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The study aims to investigate the rock mechanical properties of the Chang 7 member tight oil reservoir in the Longdong region of the Ordos Basin, China, with the goal of enhancing the efficiency of oilfield development. Despite numerous contributions in the field of rock mechanics, challenges persist in reconciling experimental results with actual geological conditions and achieving comprehensive understanding of rock mechanical properties in tight oil reservoirs. To address this, a variety of experimental methods were employed to systematically assess the mechanical properties of the target reservoir. Rock density was measured using volumetric methods, tensile strength was evaluated through the Brazilian test, uniaxial and triaxial compression tests were conducted to assess rock mechanics properties, and dynamic elastic modulus and Poisson’s ratio were obtained via sonic velocity measurements. Furthermore, differential strain analysis and imaging log analysis were employed to determine the magnitude and direction of geostress. The results revealed that fine-grained sandstone exhibited higher rock density and relatively higher tensile strength, while muddy siltstone exhibited comparatively lower values in these aspects. Analysis of the influence of confining pressure on rock mechanics properties demonstrated a strong positive correlation between compressive strength and Young’s modulus with confining pressure, while Poisson’s ratio exhibited more irregular variations. Additionally, a mathematical relationship between dynamic and static rock mechanical parameters was established. Lastly, based on the characteristics of geostress, reliable foundations for optimizing hydraulic fracturing and wellbore layout were provided. This study has enriched and complemented the investigation of rock mechanical properties in tight reservoirs, offering vital parameters and theoretical support for the development of tight oil reservoirs. This bears significant importance in enhancing petroleum extraction efficiency and optimizing engineering design.
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1 INTRODUCTION
In the field of reservoir rock physical mechanics, previous research has covered various aspects. Key studies in this field include Gao et al. (2016), who explored rock deformation in the Lucaogou Formation in the Jimsar Sag, China, to reveal rock deformation characteristics and strength, providing a basis for establishing reservoir rock mechanics parameter logging evaluation models. Additionally, Li et al. (2022) performed triaxial stress tests on the continental mixed fine-grained sedimentary rocks in the western part of the Qaidam Basin, China, to investigate the correlation between rock mechanics properties and brittleness. Xiong et al. (2023) analyzed the rock mechanics properties of the fluvial shale reservoir of the Fengcheng Formation in the Mahu Sag, Junggar Basin, China, using reservoir logging and post-fracturing oil test data, and studied the influence of rock mechanics properties on the fracturing effect of the fluvial shale reservoir. However, despite the valuable contributions of these studies in the field of rock mechanics, there are still some limitations. Firstly, although experimental research provides valuable information about the mechanical properties and strength of rocks, there are differences between experimental conditions and actual geological conditions. Therefore, the applicability of research results in practical applications needs further validation. Secondly, the current research understanding of the rock mechanics properties of specific regions or oil and gas fields is still not comprehensive enough to serve as a basis for engineering applications. The rock physical mechanical properties play a crucial role in the development of tight oil reservoirs, which refer to oil-bearing formations with low porosity and poor permeability. Accurate assessment and understanding of rock physical mechanical parameters are essential for the efficient development of such reservoirs (Liu et al., 2009; Zhang P. et al., 2022). A comprehensive understanding of the physical-mechanical properties of rocks in tight oil reservoirs, such as elastic modulus, Poisson’s ratio, compressive strength, etc., can help predict reservoir deformation behavior, fracture propagation characteristics, and oil and gas migration paths, thereby guiding the optimization of development strategies and increasing production capacity.
