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Abstract 

Brittleness researches aim to improve the fracturing effect of the formation and make 
the complex fracture network easier to produce. The stronger the brittleness is, the 
easier the natural and induced fractures are to form under the action of tectonic stress 
and hydraulic fracturing. It is found that the main factors affecting reservoir brittleness 
are mineral composition, organic matter content, bedding, fracture and confining 
pressure. At present, there are many brittleness evaluation methods. Several common 
brittleness evaluation methods, such as mineral composition method, tensile and 
compressive strength method, hardness and fracture toughness method, stress-strain 
curve method, rock mechanics parameter method and internal friction angle method are 
discussed in this paper. In practical use, the brittleness evaluation method suitable for 
the region could be selected according to the available data and geological background. 
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1. Introduction 

Compared with conventional oil and gas reservoirs, shale oil and gas reservoirs are 
characterized by complex geological origin, strong heterogeneity, poor physical property 
conditions, complex pore structure and diverse mineral components[1,2]. The directional 
arrangement of microfractures, clay mineral particles and different maturity of organic matter 
result in the anisotropy of shale. Low porosity and low permeability are typical characteristics 
of shale oil and gas reservoirs. Shale gas needs to rely on hydraulic fracturing technology to 
achieve economic exploitation[3]. In hydraulic fracturing technology, shale brittleness index 
plays a very important role. In different disciplines, the characterization and definition of 
brittleness are different. The brittleness test of shale is an important basis for reservoir 
mechanics evaluation, selection of perforation interval and design of fracturing scale. There is 
no unified definition of brittleness, so there is no fixed form of brittleness evaluation method[4]. 
There are more than 20 existing brittleness measurement methods, but because there is no 
specific evaluation index and measurement method in rock mechanics, based on different 
evaluation purposes, scholars in different fields put forward different definitions and 
evaluation formulas[5,6]. There is no unified statement about these evaluation criteria, and no 
standard test method has been established.  

In the geological evaluation of reservoir, brittleness evaluation is to guide the optimization of 
sweet spot area and sweet spot interval. Its method should not only meet the rationality, but 
also consider the practicability, that is, it can effectively achieve continuous field prediction, not 
limited to indoor core experiment[7]. It is very important to study the influencing factors and 
evaluation methods of shale gas reservoir brittleness for shale gas fracturing and development. 



Scientific Journal of Intelligent Systems Research                                                                                        Volume 3 Issue 7, 2021 

ISSN: 2664-9640                

89 

2. The Connotation of Brittleness 

Different disciplines have different definitions of brittleness, and the calculation methods of 
brittleness index are different. The elastic deformation of rock occurs, and Ramsay defines the 
property of the rock when the cohesion is damaged as brittle. Geologists define brittleness as 
the elastic deformation of materials before fracture or failure[8]. The representative view 
defines brittle fracture as the property that the material is almost transient deformation before 
fracture.  

The definition of brittleness is not unified, and there are many factors to change the brittleness, 
including rock mechanics parameters, content of brittle minerals, rock strength, internal 
friction angle and so on. At present, the brittleness evaluation methods are numerous, and the 
brittleness index proposed by various brittleness evaluation methods is even more numerous. 
In unconventional reservoirs, the effect of using the existing brittleness index to analyze the 
reservoir fracturing is not significant. The main reason is that there are some theoretical defects 
and application limitations. 

In recent years, with the deepening of research, the evaluation methods of brittleness are also 
enriched. The common methods of brittle evaluation include mineral component method, 
compressive tensile strength method, hardness and fracture toughness method, stress-strain 
curve method, rock mechanics parameter method and internal friction angle method[9]. 
Generally, high brittle rock has the common characteristics such as fine-grained rock, small 
deformation during fracture, high resilience, fracture damage, large internal friction angle, good 
crack development and high compressive strength during hardness test. 

3. Influencing Factors of Brittleness 

Brittleness is a comprehensive representation of rock mechanical properties as a parameter to 
describe the deformation and failure characteristics of rock[10]. Scientific brittleness 
evaluation method should be based on the in-depth understanding of brittleness influencing 
factors. The basic theory of rock mechanics and the experimental study on the mechanical 
properties of shale rock show that the mineral composition and its content, structural 
characteristics, pore fluid, temperature and pressure environment, and stress loading mode all 
affect the rock brittleness. 

