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Brittleness index is an important parameter for the exploration and development of tight sandstone reservoir. In this paper, a new method for calculating brittleness index using conventional logging data was established to find the high-quality exploration and development target area of tight sandstone reservoir in He8 Member of Permian in the western margin of the Ordos Basin. Firstly, the mineral composition and content of rock samples in the study area were analyzed by rock mineral X-ray diffraction, and the brittleness index was calculated according to the mineral content with the average of 70.85%. Then, three kinds of brittleness index logging prediction models were obtained by conventional logging curves such as natural gamma and compressional wave interval transit time. Each prediction model was corrected by the brittleness index calculated according to the X-ray diffraction experiment, and the correlation coefficients were 0.83, 0.58, and 0.71, respectively. Finally, through multiple regression, the comprehensive equation for brittleness index prediction was established by combining these three kinds of models. According to the example of the specific well in the study area, the brittleness index predicted by conventional logging is highly matched with the interpretation results of array acoustic logging with the correlation coefficient of 0.90, which means the accuracy of the comprehensive equation has been verified. The new method can evaluate reservoir brittleness by conventional logging data in the absence of rock sample test data and popularize the application of brittleness index in oil and gas field exploration and development.
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INTRODUCTION
With the development of the global energy industry, unconventional hydrocarbon resources, such as tight sandstone oil and gas, have become an important object of exploration and development. Tight sandstone oil and gas refer to sandstone oil and gas reservoirs with in situ permeability less than 0.1 mD (Rezaee et al., 2012). It is usually necessary to obtain industrial oil and gas production through technical measures such as fracturing (Zou et al., 2015). During formation fracturing analysis, brittleness is an important parameter for optimization of production stimulation interval and process (Lai et al., 2015; Yin et al., 2016).
At present, there is no unified definition of rock brittleness. It is generally accepted that rock brittleness refers to the mechanical characteristics of rock fracture with little deformation under external force (Meng et al., 2021). Brittleness index has been widely used as the parameter to quantitatively characterize rock brittleness. For hydrocarbon exploration and development, rock brittleness index is often related to the difficulty and effect of reservoir fracturing. When the brittleness index is greater than 60%, it is easy to form a large-scale fracture network system in the process of reservoir fracturing, so as to provide a favorable channel for the seepage of hydrocarbon in a tight sandstone reservoir (Kahraman and Altindag, 2004; Rickman et al., 2008; Guo et al., 2015). On the contrary, when the brittleness index is less than 40%, it is difficult to form a complex fracture network in the process of fracturing, which is not conducive to the efficient exploration and development (Kahraman and Altindag, 2004; Rickman et al., 2008; Guo et al., 2015).
There are various quantitative calculation methods of rock brittleness index (Meng et al., 2021). According to the different emphases, the calculation methods of brittleness index can be mainly summarized into three categories based on rock mechanical parameters, stress–strain characteristics, and mineral composition.
The calculation method of brittleness index based on rock mechanical parameters is the most commonly used quantitative evaluation method of rock brittleness. Through uniaxial and triaxial mechanical tests, rock mechanical parameters such as compressive and tensile strength can be obtained, and then the brittleness index of rock can be calculated (Hucka and Das, 1974; Altindag, 2002; Li et al., 2021). Under a continuous external load, rock will deform and destroy, and the stress–strain curve records the process from initial deformation to final failure. Through the stress–strain curve, the parameters used to calculate the rock brittleness index can be obtained, such as peak stress and residual stress (Bishop, 1967; Hucka and Das, 1974; Altindag, 2002; Hajiabdolmajid et al., 2002). A reservoir is composed of a variety of minerals, in which the content of brittle minerals directly affects brittleness. The brittleness evaluation method based on mineral composition is to characterize the brittleness index by calculating the content of brittle minerals in the reservoir (Jarvie et al., 2007; Rickman et al., 2008; Wang and Gale, 2009; Slatt, 2011; Jin et al., 2014; Chen et al., 2021).
