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Mudstone is the most common cap rock in petroliferous basins. The mechanical properties of mudstone in different areas and buried depths are obviously different, which directly affects the brittleness and ductileness of caprock and its deformation characteristic. This research carried out X ray diffraction (XRD) rock mineral composition analysis, microscopic observation of mineral structural characteristics and rock mechanics triaxial compression tests under different conditions on six groups of mudstone samples from three basins. On this basis, establish numerical model to simulate the fracture deformation of mudstone under geological conditions, and to clarify the influence of different factors on the rock mechanics of mudstone. Compare and analyze the fracture characteristics and stress-strain curves of mudstone samples after the test show that, the confining pressure is the most direct factor affecting the mechanical properties and deformation mechanism of mudstone in the range of oil and gas enrichment depth. Although the formation temperature has a certain influence on the rock deformation, the effect is very limited, and it is difficult to have an essential influence on the rock deformation without the action of confining pressure. The mineral composition of mudstone is also one of the main factors affecting the mechanical deformation of rock. The comparison between the content of main minerals and the mechanical parameters of rock shows that the mechanical properties of rock and the transformation of brittleness and ductileness of mudstone have the most obvious correlation with clay minerals. Numerical simulations show that, pore fluid pressure is an important factor that cannot be ignored in overpressured caprocks. Higher pore fluid pressure can significantly inhibit the transition process of rock brittleness and ductileness, and at the same time affect the fracture mode of mudstone, which is of great significance for the evaluation of caprock integrity.
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1 INTRODUCTION
Mudstone is the most common type of sedimentary rock, which refers to the fine-grained sedimentary rock composed of more than 50% particles with particle size less than 0.0039 mm, including silty mudstone, calcareous mudstone, etc. The composition of mudstones is often very complex, usually composed of clay minerals (kaolinite, illite, montmorillonite, chlorite, etc.), clastic minerals (quartz, feldspar, mica, etc.) and some authigenic non-clay minerals (Fe and Mn oxides and carbonate minerals, etc.). The characteristics of high clay mineral content and fine grained deposition make mudstones often have low porosity and permeability, and make them an effective cover for udnerground oil and gas enrichment. Mudstone is the most common caprock of large and medium-sized oil and gas fields in the world (Grunau, 1987; Lv et al., 1996; Ovcharenko et al., 2007; Fu et al., 2008; Fu et al., 2018), and in terms of capped reserves, mudstone caprock has the largest recoverable oil and gas reserves.
Mechanistically, the reason why mudstone can seal such abundant oil and gas is due to its low physical properties and high capillary pressure. However, in the unsuccessful trap of oilfield exploration and discovery due to preservation conditions, some mudstones still have high capillary pressure and sealing ability, but failed to accumulation, which means that the physical sealing ability of mudstones may not be the key to affect reservoir preservation conditions (Downey, 1984; Fu et al., 2018; Faerseth et al., 2007; Mildren et al., 2005), but whether the caprock fractured and the degree of fracturing are the key factors that restrict whether the oil and gas can be sealed. However, due to the different mineral composition and diagenetic evolution degree of mudstone in different regions, as well as the constant change of geological conditions such as stratum temperature, pressure and fluid properties, rock mechanical properties of mudstone are significantly different (Handin et al., 1963; Dewhurst et al., 2002; Brantut et al., 2011; Li et al., 2016; Zhao et al., 2019; Chen et al., 2020; Wu, 2020; Zhao et al., 2020; Yu et al., 2021; Zhao et al., 2021; Ma et al., 2022; Ma et al., 2023; Fuenkajorn et al., 2012). Previous studies have shown that mudstone will gradually transform from brittle fracture to ductile deformation with the increasing temperature and confining pressure in the formation (Figure 1) (Paterson, 1958; Wu, 2020; Lu et al., 2021), and the fracture characteristics of mudstone are different in different stages of brittle and ductile, which directly leads to the need to use different methods to evaluate the integrity and effectiveness of the cap layers. For the evaluation of the brittle and ductile stage of the mudstone caprock, scholars have proposed a variety of determination methods, such as dension-strain (Corcoran and Dore, 2002; Jin et al., 2013), BRI and OCR (Ingram et al., 1997; Ingram and Urai, 1999; Nygård et al., 2006), and rock fracture criteria (Fu et al., 2015; Wang et al., 2019; Wu, 2020) and energy conservation method (Wang, 2021). Corcoran and Dore. (2002) used density and stress variables during fracture to quantitatively determine the brittle and ductile transformation process of mudstone and shale, and believe that the density of mudstone and shale in the brittle stage is greater than 2.5 g/cm3, and the strain before fracture is less than 3%. The density of mudstone and shale in the ductile stage is less than 2.25 g/cm3, and the strain before fracture is more than 8%. The density between them is in the brittle and ductile stage. Ingram et al. (1997) proposed to use the over-consolidation ratio (OCR) to quantitatively determine the occurrence of caprock fracture, and believed that when the OCR was greater than 2.5, the caprock was brittle and the risk of leakage was increased (Ingram and Urai, 1999; Nygård et al., 2006). The Mohr-Coulomb fracture criterion, Byerlee friction law and Goetze criterion were used by Fu et al. (2015) to quantitatively identify the critical confining pressure of rock brittle-ductile transition (Wang et al., 2019; Wu et al., 2022). Based on the principle of energy conservation after the peak, Wang (2021) proposed the brittleness index, which can determine the brittleness degree of rocks. The above methods are almost all based on rock mechanical parameters, however, due to the scarcity of mudstone cap samples, systematic triaxial stress tests with different temperature, pressure and pore fluid pressure are rarely carried out with underground mudstone samples. Although there are researches on the mechanical properties of mudstone, there are still few researches on the influencing factors leading to its change, which affects the study on the brittle and ductile transformation and fracture law of mudstone cap, and restricts the development of research on the sealing and integrity of mudstone caprock.