2 GEOLOGICAL BACKGROUOND
The Chang 7 Member reservoir in the Longdong area is one of the significant targets in the Ordos Basin, China, with important potential for tight oil resources. As a large polyphase cratonic basin, the Ordos Basin has undergone overall subsidence and basin migration processes (Zhong et al., 2013; He and Yun, 2021). During its sedimentary evolution, the Chang 7 period represents the largest expansion phase of the lake basin, characterized by deep and extensive water bodies, and the deposition of a nearly 100-m-thick series of oil-bearing rocks dominated by oil shale, providing the foundation for Mesozoic continental oil generation (Yang et al., 2022). The study area in the Longdong area extends from Wuqi in the north to Zhengning in the south, Zhenyuan in the west, and Ta’erwan in the east, covering an area of approximately 3×104 km2 (Figure 1), with proven oil reserves reaching 5×108 km2. However, due to the complex geological and rock physical mechanical properties, the development of the tight oil reservoir in the Chang 7 Member faces challenges. The rock physical mechanical properties are crucial factors in assessing reservoir’s development feasibility, determining development strategies, and optimizing production efficiency. Nevertheless, the insufficient understanding of the rock physical mechanical properties of the tight oil reservoirs in the study area has constrained the targeted and effective implementation of engineering measures.
[image: Figure 1]FIGURE 1 | Location and stratigraphic column of the Longdong area.
3 METHODS
In this study, we conducted rock density measurements, triaxial rock mechanics experiments, acoustic experiments, and geostress tests, and collected FMI (Formation Micro-Imager) logging data.
The dry density of 33 rock samples was measured using the volumetric method. Cylindrical specimens with dimensions of Φ25×50 mm were prepared, ensuring a height-to-diameter ratio of 2.0–2.5. The dimensions of the specimens were measured, and their volumes were calculated. The specimens were then dried continuously for 1–2 days at a temperature of 105ºC–110°C and cooled to room temperature. The dry mass of the specimens was measured with an accuracy of 0.01 g. The dry density was calculated using the mass and volume of the specimens.
The research employed the Brazilian tensile test to measure the tensile strength of the rocks. Firstly, the dimensions of the specimens were measured, and then the specimens were dried continuously for 1–2 days at a temperature of 105°C–110 °C and cooled to room temperature in a drying oven. Next, the specimens were accurately placed in the testing apparatus, and a relatively linear load was applied using the Brazilian tensile testing machine to induce tensile stress along the radial direction of the specimen until failure occurred, and the failure load value was recorded. Finally, the tensile strength of the rock was calculated using the formula St = 2P/πDL, where St is the tensile strength of the rock (MPa), P is the failure load (KN), D is the diameter of the specimen (cm), and L is the thickness of the specimen (cm).
The uniaxial compression test method was used to evaluate the mechanical properties of rocks. The oil and gas reservoir geostress testing system (Figure 2) was utilized as the testing instrument, and the specimens were prepared according to the standard procedures. During the test procedure, axial deformation sensors were connected, and initial values were set. The test was conducted using axial load control and radial deformation control until the specimen failed. The oil and gas reservoir geostress testing system automatically collected data on stress, strain, and other parameters. Based on relevant calculation formulas, the axial failure stress, elastic modulus, and Poisson’s ratio were determined.
[image: Figure 2]FIGURE 2 | RTR-1000 high-temperature high-pressure dynamic rock triaxial testing system.
The rock triaxial compression test was used to study the deformation and strength characteristics of the rocks. In the high-temperature high-pressure dynamic rock triaxial testing system (Figure 2), the longitudinal and lateral deformations of the rock samples were measured under different confining pressures to obtain the elastic modulus, Poisson’s ratio, and triaxial compressive strength of the rocks. The specimens were cylindrical with dimensions of Φ25×50 mm, meeting the preparation requirements. The test procedure included connecting deformation sensors, applying confining pressure, and controlling axial load and radial deformation. Computer software was used to collect and determine the elastic modulus and Poisson’s ratio under different confining pressure conditions.
The ultrasonic pulse transmission method was used to conduct rock acoustic wave characterization using the ultrasonic rock parameter tester (Figure 3). By measuring the propagation time of longitudinal or transverse waves along the length direction of the specimen, the longitudinal and transverse wave velocities of the rock sample were calculated. Furthermore, using the obtained velocity values in conjunction with the sample’s density, we can determine the elastic modulus and Poisson’s ratio of the sample under a given pressure.
[image: Figure 3]FIGURE 3 | Ultrasonic rock parameter tester.