3.1. Mineral Components.  

Mineral composition determines the brittleness of rocks to a large extent. Shale with different 
mineral composition has different mechanical properties such as fracture strength, elastic 
modulus and Poisson's ratio (Table 1). The difference of mechanical properties of shale is due 
to the difference of mechanical characteristics of each mineral component, including strength, 
elasticity and toughness. Quartz is the most typical brittle mineral with high elastic modulus, 
low Poisson's ratio and low toughness; Clay minerals are the most typical plastic minerals with 
low elastic modulus, high Poisson's ratio and high toughness; Although the elastic modulus of 
feldspar and calcite is high, the Poisson’s ratio is also high and the brittleness is not strong. 
According to the standard of “high elastic modulus and low Poisson’s ratio”, quartz, dolomite 
and pyrite are three minerals with strong brittleness.  

 

Table 1 Elastic mechanical parameters of common minerals 

Mineral types Elastic modulus Poisson’s ratio Fracture toughness 

Quartz 95.94 0.07 0.24 

Feldspar 39.62 0.32 0.85 
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Calcite 79.58 0.31 0.79 

Dolomite 120.00 0.24  

Pyrite 305.32 0.15  

Clay 14.20 0.30 2.19 

Kerogen 6.26 0.14  

 

3.2. Organic Matter. 

Organic carbon refers to the carbon element related to organic matter in sedimentary rocks. 
Organic carbon content refers to the weight of organic carbon per unit weight of rock, expressed 
as a percentage. Organic carbon content is a simple and effective method to evaluate organic 
matter abundance. In addition to mineral composition, organic carbon content in shale also 
affects reservoir brittleness. The statistical data of organic carbon content and elastic 
parameters of shale by relevant scholars show that organic matter can also affect its brittleness 
by reducing elastic parameters. Generally speaking, the higher the content of organic carbon, 
the lower the brittleness of rocks (Fig. 1). 

 
Fig. 1 Effect of organic carbon content on elastic parameters of shale 

3.3. Bedding. 

The anisotropy of the mechanical properties caused by the bedding structure of the reservoir 
is obvious, and the rock samples taking the center along different bedding angles show different 
brittle characteristics. The compressive strength is the highest in the direction parallel to the 
bedding plane (approximately equivalent to the compressive strength in the direction 
perpendicular to the bedding plane), and the direction of 30°is the lowest (Fig. 2). The elastic 
modulus is the largest in the direction parallel to the bedding plane, and decreases with the 
increase of bedding angle; There is no significant correlation between Poisson’s ratio and 
bedding plane angle. The bedding plane is a weak plane structure in the failure process of rock 
sample, which can significantly reduce the mechanical strength of rock. The shale with better 
bedding is more prone to brittle failure along the bedding plane. 
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Fig. 2 Effect of angle between stress loading direction and bedding plane on shale compressive 

strength 

3.4. Fractures. 

Natural fractures and micro fractures are also important structural factors that cause 
anisotropy of shale mechanical properties and affect shale brittleness. The development degree 
of natural fractures has a very important influence on the formation of network fractures. The 
structural weak plane is composed of natural fractures in shale reservoir. The strength of the 
structural weak plane is far less than the tensile strength and shear strength of the matrix rock. 
In the fracturing process, the fracture first cracks because the natural fractures reach the tensile 
or shear strength first. The existence of cracks will also reduce the strength of rock as a weak 
plane of structure, making it easy to brittle failure along the crack plane, which is conducive to 
the formation of fracture network. 

3.5. Confining Pressure. 

Confining pressure is an important factor affecting rock mechanical properties. The existence 
of confining pressure will make the micro cracks in shale tend to close, so as to improve the 
ultimate bearing capacity of rock. Therefore, the compressive strength increases with the 
increase of confining pressure. When the confining pressure is low, the increase rate of 
compressive strength is obvious. When the confining pressure increases to a certain extent, the 
closure of micro cracks reaches the limit, and the increase rate of compressive strength 
gradually decreases. At the same time, confining pressure can also inhibit the generation and 
propagation of microcracks in the process of shale failure, and reduce the brittleness of rock. 
From the variation of elastic parameters, the elastic modulus increases with the increase of 
confining pressure; Poisson's ratio increases with the increase of confining pressure when the 
confining pressure is low, and decreases when the confining pressure is high. 