[image: Figure 1]FIGURE 1 | Burial history and brittle-ductile evolution model of mudstone.
In this paper, mudstone samples from several basins are selected to carry out triaxial mechanical compression tests under different conditions. Based on experimental data and numerical simulation, the influences of various factors on rock mechanics and brittle-ductile deformation of mudstone are discussed. It is hoped that the results of this study can provide some reference for the evaluation of brittle and ductile of caprock layer. In order to provide certain support for further research on the integrity of mudstone caprock.
2 SAMPLE AND METHOD
2.1 Sample source
Samples used in this study are derived from three basins. The firsst group sample come from Tugulu Group Formation in the southern margin of the Junggar Basin. The second group sample come from the Jidike Formation of the Dongqiu anticline of the Kuche Depression in the Tarim Basin. Both groups of samples were taken from outcrop areas. The Junggar Basin and Tarim Basin are located on the north and south sides of the Tianshan Mountains in Xinjiang. They are both superimposed foreland basins that have undergone multiple tectonic evolution and contain a lot of oil and gas resources with a long history of exploration. There are several reservoir-caprock assemblages in the southern margin of Junggar Basin, among which the mudstone of the Lower Cretaceous Tugulu Group is the main caprock layer with large sedimentary thickness and stable regional distribution (Tian et al., 2017). The Kuqa Depression is located in the northof Tarim Basin, the Dongqiu anticline is a second-order structural belt in the southern margin of Kuqa Depression (Fu et al., 2015; Wang et al., 2019; Wu et al., 2022). The Jidike Formation is a set of regional caprock layer of this structure belt, which provides favorable conditions for oil and gas accumulation. The third and fourth groups of samples were taken from mudstone of Neogene Huangliu Formation in Dongfang and Ledong areas of Yinggehai Basin. It is a direct sample from the drilling core. The Yinggehai Basin is a typical Cenozoic sedimentary basin on the northwestern continental shelf of the northern South China Sea (Xie, 2009; Xie et al., 2012). Dongfang and Ledong area are located in the central depression zone of the basin. The Huangliu Formation is the most stable and extensive regional caprock layer in the basin, and the natural gas is mainly enriched under this cap layer (Jia et al., 2021).
The field samples have not undergone large-scale weathering, the core samples are kept intact, and all the samples had no natural fracture developed.
2.2 Sample preparation
This study involves X-ray diffraction analysis of rock and mineral composition, microscopic observation of rock and mineral microstructure and rock mechanics triaxial compression experiment. The sampels of X-ray diffraction analys is powder, and the rock sample to be measured needs to be crushed to 200 mesh powder samples. Microscope observation requires the rock sample to be made into a standard slices for observation, with a sample thickness of about 0.03 mm. Rock mechanics triaxial compression test samples need to be machined into cylinders. In addition, in order to avoid mudstone expansion in contact with water or breakage during the drilling process, the samples were processed by wire cutting. In the sample preparation process, large field samples or drilling core samples are first placed on the diamond wire cutting device, the instrument model is SSP-505. The diamond powder distribution on the surface of the wire is fine and uniform, there is no local accumulation phenomenon, and the surface of the prepared sample is flat and smooth. The device can be automatically operated by numerical control throughout the whole process. The diamond cutting line works in multiple ways according to the set sample shape, and finally prepared into a cylindrical body with a diameter of about 25 mm and a height of about 50 mm.
2.3 Experimental equipment
X-ray diffraction analysis of rock and mineral composition is performed using the D8AA25 model X-ray diffractometer of Bruker, Germany, which requires the powder sample to be placed in the sample bin for X-ray scanning. Maximum output power of X-ray generator is 3.0 kW, using international standard size ceramic X-ray tube, target Cu, The accuracy of goniometer measurement was better than 0.01°, according to the latest standard SY/T5163-2018. Mineral structural characteristics of rock were observed using Leica DM4 polarizing microscope.