Although there are many calculation methods of brittleness index, sufficient core sample test and special logging data are necessary in the calculation process. However, not every oil and gas field has the conditions to fully obtain these data in the production practice. For example, these data are not common in the Ordos Basin. Therefore, it is necessary to calculate the brittleness index by excavating information from conventional logging data to promote the evaluation of reservoir petrophysical properties.
In this paper, taking He8 Member of Lower Shihezi Formation of Permian in the western Ordos Basin as an example, research on the conventional logging prediction method of brittleness index was conducted. Based on conventional logging, a comprehensive mathematical model for predicting the brittleness index of tight sandstone reservoir was established. The new method for brittleness index prediction can enrich the technical means for the evaluation of tight sandstone gas reservoirs in the study area. In addition, the correlated workflow may popularize the application of brittleness index in oil and gas field exploration and development.
GEOLOGICAL SETTINGS
The study area is located in the north section of the western margin of the Ordos Basin, spanning two structural units: Tianhuan Depression and Western Fault-fold Belt (Figure 1). It is an oil and gas enrichment area with multiple strata superimposed. Mesozoic oil reservoirs are developed continuously in the southeast of the study area, and Paleozoic large-scale tight sandstone gas reservoirs are developed in the northeast (Zhang et al., 2018; Ouyang et al., 2021). With the continuous extraction, the proved reserves of hydrocarbon resources in this area have been almost exhausted. In recent years, the natural gas resource has been explored in the southeast and west of the study area to increase resource reserves. According to practice progress, the results are remarkable and the prospects are broad.
[image: Figure 1]FIGURE 1 | Tectonic unit and location of the study area in the Ordos Basin.
The Lower Shihezi Formation in the north section of the western margin of the Ordos Basin can be divided into four sections: He8 to He5. According to well logging and gas testing data, natural gas bearing and production intervals are mainly concentrated in He8 Member. The lithology of He8 Member is mainly gray mudstone and gray and gray white sandstone. The average thickness of sandstone in He8 Member is 15.1 m. The pore types are mainly dissolved pores and intergranular pores, with an average porosity of 6.37% and permeability of 0.265 mD.
MATERIALS AND METHODS
As mentioned above, based on rock mechanical parameters, stress–strain characteristics, and mineral composition, methods for calculating the brittleness index can be divided into three types. In this study, three equations were selected for each kind of quantitative evaluation method to calculate the brittleness index of tight sandstone reservoir of He8 Member in the study area.
Method Based on Rock Mechanical Properties
Young’s modulus and Poisson’s ratio are two important rock mechanics parameters, which can be obtained from rock mechanics experiments. Young’s modulus can be used to characterize the ability of rock to resist deformation, while Poisson’s ratio can be used to characterize the ability of rock to deform along the cross section (Yin et al., 2016; Yang et al., 2021). Therefore, Young’s modulus is positively correlated with the brittleness index; on the contrary, Poisson’s ratio is negatively correlated with the brittleness index (Yin et al., 2016). The method of calculating the brittleness index by Young’s modulus and Poisson’s ratio is widely used in oil and gas industry.
The simple method is to calculate the relative values of Young’s modulus and Poisson’s ratio. Through the normalization of Young’s modulus and Poisson’s ratio, two values ranging from 0 to 100 were obtained, which can be regarded as brittleness indexes (Jarvie et al., 2007; Rickman et al., 2008; Wang and Gale, 2009; Slatt, 2011; Jin et al., 2014; Li et al., 2020):
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where BIE is the brittleness index calculated by Young’s modulus (%), E is Young’s modulus (GPa), and Emax and Emin are the maximum and minimum of Young’s modulus (GPa), which are usually taken as regional empirical values, and
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where BIν is the brittleness index calculated by Poisson’s ratio (%), ν is Poisson’s ratio (decimal), and νmax and νmin are the maximum and minimum of Poisson’s ratio (decimal), which are usually taken as regional empirical values.