4. Brittleness Evaluation Method 

4.1. Mineral Composition Method. 

The brittleness of rock changes with the mineral composition. The main reason for the high 
brittleness of rock is the high content of quartz, pyrite and other minerals. The main reason for 
the rapid formation of complex fracture network in shale reservoir is the high content of brittle 
minerals, while the main reason for the difficult development of complex fracture network in 
plastic formation is that there are too many plastic minerals (clay) in the formation. Starting 
from the content of brittle minerals is a common method to study the brittleness of reservoir，
and he content of each mineral component in rock can be accurately obtained by using rock X-
ray diffraction data. 
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In the mineral composition method, the brittleness index is calculated by dividing the content 
of brittle minerals by the content of total minerals, as shown in formula (1): 

𝐵=
𝑊𝑏𝑟𝑖𝑡

𝑊𝑡𝑜𝑡𝑎𝑙
                                                                           (1) 

Where: Wbrit  refers to the content of brittle minerals; Wtotal  refers to the content of total 
minerals. Accurate definition of brittle minerals is the key to calculate the brittleness index by 
using formula (1). Generally speaking, quartz and pyrite are typical brittle minerals, while clay 
and feldspar are plastic minerals. Some scholars believe that dolomite belongs to brittle 
minerals and limestone belongs to ductile minerals, while others believe that dolomite and 
limestone belong to brittle minerals. It is obvious that the calculation results are quite different 
due to different definitions of brittle minerals. 

Because the rock mechanical parameters are affected by brittle minerals, increasing the content 
of brittle minerals will increase the elastic modulus and brittleness index. The relationship 
between elastic modulus and brittle minerals is shown in Figure 3. 

 

 
Fig. 3 Relationship between elastic modulus and brittle mineral content 

The mineral composition method is simple and convenient, and has been well applied in many 
areas at home and abroad, but it also has the following disadvantages. For example, the method 
has good application in shale formation, but the application effect is poor in tight sandstone 
formation due to the high quartz content of sandstone itself；If diagenesis is not considered, 
the brittleness will be changed (pore structure and diagenetic pressure are different), and the 
brittleness index will be different; This method ignores the influence of rock mechanical 
properties on brittleness. When rock brittleness is in complex stress state, the accuracy of this 
method is not high. Only when the stress condition is relatively simple, this method can play its 
role. 

4.2. Stress Strain Curve Method. 

The stress-strain curve method is the most effective and intuitive method for qualitative 
evaluation of rock brittleness. It reflects the whole process of rock from initial deformation, 
failure to final fracture under the action of external force[11]. The stress-strain curve can be 
obtained by triaxial compression test. The rock brittleness can be quantitatively obtained by 
recording the whole process of stress-strain curve. 

The physical meaning of each stage of the stress-strain curve is different. The whole process of 
the stress-strain curve can be divided into six stages (Fig. 4):①The OA section belongs to the 
elastic deformation stage, that is, it compresses the rock, the cracks shrink, and it can still 
completely return to the original state after the stress is removed. ②In AB section, the curve is 
similar to a straight line, and it can be restored to its original shape after the stress is removed, 
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which is listed as the stage of linear elastic deformation. ③The BC section is a nonlinear plastic 
deformation stage, that is, the rock begins to be destroyed, and the internal micro cracks appear 
parallel to the maximum principal stress. ④CD section belongs to the compressive strength 
stage of rock. The reason why the density of microcracks increases and the stress at point d 
reaches the peak value is the rapid formation of internal cracks. ⑤In de section, the bearing 
capacity of rock gradually decreases because the cracks gradually melt. ⑥After E point, the 
residual strength remains unchanged, the rock is destroyed and the crack begins to slide. 

 
Fig. 4 Diagram of total stress-strain curve 

The state change after the peak of rock stress-strain curve is related to rock brittleness. The 
stress drop is proportional to the brittleness. When the stress drop increases, the brittleness of 
rock also increases. Bishop, the proposer of this theory, established the formula of brittleness 
index (2): 

𝐵 =
𝜎𝑝−𝜎𝑟

𝜎𝑝
                                                                          (2) 

Where: σp refers to the peak stress; σr refers to the residual stress. 

It is found that there is a negative correlation between the strain at the extreme value of rock 
brittleness and internal friction strength and the strain difference at the residual value at the 
weakening of cohesion. According to this, the formula of brittleness index is established as 
shown in equation (3): 

𝐵 =
𝜀𝑟−𝜀𝑝

𝜀𝑟
                                                                               (3) 

Where: εp refers to the peak strain; εr refers to the residual strain. 