The triaxial compression experiment in this study was completed by the RTR-2000 high-pressure rock triaxial dynamic test system of GCTS (Figure 2), which is mainly used to test rock physical parameters under different temperature, pressure and pore fluid pressure conditions. The equipment is equipped with high stiffness loading frame with load stiffness up to 10 M N/mm; it can provide maximum axial pressure of 200 0 kN, maximum confining pressure of 140 MPa, maximum pore fluid pressure of 140 MPa, maximum temperature of 200°C, and fluid displacement rate of 0.001 cc–2.0 cc/min, deformation rate was 0.03 mm/min. A constant temperature during the test can be achieved through the heating element on the device. Before the test, a thin polyolefin heat shrinkable pipe whose length is longer than the cylindrical sample should be used. After covering the piston on the top and bottom, it can be sealed by heating the pipe by usinig a heat gun from the bottom and top to isolate the sample and hydraulic oil, which can avoid affecting the test results. The change of test conditions and data acquisition during the test can be completely controlled and recorded by computer. The axial load, deviational stress, confining pressure, axial strain, radial strain and volumetric strain are recorded at a time interval of 2s. The test accuracy and data collection and analysis methods meet all the requirements of “GB/T 50266-2013 Standard for test methods of engineering rock mass” and the methods suggested by ISRM of the International Society of Rock Mechanics.
[image: Figure 2]FIGURE 2 | RTR-2000 high pressure rock triaxial dynamic test system.
2.4 Experimental scheme of triaxial compression test
The main purpose of this experiment is to explore the fracture characteristics of mudstone under different geological conditions and the influence of geological factors on the mechanical properties and deformation characteristics of mudstone. Therefore, six groups of experiments were carried out successively, each group of experiments with only a single factor as a variable, to obtain the stress-strain curve and mechanical characteristic parameters of mudstone samples under different test conditions. In other words, in the same group of tests, only one parameter of the three parameters of temperature, confining pressure and pore fluid pressure is changed, and the other two parameters are fixed. The specific setting of experiment parameters is based on the source basin of the samples, in which the corresponding layer of the Junggar and Tarim Basin samples are shallowly buried, with little temperature change and low fluid pressure, so influence of the confining pressure on the mudstone deformation is mainly considered. Samples from Dongfang and Ledong areas of Yinggehai Basin are deeply buried, taken from 2,994 to 3,634 m respectively. Within this depth range, the formation develops abnormally high fluid pressure and temperature (Li et al., 2022), the formation pressure coefficient is 1.5–2.2, and the temperature gradient is 37–50°C/km. Parameters in the experiment were set to simulate changes in real geological conditions as much as possible. The temperature setting range is 25–160°C, the confing pressure range is 15–110 MPa, and the pore fluid pressure range is 5–55 MPa, as shown in Table 1.
TABLE 1 | Parameter setting of triaxial compression experiment of mudstone samples.
[image: Table 1]3 RESULTS
3.1 Mineral composition and microstructure characteristics of the samples
X-ray diffractometer tests show that the mineral composition of mudstone samples is mainly composed of clay minerals (24.3%–33.8%), quartz (20.7%–42.2%), feldspar (12.1%–18.7%), dolomite (2.0%–5.5%), ankerite (about 15%), calcite (10.0%–16.6%) and other minerals (1.8%–10.0%) (Table 2).
TABLE 2 | Mineral composition and relative content of mudstone samples.
[image: Table 2]Microscopic observations show that the samples are mainly argillaceous and supported by typical matrix supporting. The quartz particles were small in size, ranging from 2.7 to 47.5 μm, and were mainly mud and silty, dispersed among clay minerals. Most of the particles in the matrix were not in contact with each other but were distributed in floating isolation (Figure 3). The whole sample is mainly in massive structure, no obvious stratification or lamination structure is developed, and no micro-cracks are found under the microscope.
[image: Figure 3]FIGURE 3 | The microstructure characteristics of the samples, (A) the sample come from the Jidike Formation of the Dongqiu anticline of the Kuche Depression in the Tarim Basin; (B) the sample come from Tugulu Group Formation in the southern margin of the Junggar Basin (Tian et al., 2017), (C) the sample come from the Huangliu Formation of the Yinggehai Basin.
3.2 Results of the triaxial compression test of rock mechanics
3.2.1 Samples from Junggar Basin
In the first group of experiments, the mudstone samples of Tugulu Group in the southern margin of Junggar Basin showed obvious fracture after triaxial compression (Figure 4A). The tensional fracture developed under the condition of confining pressure less than 10 MPa, and an obvious “axial spliting” phenomenon can be seen on the sample (Basu et al., 2013), the “snap” can be heard during the experiment. When the confining pressure exceeds 10 MPa, the mudstone began to shear fracture. It can be seen from the macroscopic fracture characteristics of the samples that the fracture strain of rocks are relatively concentrated under the confining pressure of 20–110 MPa. The sample developed a non-cohesive primary shear fracture and some smaller secondary fractures. The Angle between the primary shear fracture and compressive stress increased with the increase of confining pressure, but the whole sample still showed typical brittle deformation characteristics. The morphology of stress-strain curve shows that under low confining pressure, elastic deformation mainly occurs before the mudstone reaches the peak strength, but suddenly drops after the peak strength, and has a large stress drop (the difference between peak strength and residual strength). In the medium confining pressure condition, the mudstone first occurs elastic deformation, and then a small ductile deformation stage. When the strain hardening reaches the peak strength of the sample to a certain extent, he curve suddenly drops, but also has a large stress drop. Under high confining pressure conditions, the stress-strain curve characteristics are similar, but the duration of ductile deformation increases obviously (Figure 5A).