Through Eqs 1 and 2, the rock brittleness index can be calculated according to Young’s modulus and Poisson’s ratio. In scientific research studies and production practices of oil and gas fields, the two values calculated in Eqs 1 and 2 are usually averaged, and the calculated results are finally regarded as the rock brittleness index (Jarvie et al., 2007; Rickman et al., 2008; Wang and Gale, 2009; Slatt, 2011; Jin et al., 2014):
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where BI1 is the brittleness index calculated by Young’s modulus and Poisson’s ratio (%).
When core samples are absent, Young’s modulus and dynamic Poisson’s ratio of rock can also be calculated from array acoustic logging or dipole acoustic logging data. Shear wave interval transit time can be obtained through array acoustic logging or dipole acoustic logging (Lai et al., 2015; Yin et al., 2016). Using the logging data of bulk density and compressional and shear wave interval transit time, Young’s modulus and Poisson’s ratio can be calculated through the following equations:
[image: image]
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where ρb is the bulk density (g/cm3), Δts is the shear wave interval transit time (μs/m), and Δtc is the compressional wave interval transit time (μs/m).
Substituting Eqs 4 and 5 into Eqs 1 and 2, respectively, Young’s modulus and Poisson’s ratio of rock can be calculated from logging data. Then, through Eq. 3, the value of BI1 can be obtained.
Method Based on Stress–Strain Characteristics
The internal friction angle is the critical self-stable angle of rock under external load, which affects the fracture surface of rock failure (Sun et al., 2015; Zhao et al., 2021). The internal friction angle can reflect the frictional force between rock clastic grains and can be characterized by the relationship between normal stress and shear stress in any azimuth plane of rock (Deere and Miller, 1966). The rock brittleness index can be expressed as sine of its internal friction angle (Deere and Miller, 1966; Sun et al., 2015; Meng et al., 2021; Zhao et al., 2021). The larger the internal friction angle is, the higher the rock brittleness index is:
[image: image]
where BI2 is the brittleness index calculated by the internal friction angle (%) and φ is the internal friction angle (°).
There is a negative correlation between rock internal friction angle and Poisson’s ratio, and the equation can be expressed as (Deere and Miller, 1966; Sun et al., 2015; Meng et al., 2021)
[image: image]
Substituting Eq. 7 into Eq. 6, BI2 can be obtained.
Method Based on Rock Mineral Composition
Rock is composed of various minerals, and the content of brittle minerals directly affects its brittleness index (Jarvie et al., 2007; Rickman et al., 2008; Wang and Gale, 2009; Slatt, 2011; Jin et al., 2014; Zhang et al., 2020). Reservoirs rich in brittle minerals can achieve good fracturing effect and improve well productivity. Each mineral has a specific X-ray diffraction pattern, and the characteristic peak intensity in the pattern is positively correlated with the content of the mineral in the sample (Lai et al., 2015). In the X-ray diffraction experiment, the rock samples were crushed and ground into powder, and the mineral composition and content were obtained. The experimental standards are those implemented by SY/T 5163-2018.
It is worth noting that the physical properties of minerals are different under different burial depth, pressure, temperature, sedimentary model, and diagenetic evolution (Wang et al., 2015; Hernandez-Uribe et al., 2017). In different areas, the definition of brittle minerals is often various for diverse types of reservoirs. Based on previous studies on brittleness evaluation of tight sandstone reservoirs in the Ordos Basin, quartz and carbonate are regarded as brittle minerals (Lai et al., 2015; Wang et al., 2015). Therefore, the brittleness index calculation equation based on the rock mineral composition can be expressed as
[image: image]
where BI3 is the brittleness index calculated by rock mineral composition (%), Wqz is the quartz content (%), Wcar is the carbonate mineral content (%), Wfels is the feldspar content (%), and Wclay is the clay mineral content (%).
RESULTS AND DISCUSSIONS
Through different methods stated in Section 3, the values of BI1, BI2, and BI3 were calculated for typical well examples. On the basis of extracting the corresponding conventional logging parameters, the conventional logging prediction model of rock brittleness index was finally established through regression analysis.