On the basis of previous studies, Zhou Hui et al. put forward the brittleness calculation formula 
(4) according to the relative magnitude and absolute rate of brittleness index and post peak 
stress drop of rock. 

𝐵 =
𝜎𝑝−𝜎𝑟

𝜎𝑝
+

log10 |𝐾𝑎𝑐|

10
                                                        (4)   

 

Where: 
σp−σr

σp
 is the relative magnitude of post peak stress drop; 

log10 |Kac|

10
 is the absolute rate of 

post peak stress drop; Kac is the slope of the post peak curve. The formula (4) only focuses on 
the influence of changing post peak stress-strain state on rock brittleness, but does not take 
into account the influence of pre- peak characteristics on rock brittleness, which limits the use 
of this method to a certain extent. 

The integral of stress-strain curve accords with the energy change of rock during 
compression[12]. In recent years, several calculation methods of brittleness index are proposed 
from the point of view of curve energy. Aubertin et al. proposed that the value obtained by 
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dividing the recoverable elastic energy at the peak stress by the total energy at the peak stress 
is used to calculate the brittleness index, as shown in equation (5): 

𝐵 =
𝐴2

𝐴1
                                                                    (5) 

 

Where:A1  refers to the total energy at the peak stress; A2  refers to the recoverable elastic 
performance at the peak stress. The disadvantage of this formula is that it only studies the 
energy before the peak, and does not study the influence of the energy change after the peak on 
the rock brittleness. 

Munoz calculates the brittleness index according to the percentage of the recoverable elastic 
energy at the peak stress in the whole process energy, as shown in equation (6): 

         𝐵 =
𝑈𝑒

𝑈𝑝𝑜𝑠𝑡+𝑈𝑝𝑟𝑒
                                                             (6) 

 

Where: Ue represents the recoverable elastic performance at the peak stress. 

Generally speaking, the advantage of stress-strain curve method is that it can not only use the 
curve shape to characterize the mechanical characteristics of rock, but also use the energy 
relationship to study the rock brittleness. But these two methods have some defects, the curve 
shape method can not completely describe the brittleness of rock, and the curve energy method 
has differences in the area of each part under the stress-strain curve and the physical meaning 
of the energy it represents. 

4.3. Rock Mechanics Parameter Method. 

The elastic modulus, shear modulus, bulk modulus and Poisson’s ratio of rock are the main 
parameters to describe the elastic deformation of rock and measure the ability and degree of 
rock to resist deformation. According to the method of rock mechanics parameters, rock 
mechanics parameters can change the brittleness of rock[13-15]. When the elastic modulus of 
rock increases, the Poisson’s ratio decreases, and the brittleness of rock increases. Figure 5 
shows the relationship between brittleness index and elastic modulus and Poisson’s ratio. 
Brittleness is the comprehensive embodiment of Poisson’s ratio and elastic modulus[16]. The 
brittleness index based on rock mechanical characteristics can be obtained by calculating the 
average value of the two, as shown in formula (7): 

�̅� =
𝐸−𝐸𝑚𝑖𝑛

𝐸𝑚𝑎𝑥−𝐸𝑚𝑖𝑛
 ×100%      

                        

ʋ =
ʋ𝑚𝑎𝑥−ʋ

ʋ𝑚𝑎𝑥−ʋ𝑚𝑖𝑛
 ×100%        

                       

           𝐵17 =
�̅�+ʋ̅

2
                                                                                       (7) 

Where: ʋ  and E̅  refer to the normalized mean Poisson's ratio and elastic modulus after 
normalization; ʋmin  and ʋmaxare the minimum and maximum of Poisson's ratio; Emin and Emax 
are the minimum and maximum of elastic modulus;ʋ and E are the average value of Poisson's 
ratio and elastic modulus in stratum. 
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Fig. 5 Relationship between brittleness index and elastic modulus and Poisson’s ratio 

The ultimate strength of rock under tension and pressure is measured by tensile and 
compressive strength. The tensile strength and compressive strength of rock can be obtained 
by Brazilian splitting test or uniaxial compression test. The main brittleness evaluation 
methods based on rock strength are as follows, shown as formula (8), (9), (10), (11): 

                𝐵 =
𝜎𝑐−𝜎𝑡

𝜎𝑐+𝜎𝑡
                                                                            (8)   

                                     

                𝐵 =
𝜎𝑐

𝜎𝑡
                                                                                  (9)   

                                   

               𝐵 =
𝜎𝑐𝜎𝑡

2
                                                                            (10) 

 

               𝐵 = √𝐵6                                                                              (11) 

Where: σt refers to the tensile strength of rock; σc refers to the compressive strength of rock; 
The tensile strength changes with the compressive strength, increasing the compressive 
strength, and the tensile strength also increases (Fig. 6). 