[image: Figure 4]FIGURE 4 | Photos of mudstone samples after triaxial compression test under different conditions. (A) The Tugulu Group Formation in the southern margin of the Junggar Basin. (B) The Jidike Formation in Dongqiu anticline of the Kuche Depression in the Tarim Basin. (C) The Huangliu Formation in Ledong Area of the Yinggehai Basin. (D) The Huangliu Formation in Dongfang area of the Yinggehai Basin.
[image: Figure 5]FIGURE 5 | Stress-strain curves of mudstone samples under different conditions, (A) M1-M9 mudstone samples from Tugulu Formation in south Junggar Basin; (B) J1-J5 mudstone samples from Jidike Formation in of Dongqiu anticline, Kuqa Depression, Tarim Basin; (C) L1-L7 mudstone samples from Huangliu Formation in Ledong area, Yinggehai Basin; (D) H1-H5 mudstone samples from Huangliu Formation in Dongfang area, Yinggehai Basin; (E) H6-H9 mudstone samples from Huangliu Formation in Dongfang area, Yinggehai Basin; (F) H10-H13 mudstone samples from Huangliu Formation in Dongfang area, Yinggehai Basin.
3.3 Samples from Tarim Basin
The second group of experiments used mudstone samples from the Jidike Formation of the Dongqiu anticline in the Kuqa Depression, Tarim Basin. Under the confining pressure of 5 MPa, it is similar to the first group of experiments, with obvious tensional fracture (Figure 4B) and small residual strength (Figure 5B). When the confining pressure reaches 10 MPa, shear fractures are developed and the shear Angle is less than 30°. When the confining pressure is 20 and 40 MPa, the shear Angle is close to 30°, resulting in the whole rock sample being penetrated. When the confining pressure is 65 MPa, there is still a some stress drop, but there is no obvious penetration fracture on the surface of the mudstone sample, and only some small conjugate shear fractures still exist. The peak strength of the stress-strain curve increases with the increase of confining pressure, and the curve drops rapidly after reaching the peak strength under low confining pressure. With the increase of confining pressure, mudstone gradually shows the characteristics of ductile deformation after reaching the peak strength, and the stress-strain curve tends to be flattened. The sample with 40 MPa confining pressure fractured when the axial strain reached 2%. The curve shape of the 65 MPa confining pressure sample decreased after compression, but the stress drop was significantly reduced. It can be inferred that the mudstone was in the transition stage from brittle stage to brittle-ductile stage.
3.4 Samples from Yinggehai Basin
The third group of experiments is mudstone in Ledong area of Yinggehai Basin. The shear fractures are mainly penetrated the samples under confining pressure of 15–55 MPa (Figure 4C). When the confining pressure reaches a certain degree, there is no obvious fracture on the surface of the sample and ductile expansion occurs locally. Under the confining pressure condition of 15 MPa, the stress-strain curve showed obvious brittle deformation characteristics with significant stress drop, corresponding to a peak intensity of 59.46 MPa, when the confining pressure increases to 55 MPa, the stress-strain curve is characterized by ductile deformation. After the curve reaches the peak intensity, no obvious stress drop can be observed in the curve, and it gradually become flat (Figure 5C). The samples from the fourth to the sixth groups were all from Dongfang area of the Yinggehai Basin, and the samples showed similar deformation characteristics to the first three samples. Under the condition of low confining pressure, the rock shows obvious brittle fracture (Figure 4D). With the increase of effective confining pressure, the rock gradually shows ductile deformation characteristics. When the confining pressure is 80 MPa and the pore fluid pressure is 55 MPa, that is, the effective confining pressure is 25 MPa, the stress-strain curve is characterized by brittle fracture, with obvious stress drop. However, when the confining pressure is 95 MPa and the pore fluid pressure is 55 MPa, that is, the effective confining pressure is 40 MPa, The stress - strain curves show the characteristics of ductile deformation (Figure 5D).
Although the sources of the above test mudstone samples are different, the fracture characteristics and stress-strain curve morphology of the compressed samples are generally similar, that is, under the condition of low confining pressure, tensile fracture and shear fracture occur after the compression of the rocks, and obvious penetrated fracture occurs on the sample. With the gradual increase of confining pressure, the fracture scale on the sample decreases, resulting in conjugate fracture, and gradually shows the ductile characteristic of local expansion. The stress-strain curve also changes obviously with the increase of confining pressure, and the peak strength and corresponding strain increase gradually. In the brittle stage of low confining pressure, the stress-strain curve drops rapidly after reaching the peak strength, showing a large stress drop. With the increase of confining pressure, the stress drop gradually decreases. When the mudstone reaches the ductile deformation, the stress drop is close to 0, and no obvious drop after the stress-strain curve reaches the peak strength.