Comparison and Analysis of Brittleness Index
Well #1 that implements array acoustic logging was selected. Using the data of shear wave interval transit time (DTS), compressional wave interval transit time (DTC), and bulk density (DEN), through Eqs 4 and 5, Young’s modulus and Poisson’s ratio were calculated. The values of Young’s modulus of Well #1 in He8 Member range from 17.47 to 63.65 GPa, with an average of 37.47 GPa. The average Poisson’s ratio is 0.28, with the values in the range of 0.09–0.38. Through Young’s modulus and Poisson’s ratio calculation results, BI1 and BI2 can be obtained from Eqs 1–3, 6, and 7. The value ranges of BI1 and BI2 are from 16.90 to 74.12% and from 44.39 to 66.96%, with an average of 43.41 and 54.20, respectively.
Through the rock mineral X-ray diffraction experiment, the mineral composition and content of the samples of Well #1 were tested and analyzed quantitatively (Table 1). Among the 31 samples, the maximum value of quartz content is 80.71%, the minimum value is 36.23%, and the average value is 68.84%; the maximum value of clay minerals is 55.38%, the minimum value is 12.54%, and the average value is 24.79%; the maximum value of carbonate minerals is 5.25%, the minimum value is 0.02%, and the average value is 2.08%. BI3 of the 31 experimental samples was calculated by Eq. 8. The values range from 36.66 to 81.94%, with an average of 70.85% (Table 1).
TABLE 1 | Quantitative analysis of whole rock minerals by X-ray diffraction and brittleness index.
[image: Table 1]The curves of Young’s modulus and Poisson’s ratio were calculated and drawn in the seventh track in the log interpretation diagram of Well #1 (Figure 2). These two curves show an opposite change trend. In Figure 2, BI1 and BI2 are shown in the eighth track. The data range of BI1 is wider, and the average value of BI2 is higher. The discrete data values of BI3 are also shown in the eighth track. The change trends of BI1 and BI2 are consistent with that of BI3, which means the brittleness index calculation results by array acoustic logging are correct. Furthermore, it can be seen that the values of BI1 and BI3 are closer. For BI3, the average value of the tested rock samples is 70.85%. Corresponding to the depth of the tested sample, the average values of BI1 and BI2 are 63.75 and 59.82%. Therefore, when using array acoustic logging or dipole acoustic logging data to evaluate rock brittleness, it is recommended to use the relevant method of calculating BI1.
[image: Figure 2]FIGURE 2 | Well #1 logging interpretation results of He8 Member.
Brittleness Index Prediction by Fitting DTS
The data of DTC and DEN can be obtained from conventional logging data. Due to the limiting factors such as operation cost, only a few wells implement array acoustic logging or dipole acoustic logging (Li et al., 2014; Lai et al., 2015; Sun et al., 2015; Yin et al., 2016). Therefore, DTS logging data are often absent. To calculate the rock brittleness index, it is necessary to fit the calculation equation of DTS through the existing DTS data and conventional logging data.
In fact, there is a relatively strong correlation between each porosity logging curve. In Figure 2, curves of DTS and DTC are shown in the third track and those of DEN and compensated neutron logging (CNL) are drawn in the fourth track. It can be seen that there is high consistency among the curves of DTS, DTC, DEN, and CNL. The values of DTS are positively correlated with those of DTC and CNL while negatively correlated with those of DEN. Quantitative correlation analysis of DTS with DTC, DEN, and CNL shows that the correlation coefficients are 0.69, -0.58, and 0.72, respectively.
Due to high correlation, multiple regression was conducted, and the equation of calculating DTS by DTC, DEN, and CNL was obtained:
[image: image]
where ΦN is the compensated neutron logging value.
Substituting Eq. 9 into Eqs 4 and 5, Young’s modulus and Poisson’s ratio can be calculated in the absence of DTS logging. Using the calculation results, the apparent brittleness indexes BI1a and BI2a can be obtained from Eqs 1–3,6 and 7.
