksiar and Martin, 2014). 
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5.6.3.2. Fracture development 

The capacity of fracture propagation after fracture initiation is taken into account for 

constructing complex fracture nets in reservoir stimulation. The propagation of hydraulic 

fractures depends on combining in-situ stress field, pore pressure, and fracture toughness 

(Thiercelin et al., 1989; Warpinski and Smith, 1989). Fracture toughness is introduced to display 

a rock’s important mechanical property containing a crack to resist fracture. Higher fracture 

toughness means the rock can bear more cracks development without failure. It can be applied to 

evaluate fracture propagation and growth in hydraulic fracturing. The frequently used 

experimental methods for fracture toughness include Chevron Notched Semicircular Bend 

method and Chevron Notched Brazil Disk method (Chong and Kurppu, 1984; Zhao and 

Roegiers, 1993). Fracture toughness measurement is difficult and expensive, and insufficient 

data are gained for shale samples. Therefore, an indirect method depending on crack growth is 

used to describe the ability of stable crack development in rocks.  

 
Figure 5.20. Schematic of rock crack development in different damage stages. 

Figure 5.20 shows different crack development stages under the triaxial failure test. 

Crack growth is stable and controllable from the crack initiation stress to crack damage stress. 

This process accords with the definition of fracture toughness. If a rock has a longer period to 

allow stable crack growth, the rock’s ability to support crack propagation is more substantial 
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with higher fracture toughness. In most of the measured shale samples, the crack damage stress 

approximately equals the compressive strength. Therefore, (1-Ci/Cp) is considered a useful 

parameter to evaluate crack development.   

5.6.3.3. Experimental verification  

We present a simulated fracture method based on key stress thresholds to evaluate the 

fracability. Generally, low Ci indicates a low stress threshold for fracture initiation. High (1-

Ci/Cp) indicates a strong ability for stable fracture development.  

In order to test the performance of this method, the analysis of fracture distribution after 

failure is conducted. Zhang et al. (2018) claimed an experimental approach to estimate the 

fracture complexity when the rock sample underwent the complete compression failure test. As 

Figure 5.20 shown, the extern fracture image with an optical scanner roller and the internal 

fracture image with an X-ray CT scanner are extracted from a post-failure sample. The fracture 

complexity (Fc) is proposed to evaluate fractures in the post-failure rock and expressed as: 

min min

max min max min

( ) / 2
f f a a

c

f f a a

R R D D
F

R R D D

− −
= +

− −
                                            (5.4) 

where Rf  is surface fracture porosity; Da is fracture angle dispersion, which can be derived from 

the internal and external fracture images. Hence, Fc can describe the rock fracability and 

represent complex fracture distribution after failure.  
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Figure 5.21. (a) The side image of a rock sample. (b) The 3D reconstruction image for a failure 

rock. (c) The 3D image of fracture extraction results (Zhang et al., 2018). 

We collaborate with the authors mentioned above to obtain the fracture complexity of 

several ruptured shale samples with this experimental method. Therefore, the fracability of 

measured shales are described using fracture complexity in this study. Key stress thresholds for 

these samples are also detected based on the stress-strain data. When the fracture complexity is 

plotted with the ratio of Ci/Cp in Figure 5.21, the negative correlation between Ci/Cp and Fc is 

displayed. Lower Ci/Cp represents that it is easy to achieve fracture initiation with a shorter 

elastic stage. A larger gap between the crack initiation stress and the peak strength exhibits a 
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stronger ability to support fracture propagation. It indicates that more dissipated strain energy is 

applied to develop cracks. Therefore, Ci/Cp can evaluate the rock fracability by describing the 

fracture initiation and development during the whole failure process.  

 
Figure 5.22. The relationship between Ci/Cp and the fracture complexity. 

To sum up, Ci/Cp tries to simulate rock fracture growth through crack development under 

the triaxial failure test. Even though it neglects fracture size and shape, the fluids influence and 

the pressurization mode, similar micro fracture growth and mechanical behavior offer us an 

approach to link the laboratory measurement with the engineering application. More works 

combing multiple experimental techniques with practical engineering data will be conducted to 

improve this method for rock fracability evaluation in the future.     

5.7. Summary  

A comprehensive study on rock failure process of organic shale is conducted using the 

triaxial failure test. Firstly, the strain energy evolution method to determine Ci is proposed in this 

study. It has a better performance than other methods for the shale samples without dilatancy. 

Triaxial failure tests with different confining pressures suggest that confining pressure makes the  
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rock difficult to rupture with high key stress thresholds. Based on key stress thresholds, ductile 

and brittle damage processes are displayed for the measured samples. Meanwhile, the crack 

development process is affected significantly by anisotropy. Finally, Ci is an effective parameter 

to determine the accurate elastic stage and predict in-situ stress in field applications. Meanwhile, 

Ci/Cp can describe crack development and evaluate rock fracability for hydraulic fracturing. 
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