4 DISCUSSION
4.1 The influence of different factors on the mechanical properties of mudstones
The rock mechanical properties of mudstone are influenced by various geological factors, but different factors can affect them differently. The mudstone samples from three basins and four regions were selected to mainly discuss the influence of temperature, confining pressure, pore fluid pressure and rock mineral components on the mechanical properties of mudstone rocks. Although the number of samples in this experiment is limited, which makes the research results have some limitations to some extent, some regularity can still be found in the limited experimental results, hoping to provide some basis for future research.
4.1.1 Temperature
Many scholars have confirmed that increasing temperature can effectively promote the ductile deformation of rock (Heuze, 1983; Gao et al., 2005; Hangx et al., 2010; Zhang et al., 2014). The increase of temperature will reduce the yield strength and peak strength of rock and make the rock become weak, essentially making the microscopic crystal plastic process such as dislocation movement and diffusion become active (Fossen, 2016). However, this view is based on certain confining pressure conditions, and only increasing the temperature at atmospheric pressure is not enough to make the rock become ductile (Paterson and Wong, 2005; Zhang, 2016). Figure 6 shows that the peak strength, residual strength and stress drop of mudstone after triaxial compression gradually decrease with the increase of temperature in the test temperature range of 25–160°C for the fifth group of samples, but the amplitude of the decrease and the overall shape of stress-strain curve have little change (Figure 5E). It shows that in the range of 160°C, the temperature does not have a decisive effect on the rock mechanical parameters of mudstone, and the change of formation temperature can only promote or inhibit the brittle and ductile transformation of rock to a certain extent, but the degree of influence is very limited. At present, the target stratum of petroliferaceous basin is generally located at 1–8 km, and the formation temperature is 40–200°C. Under this condition, without considering the confining pressure, the change of formation temperature has little influence on the mechanical properties of mudstone.
[image: Figure 6]FIGURE 6 | The relationship between rock mechanics and temperature of mudstones.
4.1.2 Confining pressure
With the increase of burial depth, the mechanical properties of the caprocks change from brittle stage to brittle-ductile stage, and finally enter the full ductile stage. The effect of burial depth on caprock mechanics is mainly reflected in the influence of temperature and confining pressure. By comparing the test results, it can be found that within the range of reservoir development depth, the effect of temperature on rock mechanics of caprock is limited (Figure 6), and confining pressure is the key factor affecting the mechanical properties and brittleness of mudstone (Figure 7). With the increase of confining pressure or burial depth, many rocks, such as limestone, dolomite, quartzite, salt rock and gypsum, show similar brittle-ductile transformation characteristics, but the confining pressure of brittle-ductile transformation of rocks with different lithology is different.
[image: Figure 7]FIGURE 7 | The relationship between rock mechanics and confining pressure of mudstones. (A) Peak strength; (B) Residual strength; (C) Stress drop.
Initially, Kármán confirmed the influence of confining pressure on rock brittle-ductile through his experimental study on Carrara marble, while Paterson revealed the nature of brittle and ductile transformation of rock with the increase of confining pressure through his experiment on Wombeyan marble. It can be seen from a large number of previous research results that the increase of confining pressure has three important effects on rock deformation: 1) With the increase of confining pressure, the stress variable before macroscopic rupture increases significantly, that is, from a small stress variable to produce macroscopic rupture to withstand a large change of dispersed stress variable; 2) the overall level of stress-strain curves is improved at higher confining pressures; 3) The degree of strain hardening is greater under higher confining pressure.
According to the stress-strain curves obtained by triaxial compression experiments of different mudstones (Figure 5), the stress variable before sample fractured increases significantly with the increase of confining pressure, and the peak strength and residual strength also increase correspondingly (Figure 7A, B), and the increase amplitude becomes slow after the confining pressure reaches 40 MPa, while the stress drop gradually decreases (Figure 7C). Theoretically, when the stress drop will be zero, the rock will enter the ductile deformation stage. In this experiment, the first group of samples (M1-M9) is always in the brittle stage, and the second group (J1-J5) and the fourth group (H1-H5) mudstone samples gradually change from brittle stage to brittle-ductile stage with the increase of confining pressure, and finally approach the ductile stage. The third group (L1-L7) mudstone samples have entered the ductile stage when the confining pressure exceeds 55 MPa. With the increase of confining pressure, the macroscopic deformation of the sample changes from tensile fracture to shear fracture, then to conjugate shear fracture, and finally to ductile expansion (Figure 5). All these indicate that mudstone will transition to brittle stage and brittle-ductile stage with the increase of confining pressure.