The differential strain analysis test method was used to determine the direction and magnitude of geostress (Zhang X. J. et al., 2022). This method is based on the assumption that the rock mechanical properties are isotropic and utilizes the ratio relationship of principal strains to determine the magnitude of geostress. Firstly, rock samples were extracted from underground to eliminate the effect of geostresses, causing the opening of microcracks within the rocks. The direction and density of these microcracks are proportional to the pre-existing geostress state. Then, the extracted rock samples were processed into cubic rock blocks, and three strain gauges were attached to three mutually perpendicular planes at 45° angles. Subsequently, the rock samples were placed inside a pressure chamber, and three equal confining pressures were applied in different directions. Simultaneously, the strains in each direction were measured. By analyzing the principal strain features and their corresponding stress values, determine the direction and magnitude of geostresses.
4 RESULTS
4.1 Rock density test
Rock density measurements were conducted using the volumetric method, which involves measuring the mass of the rock sample per unit volume after it is dried. The test results (Table 1) indicate that the average rock density of fine-grained sandstone is 2.543 g/cm3, and the average rock density of muddy siltstone is 2.597 g/cm3. The fine-grained sandstone in the Longdong area exhibits relatively high rock density (typically around 2.3 g/cm3 for clastic rocks), indicating that the rocks are dense (Wang et al., 2009).
TABLE 1 | Rock density test results.
[image: Table 1]4.2 Rock tensile strength test
The maximum capacity to resist tensile failure is referred to as the rock tensile strength (Zhang et al., 2021). There are various methods for testing tensile strength, and in this experiment, the split tensile test method was used to determine the rock tensile strength. The test results (Table 2) indicate that the average tensile strength of fine-grained sandstone is 6.43 MPa, while the average tensile strength of muddy siltstone is 4.08 MPa.
TABLE 2 | Rock tensile strength test results.
[image: Table 2]4.3 Rock uniaxial compression test
Rock uniaxial compression testing involves measuring the longitudinal and lateral deformations of regular-shaped rock specimens under uniaxial pressure to determine the rock’s elastic modulus, Poisson’s ratio, and uniaxial compressive strength (Gao et al., 2022; Zhao et al., 2023). The test results (Table 3) indicate that the average compressive strength of fine-grained sandstone is 137.38 MPa, the average elastic modulus is 2.623×104 MPa, and the average Poisson’s ratio is 0.246. For muddy siltstone, the average compressive strength is 108.969 MPa, the average elastic modulus is 2.330×104 MPa, and the average Poisson’s ratio is 0.198.
TABLE 3 | Rock uniaxial compression test results.
[image: Table 3]4.4 Rock triaxial compression test
The purpose of rock triaxial compression test is to understand the deformation and strength characteristics of rocks under complex stress conditions. The experiment provides mechanical parameters and the Mohr circle envelope (Figure 4) for rocks under different pressure conditions. The Mohr circle envelope represents the enveloping circle of the maximum principal stress and can fully describe the failure characteristics of rocks under any stress state, enabling the determination of the internal friction angle and cohesion of the rocks (Chen et al., 2021; Wang et al., 2023). By measuring the longitudinal and lateral deformations of regularly-shaped rock specimens under different confining pressures, the elastic modulus, Poisson’s ratio, and triaxial compressive strength of the rocks were determined. In this experiment, the equal lateral pressure triaxial compression test (σ1>σ2=σ3) was conducted to simulate real geological conditions (Wang S. L. et al., 2022; Li, 2022). The loading pressure levels were determined based on the lithology and depth. The test results (Table 4–6) indicate that the average cohesion of fine-grained sandstone is 28.6 MPa, and the internal friction angle is 45.7°. For muddy siltstone, the average cohesion is 25.075 MPa, and the internal friction angle is 38.06°.
[image: Figure 4]FIGURE 4 | Relevant diagrams for triaxial compression (N25 well, 1,407.12m–1,412.05 m). (A) Stress relationship diagram of fine sandstone. (B) Strength envelope plot of fine sandstone.
TABLE 4 | Rock triaxial compression test results.