The cross plots of BI1a and BI2a versus BI3 were established, respectively, to verify the logging prediction results (Figure 3). It can be seen that the data distribution range of BI1a is wider than that of BI2a, which is similar to the data distribution law of BI1 and BI2. According to the correlation between data points, the correlation coefficient between BI1a and BI3 is 0.83, while that between BI2a and BI3 is 0.58. Obviously, there is a stronger correlation between BI1a and BI3. Therefore, the method of calculating BI1a is more suitable for the quantitative evaluation of rock brittleness. For BI2a, although the absolute accuracy of the calculation results does not meet the requirements of quantitative evaluation of rock brittleness, the relative relationship between the calculated values is still maintained. In some cases of focusing on the relative relationship, such as the selection of stimulation interval in a specific well, the calculation method of BI2a is more rapid and efficient because fewer parameters are involved.
[image: Figure 3]FIGURE 3 | Cross plots of BI3 versus (A) BI1a and (B) BI2a.
Brittleness Index Multiple Parameter Fitting
According to Figure 2, it can be seen that the brittleness index is correlated with many logging parameters such as DTC, gamma ray (GR), and deep resistivity (RILD). In fact, there is a clear corresponding relationship between rock brittleness, lithology, and physical properties (Li et al., 2014; Lai et al., 2015; Sun et al., 2015; Liu et al., 2020).
Taking GR as an example, it is a method of radioactive logging, and the GR curve can indicate reservoir lithology. Clay rocks contain highly radioactive elements, and clay minerals have a strong adsorption capacity for cations, which can adsorb surrounding radioactive substances (Lai et al., 2015). Therefore, when the clay content of reservoir is high, it shows obvious characteristics of high GR. On the contrary, when the reservoir contains a large amount of non-radioactive substances such as quartz and carbonate, the GR curve shows the characteristics of low value (Lai et al., 2015). Meanwhile, according to the calculation method of brittleness index based on rock mineral composition, high content of clay minerals can cause low brittleness index, while high content of quartz and carbonate minerals can lead to high brittleness index. As a result, high value of GR corresponds to low brittleness index, while low value of GR corresponds to high brittleness index.
The correlation between brittleness index and conventional logging parameters was analyzed. There is high correlation between brittleness index and conventional logging parameters of GR, DTC, RT, and PE (Table 2). After calculating the reciprocal of the parameters negatively correlated with the brittleness index, it is multiplied by the parameters positively correlated with the brittleness index. The final calculated product is defined as the brittleness index sensitive parameter, which is represented by 
[image: image]
where Pspos is the conventional logging parameter positively correlated with the brittleness index and Psneg is the conventional logging parameter negatively correlated with the brittleness index.
TABLE 2 | Correlation coefficient between brittleness index and logging parameters.
[image: Table 2]Compared with the correlation coefficient between single conventional logging parameters, the correlation between Ps and BI3 is significantly improved, with the correlation coefficient of 0.71. The cross plots of GR and Ps versus BI3 were established, respectively (Figure 4). In the cross plot of GR versus BI3 (Figure 4A), there is an obvious negative correlation between BI3 and GR. However, the distribution of data points is relatively discrete, which means that there will be large errors in the calculation results if only GR is used to establish the regression formula of brittleness index. After the abscissa of the cross plot is optimized to Ps (Figure 4B), the distribution of data points obviously becomes centralized and convergent.
[image: Figure 4]FIGURE 4 | Cross plots of BI3 versus (A) gamma ray logging values and (B) brittleness index sensitive parameter.
According to the cross plot of Ps versus BI3, the mathematical relationship between the two parameters was fitted, and the obtained mathematical relation expression can be regarded as an equation for predicting the rock brittleness index using conventional logging data. The apparent brittleness index predicted by this method is represented by 
[image: image]
Brittleness Index Comprehensive Prediction Model
According to different emphases of rock brittleness index evaluation, the brittleness index prediction methods based on rock mechanical properties, stress–strain characteristics, and rock mineral composition using conventional logging data were established. Through multiple regression, BI1a, BI2a, and BI3a can be corrected and calibrated by the experimental test data, and the corresponding multivariate function relationship can be obtained as the comprehensive prediction mathematical model of brittleness index of He8 Member in the study area:
[image: image]
where BIa is the brittleness index predicted by the multiple regression comprehensive model (%).