4.1.3 Pore fluid pressure
In addition to confining pressure and temperature, the rock mechanical properties of mudstone are also affected by pore fluid pressure. Especially, in some basins, the deep layer often develops overpressure, which has a more significant impact on rock deformation. From the perspective of energy conservation, when a rock is under pressure, the pore fluid pressure inside the rock offsets part of the confining pressure. Therefore, the actual effective stress of rock should be the difference between confining pressure and pore fluid pressure. With the increase of pore fluid pressure, the effective stress decreases gradually, which inhibits the ductile deformation of rock and makes it more prone to brittle fracture of mudstone. It can be seen from the stress-strain curves of H3 and H10-H13 samples from Huangliu Formation of Yinggehai Basin that (Figure 5F), under the condition of constant lithology, confining pressure and temperature, with the increase of pore fluid pressure, the peak strength and residual strength of mudstone strain tend to decrease significantly (Figure 8), while the stress drop increases significantly. When the pore fluid pressure is less than 15 MPa, the stress-strain curve tends to flatten after reaching the peak strength, and the stress drop is close to zero, which is an obvious representation of rock entering ductile deformation. However, when the pore fluid pressure is greater than 45 MPa, the stress and strain curve falls significantly after reaching the peak strength, and the brittle fracture occurs. Therefore, due to the development of overpressure in the middle and deep layers of Yinggehai Basin, brittle fracture of rocks still occurs in spite of deep burial, which is of great significance for the study of the role of caprock on oil and gas preservation.
[image: Figure 8]FIGURE 8 | The relationship between rock mechanics and pore fluid pressure of mudstones.
4.1.4 Lithology
At present, it is widely believed that the brittle and ductile of rock is related to the mineral composition of rock, and the critical transformation of the brittle ductile is mainly determined by the different responses of different minerals to temperature and pressure (Wang, 2021). The composition of mudstone minerals is complex, mainly composed of quartz, feldspar and clay minerals. Under the same temperature and pressure conditions, some minerals are brittle while others are ductile. Quartz deforms in a brittle mechanism at about 300°C–500°C and is about 10–12 km in crustal depth. At greater depths, creep and diffusion plastic deformation occur. Feldspar and olivine still showed brittle deformation at buried depths of 20–30–50 km, respectively (Fossen, 2016). Therefore, in the study of rock mechanics, it is generally believed that quartz is a brittle mineral, clay is a ductile mineral, and there is no clear definition on whether feldspar, carbonate minerals and pyrite are brittle minerals (Diao, 2013; Qin et al., 2016; He and Li, 2020; Liu et al., 2020; Wang et al., 2022).
The test samples in this study came from four blocks in three basins with similar rock and mineral composition, mainly consisting of quartz, feldspar, clay minerals, carbonate minerals and a small amount of other minerals (Table 2), but the content of each mineral is different to some extent. The results of the experiments showed that, under the condition of low confining pressure (confining pressure less than 5 MPa), the fracture peak strength of mudstone samples does not differ much. With the increase of confining pressure, the peak intensity of Yinggehai basin samples is significantly lower than that of mudstone in the southern margin of Junggar Basin (Figure 7A). The peak strength is negatively correlated with the content of mudstone clay minerals, and the samples with high clay mineral content showed the characteristics of ductile deformation earlier. When confining pressure exceeds 60 MPa, the stress drop of Yinggehai Basin samples is close to zero (Figure 7C). It is worth noting that some previous studies believed that the increase of quartz content, makes the rock show more brittle properties, and the greater the peak strength of the rock fracture. However, the quartz content of the mudstone samples from Yinggehai Basin in this study is also slightly higher than that of other samples, but the peak strength is generally low. This may be because the quartz particles of mudstone in Yinggehai Basin have extremely fine particle size and are mainly suspended contact, and high clay content (Figure 3). Other studies have shown that the clay volume content is less than 15%, the particles support the rock, the clay has little influence on the elastic modulus, clay volume content is more than 35%, the main clay supports the rock, the average elastic modulus is controlled by the clay (Plumb, 1994; Wang, 2021). Although quartz content is high, it does not play the supporting role of rock skeleton. In the process of rock deformation, clay minerals dominate rock mechanical deformation.
In addition, some carbonate cementation was developed in mudstones of Yinggehai Basin, which were mainly calcite in terms of composition, while in Junggar Basin samples, besides calcite, there was 15% ankerite, which greatly improved the brittleness of rocks from the perspective of Young’s modulus and Poisson’s ratio, and thus resulted in a higher peak strength of rock fracture (Nelson, 2001; Diao, 2013). Therefore, when exploring the mechanical properties of rocks, we should not only analyze the brittleness degree of rocks from the mineral composition and content, but also pay attention to the spatial fabric and diagenesis of minerals.