[image: Table 4]TABLE 5 | Rock triaxial compression test results.
[image: Table 5]TABLE 6 | Rock triaxial compression test results.
[image: Table 6]4.5 Rock acoustic properties test
Using ultrasonic pulse transmission method, the propagation time of longitudinal or transverse waves along the sample length direction is measured (Figure 5), and the longitudinal and transverse wave velocities of the sample are calculated to obtain the elastic modulus and Poisson’s ratio of the sample under a given confining pressure. (Liu et al., 2009; Zuo et al., 2011; Han et al., 2017). The rock acoustic properties test (Table 7) demonstrates that with the increase of confining pressure, both longitudinal and transverse wave velocities, as well as the elastic modulus, increase.
[image: Figure 5]FIGURE 5 | P-wave and shear wave test curve of rock sample L4-4. (A) P-wave (B) Shear wave.
TABLE 7 | Rock acoustic properties test results.
[image: Table 7]4.6 Magnitude of geostress and its well logging evaluation
In this study, a total of 8 core samples underwent differential strain testing and analysis. The test results (Table 8) indicate that the vertical principal stress gradient is 0.025 MPa/m, the average gradient of the maximum horizontal principal stress gradient is 0.020 MPa/m, and the average gradient of the minimum horizontal principal stress gradient is 0.016 MPa/m. The results of the differential strain test show that the vertical principal stress is greater than the maximum horizontal principal stress.
TABLE 8 | Ground stress values.
[image: Table 8]5 DISCUSSION
5.1 The influence of confining pressure on mechanical parameters in rocks
5.1.1 The influence of confining pressure on compressive strength in rocks
Analyzing the influence of confining pressure on compressive strength, it is observed that there is a positive correlation between the compressive strength of the rock and the confining pressure (Figure 6A). According to the Mohr-Coulomb criterion, during the compressive failure of the rock under confining pressure (σ3), it satisfies the following relationship with the maximum axial stress (σ1):
[image: image]
[image: Figure 6]FIGURE 6 | The influence of confining pressure on rock mechanics parameters. (A) Confining pressure—compressive strength; (B) Confining pressure—Young’s modulus; (C) Confining pressure—Poisson’s ratio.
In the equation, K = ctg (45°-θ/2);
θ—the internal friction angle of the rock, °;
C—the cohesion of the rock, MPa.
When the rock reaches critical failure, σ1 represents the triaxial compressive strength of the rock. Since the internal friction angle and cohesion are inherent properties of the rock and independent of confining pressure, the compressive strength of the rock under triaxial compression will increase linearly with the increase in confining pressure (Duan et al., 2023).
5.1.2 The influence of confining pressure on Young’s modulus in rocks
Analyzing the influence of confining pressure on Young’s Modulus, it can be observed that the Young’s modulus increases with the increase in confining pressure (Figure 6B). Due to the confinement’s limiting effect on strain, as the confining pressure increases, the axial strain decreases under the same axial stress (Wang et al., 2016) (Figure 7). Consequently, Young’s modulus increases with the increase in confining pressure.
[image: Figure 7]FIGURE 7 | Triaxial compression stress-strain curves of Z43 well samples at different confining pressures.
5.1.3 The influence of confining pressure on Poisson’s ratio in rocks
Analyzing the influence of confining pressure on Poisson’s Ratio, it can be observed that with the increase in confining pressure, the Poisson’s ratio of the N25 well sample first increases and then decreases (Figure 6C). For the Z43 well sample, the Poisson’s ratio decreases with the increase in confining pressure, while for the Z10 well sample, the Poisson’s ratio increases with the increase in confining pressure. From the figures, it is evident that under the same axial stress, with the increase in confining pressure, both axial strain and radial strain decrease, but the reduction ratio is not consistent. This irregular variation in Poisson’s ratio is attributed to the effects of pore and microcrack closure.