CASE STUDY
In previous studies, scholars have also used the regression relationship between conventional logging parameters and brittleness index to establish formulas (Li et al., 2014; Lai et al., 2015). However, it must be admitted that due to the difference of geological conditions, the fitting formula has limitations. In some tight sandstone reservoirs with laminated shale development, an accurate brittleness index prediction model can be obtained only using GR or PE (Lai et al., 2015). However, for the tight reservoir in the late diagenetic stage such as He8 Member in the study area, more parameters need to be introduced to improve the prediction accuracy of brittleness index.
Compared with the past, the innovation of this study is to calculate the brittleness index of tight sandstone in a specific area by introducing more conventional logging parameters and fully combining the three main kinds of methods of quantitative determination of brittleness index. In Eqs 9 and 11, many conventional logging parameters such as DTC, DEN, and GR were introduced to calculate the brittleness index of He8 Member in the study area. In Eq. 12, the three main kinds of methods of quantitative determination of brittleness index (based on rock mechanical parameters, stress–strain characteristics, and mineral composition) were combined.
Using Eq. 12, the rock brittleness index of He8 Member was calculated for the wells in the study area. Taking a well with array acoustic logging as an example, the established comprehensive prediction model of brittleness index has high calculation accuracy (Figure 5).
[image: Figure 5]FIGURE 5 | Well #2 logging interpretation results of He8 Member.
In the example (Well #2), through array acoustic logging, the calculated Young’s modulus and Poisson’s ratio are shown in the seventh track, and the brittleness index (BI1) calculated by rock mechanical properties is shown in the eighth track. The brittleness index predicted by the multiple regression comprehensive model (BIa) is also shown in the eighth track. It can be seen that the curves of BI1 and BIa have the same change trend. Through correlation analysis, the correlation coefficient between BIa and BI1 is 0.90. According to the result, the brittle index prediction value with high accuracy can be obtained by the model proposed in this paper. In addition, even in other regions, the fitting formulas proposed in this paper cannot be directly applied, but the corresponding workflow still has reference significance.
The interval is 3,408.5–3,417.7 m, RILD is 63.62 Ω-m, and DTC is 229.36 μm/s. The porosity of core test is 6.30%, and the permeability is 0.269 mD. The peak value of gas logging is 7.98%, and the base value is 0.21%. According to the logging interpretation conclusion, this interval is a gas layer. After gas test verification, the daily gas production of this interval was 4.55 m3. On the contrary, for the low brittleness index interval (3,420.5–3,422.6 m), there was no natural gas produced. The difference of gas test conclusions between the two intervals can also indirectly verify the accuracy of brittleness index prediction results.
CONCLUSION

1) Based on rock mechanical properties, stress–strain characteristics, and brittle mineral composition, the quantitative evaluation methods of rock brittleness can be summarized into three categories. The brittleness of a typical well in the study area was calculated by different methods. For the corresponding depth of the tested sample, the average values of BI1, BI2, and BI3 are 63.75, 59.82, and 70.85%. According to the change trend of BI1 and BI2 versus BI3, it is recommended to use the relevant method of calculating BI1 when the data of array acoustic logging or dipole acoustic logging are provided.
2) Using conventional logging data, DTS can be fitted. The conventional logging prediction of brittleness index based on rock mechanical properties can be realized by using the fitted DTS. BI1a and BI2a were calculated by this method, and the correlation coefficients with the rock samples’ testing result were 0.83 and 0.58. There is a certain degree of correlation between brittleness index and many conventional logging parameters. Through correlation analysis, the sensitive parameter of brittleness index was proposed, and then the equation for calculating the brittleness index using this parameter was fitted. BI3a was calculated by this method, and the correlation coefficient with the testing result was 0.71.
3) The results of brittleness index calculated by different conventional logging prediction methods were regressed with the result obtained by X-ray diffraction, and the brittleness index comprehensive prediction mathematical model by conventional logging was established. According to the wells in the study area, the rock brittleness index was predicted. The example shows that the predicted value coincides with the interpretation results of array acoustic logging, with the correlation coefficient of 0.90. The applicability of the model in the study area has been verified through the example.
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