4.2 Numerical simulation of the mudstone deformation characteristics under different geological conditions
Most of the previous studies on the mechanical properties of mudstones are based on mechanical experiments, but due to the difficulty of sampling the underground mudstone samples and the limited loading conditions of test equipment, most of the tests control a single variable to explore the change of rock mechanical experiments, but due to the rare number of mudstone samples and the limited loading conditions of test equipment, most of the experiments control a single variable to discuss the characteristic of rock mechanical properties. However, the real geological conditions are more complex. With the change of burial depth, confining pressure, temperature and pore pressure are constantly changing. Especially in some basins, abnormally high fluid pressure is developed in the middle and deep depths, such as Yinggehai Basin, one of the sources of this experimantal samples. Therefore, in order to reflect as much as possible the effects of confining pressure, temperature and pore fluid pressure on rock mechanics and rock deformation under real geological conditions, based on the triaxial compression test of rock mechanics in Yinggehai Basin, we obtained the mechanical parameters such as Young’s modulus, Poisson’s ratio, peak strength, residual strength, cohesion, internal friction angle and coefficient of internal friction of rocks under different temperature and confining pressure conditions, and constructed the numerical core by FLAC3D numerical simulation. By constantly adjusting the three-dimensional grid size and axial loading rate, the mechanical properties of the numerical core approximate the real test core properties, and finally determine the numerical core model. The same confining pressure conditions were applied on the FLAC3D software platform as in the laboratory experiment, and the results were compared with the experimental test results (Figure 9), the failure mode of the digital core is basically consistent with the failure mode of the experimental test sample, which fully verified the rationality of the numerical model established by FLAC3D software. On this basis, two sets of numerical simulations are carried out, which are under normal and overpressure systems respectively, so as to facilitate us better discuss the influence of fluid pressure on rock mechanics.
[image: Figure 9]FIGURE 9 | CT scanning of mudstone samples after triaxial compression test and numerical simulation under corresponding test conditions.
The first group simulates the rock under normal pressure system. The simulation results show that the characteristics of rock failure mode experienced the deformation process of a single high angle shear fracture, high angle conjugate shear fracture, low angle shear fracture and low angle conjugate fracture with increasing confining pressure and temperature (Figure 10).
[image: F10]FIGURE10 | Evolution of mudstone fracture deformation with buried depth under normal pressure system.
When the buried depth is less than 2000 m, rock strength increases linearly with the buried depth, the strain is concentrated. At this stage, sample mainly develops the single shear fracture with high angle, and the peak strength is less than 100 MPa, showing brittle deformation. When the buried depth is between 2000 and 6,000 m and the peak strength is between 100–200 MPa, the strain gradually disperses from concentration, and the fracture mode evolves from single shear fracture to conjugate shear fracture, which is the transition stage of brittle and ductile deformation. When the burial depth is greater than 6,000 m, the peak strength is more than 200 MPa, the low-angle shear fractures are developed, strain showed a non-localized distribution, with insignificant rock destruction, and the local ductile expansion occurs. Only at higher temperature and pressure conditions can full ductile be achieved, which is difficult to achieve in real geological conditions (Figure 10).
The second group simulates the rocks under the overpressure system, and the fluid pressure magnitude refers to the formation pressure gradient of Yinggehai Basin. The simulation results show that (Figure 11), under the shallow burial condition, the strata generally do not develop abnormally high fluid pressure, and the rock deformation is consistent with the normal pressure system, and brittle shear fracture is developed. When the buried depth is greater than 2000 m, the rocks enter the brittle and ductile transition stage, and overpressure begins to appear in the formation. However, due to the small overpressure, the deformation of the rocks is not significantly affected, and the rock is mainly subjected to tensile shear fracture, forming conjugate fractures. When the buried depth of the local layer exceeds 3,000 m and the formation pressure coefficient exceeds 1.5, compared with the first group of simulation results, the rock strength no longer increases continuously, but begins to decrease gradually. When the buried depth increases to 3,900 m and the formation pressure coefficient reaches 2.0, under the effect of strong overpressure, the mechanics deformation of rocks begin to reverse. Instead of transitioning to ductile stage, the rock re-enters the brittle stage. The brittle fracture of the rock develops obviously, but the fracture property changes from shear fracture to tensile fracture. Digital core can clearly see the stress concentration development of tensile fracture.
[image: Figure 11]FIGURE 11 | Evolution of mudstone fracture deformation with buried depth under overpressure system.
The numerical simulation under normal pressure system is almost consistent with our conventional understanding, and can be mutually verified by a large number of rock mechanics experiments (Fu et al., 2015; Wang et al., 2019; Wu et al., 2022). In the overpressured basin, especially in Yinggehai Basin, many published papers have mentioned that the deep overpressured layer is affected by fluid pressure and the coupling of pressure and stress, which makes the formation more prone to tensile fracture, especially in the deep overpressured layer where shear fracture should occur according to the classical model (Hao et al., 2015; Jia et al., 2021). However, these studies are almost all based on the work of theoretical calculation, and the numerical simulation results just confirm the conclusion. This tension rupture can lead to cap rupture and oil and gas leakage, controlling and affecting the migration, accumulation and distribution of oil and gas in the overpressure basin at multiple levels.