5.2 Correlation between dynamic and static rock mechanical parameters
The rock triaxial compression test can provide static elastic parameters, while the rock acoustic wave test can provide dynamic elastic parameters. By utilizing the correlation between dynamic and static elastic parameters, dynamic elastic parameters obtained from logging and other methods can be converted into static elastic parameters (Zhong, et al., 2012; Wang, et al., 2020). This approach not only avoids expensive experimental costs but also allows obtaining continuous static elastic parameter values. Analyzing the relationship between dynamic elastic modulus and static elastic modulus, the mathematical relationship can be derived (Figure 8):
[image: Figure 8]FIGURE 8 | Relationship between static elastic modulus and dynamic elastic modulus.
The static elastic modulus is 0.9015, the dynamic elastic modulus is 0.0489, and the correlation coefficient between them is 84.41%.
It can be inferred that the dynamic and static Young’s moduli have a strong correlation. Furthermore, by analyzing the acoustic data from wells N25, Z43, and Z10, it is evident that with the increase in confining pressure, both longitudinal and transverse wave velocities, as well as elastic modulus, increase. Additionally, the mutual comparison of dynamic and static mechanical parameters of rocks can enhance the effectiveness of their utilization in oilfield development.
5.3 Impact of present-day geostress orientation on development
In oilfield development, the present-day geostress plays a crucial role as it represents the internal stress state within the crust. It is composed of factors such as formation gravity, formation pressure, tectonics, and pore fluids. Accurate understanding of stress orientation is of paramount importance for devising hydraulic fracturing and optimizing injection-production well layouts in development projects (Ge, et al., 1998; Zu, et al., 2014; Wang, et al., 2022b).
In this study, the orientation of drilling-induced fractures was directly determined using Formation Micro-Imaging (FMI) technology to ascertain the maximum principal geostress direction (Figure 9). This technique utilizes drilling-induced fractures formed during the drilling process to determine the direction of geostress. Due to the anisotropy of horizontal stress in geological formations, it results in the formation of maximum and minimum stress vector fields in the horizontal direction. The direction of the drilling-induced fractures corresponds to the direction of maximum horizontal geostress in the formation. Analysis of well Z233 in the study area revealed that the direction of maximum horizontal principal stress ranged from 77° to 98°, with an average of 95°, aligning closely with an east-west direction (Figure 9).
[image: Figure 9]FIGURE 9 | Geostress direction determined from drilling-induced fractures in well Z233.
The Chang 7 member reservoir in the study area is a tight sandstone reservoir with poor properties and limited natural fractures, making hydraulic fracturing a critical production enhancement technique. In hydraulic fracturing, the morphology and extension of induced fractures are influenced by the geostress. Generally, these fractures are perpendicular to the minimum horizontal principal geostress and aligned with the maximum horizontal principal geostress. Consequently, fractures resulting from hydraulic fracturing also exhibit an east-west distribution. Due to the alignment of hydraulic fractures with the direction of maximum principal geostress, fluid flow within fractures will be dominant along this direction. Hence, post-fracturing well layout should consider the direction of maximum fluid flow. For tight sandstone reservoirs, the direction of hydraulic fractures corresponds to the direction of maximum fluid flow. Therefore, in well network design, the direction of maximum principal stress should be the primary consideration to achieve effective oil and gas production.
CONCLUSSION

1) Experimental analysis of the Chang 7 tight oil reservoir in Longdong shows rock densities of 2.543 g/cm³ for fine sandstone and 2.597 g/cm³ for muddy siltstone, with tensile strengths of 6.43 MPa and 4.08 MPa, respectively. Uniaxial compression tests reveal compressive strengths of 137.38 MPa for fine sandstone and 108.969 MPa for muddy siltstone, while triaxial tests highlight key mechanical parameters such as elastic modulus and Poisson’s ratio.
2) The study finds a strong positive correlation between compressive strength, Young’s modulus, and confining pressure. However, Poisson’s ratio varies irregularly with confining pressure. This relationship between dynamic and static mechanical parameters suggests a method for estimating static elastic parameters from well log data.
3) Employing differential strain and imaging well log techniques, the study determines the magnitude and orientation of geostress. This information is crucial for optimizing oilfield fracturing processes and planning well network layouts.
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