 
Fig. 6 Relationship between compressive strength and tensile strength of rock 

Rock mechanics parameter method can directly obtain the mechanical parameters of rock 
samples through triaxial compression test, which is easy to use and has become the most 
commonly used method for reservoir brittleness evaluation. But the parameter method of rock 
mechanics also has the following problems: (1) the influence weights of Poisson's ratio and 
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Young's modulus are both 0.5, which need to be further studied. (2) Because according to the 
principle of statistics, we need to do a large number of sample data, so the cost is relatively high. 
(3) Only considering the simple stress condition, there will be regional restrictions. (4) Only the 
influence of Poisson's ratio and Young's modulus on rock brittleness is studied, while the 
influence of other mechanical conditions on rock brittleness is ignored. 

4.4. Internal Friction Angle Method. 

The internal friction angle method is introduced from the Coulomb Mohr fracture criterion. The 
Coulomb Mohr fracture criterion, which is widely used in rock mechanics, has two main 
methods: one is characterized by the principal stress sum, in which the principal stress sum is 
perpendicular to the principal stress sum (Fig. 7a); The other is characterized by the 
relationship between normal stress and shear stress (Fig. 7b). The fracture line equations of 
the two are shown in equations (12) and (13),the calculation formula of brittleness index is as 
follows (14): 

                𝜎1 = 𝐶0 + 𝑞𝜎3                                                                   (12) 

 

τ=S0+μσ                                                                                   (13) 

 

𝐵19 = sin 𝜑                                                                            (14) 

 

Where: C0  is the uniaxial compressive strength; q is the slope; σ3 is the minimum principal 
stress; σ1  is the maximum principal stress; τ is shear stress; S0 is cohesion, σ is the normal 
stress; μ is the coefficient of internal friction;φ is the internal friction angle. The disadvantage 
of this method is that when the fracture angle of rock is different, this method can not be used 
for evaluation. 

 

 
Fig. 7 Schematic diagram of Coulomb Moore criterion 

4.5. Hardness and Fracture Toughness Method. 

Hardness and fracture toughness are inherent properties of materials, only related to the 
properties of the materials themselves. The hardness reflects the ability of the material to resist 
the external objects from pressing into its surface[17]. The fracture toughness reveals the 
degree of the difficulty of fracture in the reservoir, and is used to reflect the material resistance 
to crack instability and tensile ability. The brittleness can be characterized by hardness and 
toughness fracture method，The  formula is as follows (15), (16), (17): 

 

𝐵6 =
𝐻

𝐾𝐼𝐶  
                                                                                      (15) 

 

𝐵7 =
𝐻𝜇−𝐻

𝐾
                                                                                (16) 
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𝐵8 =
𝐻𝐸

𝐾𝐼𝐶
2                                                                             (17) 

 

Where: H refers to macro hardness; Hμ  Refers to the micro hardness; KIC  is the fracture 

toughness;E is elastic modulus. The problem of this method is that it is difficult to accurately 
describe the characteristics of rock brittleness under the condition of underground complex 
stress, and the quantitative analysis is not sensitive. 

5. Conclusion 

The brittleness of shale is an important basis for reservoir mechanics evaluation and fracturing. 
The main factors affecting the brittleness are mineral composition, organic matter content, 
bedding, fracture and confining pressure. Brittleness evaluation is to optimize the desserts, the 
method should not only satisfy the rationality, but also consider the practicability. At present, 
there are many brittleness evaluation methods, such as mineral composition method, stress-
strain curve method, rock mechanics parameter method, internal friction angle method and 
hardness and fracture toughness method. All methods have advantages and disadvantages, and 
the conditions for their application are also different. We can choose a reasonable method for 
brittleness evaluation according to the actual needs and available data. 
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