4.3 The influence of rock mechanical properties and brittle-ductile stage on caprock integrity
The main objective of studying the mechanical properties of mudstone is to evaluate the critical conditions for the transition from brittle to ductile of caprocks. Because the sealing ability of the caprocks in most oil and gas fields does not have the leakage risk, the real cause of oil and gas escape is the destruction of cap integrity (Fu et al., 2018; Jia, 2018). However, the rupture characteristics of different brittle and ductile caprocks are different, which need to be evaluated by targeted methods (Fu et al., 2018; Jia, 2018; Wu, 2020).
Based on the results of laboratory experiments and numerical simulation, under the condition of shallow burial, that is, when the formation temperature and confining pressure are low, the caprock is often in the brittle stage. At the initial stage of stress and deformation, a large number of shear fractures are formed inside the rock. With the increase of deformation strength, the fracture density gradually increases and the fracture length constantly expands. Finally, these fractures are gradually connected and formed fault. Field observation has proved that brittle caprock rupture will generally form a large penetrated fault, and the damage degree of such fautl to caprock is jointly affected by caprock thickness and fault distance. Therefore, the difference between caprock thickness and fault distance is defined as the juxtaposition thickness quantitatively represent the degree of damage of the fault to the caprock (Lv et al., 2014). At present, the statistics of oil and water distribution laws in multiple basins show that there are critical value of juxtaposition thickness in brittle stage (Sun et al., 2013; Lv et al., 2014; Fu et al., 2015), the weaker the fault damage to the caprock is weaker with the larger of the value and the stronger of the caprock sealing ability.
With the increase of burial depth, mudstone deformation gradually shows the component of ductile after the caprock enters the brittle-ductile transition stage. The larger the buried depth, the stronger the rheological feature, until it enters the full ductile stage. In the brittle-ductile stage, conjugate shear fracture is developed in rocks, which is no longer a macroscopically penetrated fault, but a smear fault. The phenomenon of smearing has been widely confirmed in the field outcrops and physical simulation tests (Aydin and Eyal, 2002; Takahashi, 2002; Doughty, 2003; Koledoye et al., 2003; Fu et al., 2015; Wang et al., 2022; Wang et al., 2022). As long as the smear maintains continuity, the fault keeps sealing ability in vertically. Most scholars believe that the smear-continuity of mudstone is controlled by the ratio of fault distance to mudstone thickness, namely, Shale smear factor (SSF). There are obvious differences in sealing critical SSF among different lithologies, the SSF smaller than the critical value of mudstone is vertically sealed.
The caprock in the ductile stage has the characteristics of ductile flow, but due to the high required temperature and confining pressure, it is difficult to achieve in real geological conditions. Except for some known gypsum rock and salt rock caprock, no ductile mudstone rock caprock has been found in the depth range of oil and gas distribution at present.
It should be emphasized that if the formation develop overpressure, it will inhibit the brittleness transformation process of rock. When it reaches a certain extent, and even make the rock by brittle-ductile transition stage reverse conversion to brittle stage, and the fracture mode will also change from conjugate fracture to almost vertical tensile fracture, which has been confirmed by the numerical simulation above. In the world, there are about 180 basins with abnormal pressure, most of which are overpressure basins. Overpressure may lead to tensile fracture of caprock, and then lead to oil and gas loss. This phenomenon has been found in Yinggehai Basin. Therefore, in the actual evaluation of caprock, the brittle and ductile of caprock cannot be evaluated only by the change of buried depth or confining pressure, especially in the overpressure developed caprock, the influence of pore fluid pressure on the brittle and ductile transformation of caprock should be considered. To correctly evaluate the brittle and ductile stage of caprock and to specify the fracture mode of caprock is the key to evaluate the integrity of caprock.
5 CONCLUSION
The rock mechanics triaxial compression test was carried out with mudstone samples from three basins, and different test conditions of confining pressure, temperature and pore fluid pressure were set up respectively. The mechanical parameters of mudstone were extracted from the test in Yinggehai Basin, and established a numerical model of mudstone, after verifying the reliability of the model, the rock deformation under normal pressure system and overpressure system was simulated. The influence of different geological factors on the mechanical properties and deformation characteristics of mudstone is analyzed by combining the test results and numerical simulation results. The following conclusions are obtained:
(1) The mechanical properties of mudstone are most significantly affected by confining pressure. With the increase of confining pressure, mudstone gradually changes from brittles stage to brittle-ductile stage, and ductile stage, and the fracture mode changes from single shear fracture to conjugate shear fracture, and finally to ductile expansion. Compared with confining pressure, temperature has limited influence on caprock at current hydrocarbon enrichment depth.
(2) The results of this experiments show that the brittleness of mudstone is not significantly correlated with the content of quartz mineral, but is negatively correlated with the content of clay mineral. The main reason is that the quartz particle size is fine, the contact between particles is suspended, and the matrix is mainly clay minerals.
(3) The results of the numerical simulation show that, pore fluid pressure has an obvious inhibition effect on the brittle and ductile transformation process of rock. With the increase of the overpressure to a certain extent, the mudstone no longer occurs the classic brittle ductile transformation, but returns from the brittle-ductile stage to the brittle stage, and the fracture mode changes from shear fracture to tensile fracture.
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