

  applsci-12-11543




applsci-12-11543







Appl. Sci. 2022, 12(22), 11543; doi:10.3390/app122211543




Article



Influence of Stress Anisotropy on Petrophysical Parameters of Deep and Ultradeep Tight Sandstone



Hui Zhang 1, Ke Xu 1,*[image: Orcid], Binxin Zhang 2, Guoqing Yin 1, Haiying Wang 1, Zhimin Wang 1, Chao Li 1, Shujun Lai 1 and Ziwei Qian 1





1



Research Institute of Exploration and Development, Tarim Oilfield Company, PetroChina, Korla 841000, China






2



Key Laboratory of Tectonics and Petroleum Resources of Ministry of Education, China University of Geosciences, Wuhan 430074, China









*



Correspondence: xukee0505@163.com







Academic Editor: Arcady Dyskin



Received: 24 October 2022 / Accepted: 11 November 2022 / Published: 14 November 2022



Abstract

:

Rock mechanics parameters control the distribution of in situ stress and natural fractures, which is the key to sweet spot evaluation in reservoir engineering. Combined with the distribution of in situ stress, an experimental scheme of stress on rock physical parameters was designed. The results show that rock sonic velocity is extremely sensitive to water saturation under overburden pressure. At ultrasonic frequencies, when the water saturation increases from 0% to 80%, the P-wave velocity increases first and then decreases. When the water saturation continues to increase to 100%, the P-wave velocity increases. This is due to the effect of water saturation on the shear modulus. Saturation is negatively correlated with shear wave velocity and resistivity. Different minerals have different control effects on the rock P-S wave velocity ratio. Quartz content plays a dominant role, and the two are negatively correlated, followed by feldspar and clay, and the two are positively correlated with the P-S wave ratio. The confining pressure, axial compression, stress ratio and burial depth are positively correlated with the P-S wave and negatively correlated with the P-S wave ratio; in descending order, the influencing factors of stress on the petrophysical parameters are maximum stress ratio > confining pressure > axial pressure.
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1. Introduction


Deep and ultradeep tight sandstone reservoirs are the main reservoirs contributing to the current oil and gas production capacity in China, and are also the key objects of oil and gas research in China. To improve the understanding of deep and ultradeep tight sandstone reservoirs, it is necessary to explore their physical characteristics. The purpose is to study the specific response of rock physical parameters in reservoirs, indicate the specificity of underground rock structures, and identify their effects on oil and gas exploration. Rock mechanical parameters are the basis for numerical simulations of the stress field, reservoir fracture evaluation, and formation fracturing [1,2,3]. The study of the relationship model between rock mechanical parameters and in situ stress has practical significance for the accurate evaluation of rock mechanical parameters and in situ stress prediction [4,5,6,7,8,9,10,11,12].



Complex geological structure, surface erosion, multi-stage fracture activity and other factors will influence the complexity and differentiation of in-situ stress distribution. Especially in the vicinity of complex faults, the magnitude and direction of in-situ stress will change to a certain extent. In addition, frequent tectonic activities will cause local faults to produce intricate joints and fissures, which will have a greater impact on the rock properties of the whole local area, thus increasing the difficulty of geological research. Therefore, it is of great theoretical significance to improve the research of in-situ stress for geological exploration.



Wyllie et al. (1958) conducted experimental tests on Berea sandstone and found that the net stress remained unchanged and the sonic velocity changed little with the confining pressure [13]. As the net stress increased, the sonic velocity increased. Birch (1960) found through experimental studies that the P-wave velocities of igneous and metamorphic rocks increased with increasing confining pressure [14]. Igneous rock enlargement was more pronounced. Han et al. (1986) considered that the increase in clay content was the main factor for the decrease in porosity and P-wave velocity [15]. Eberhart-Phillips et al. (1989) found that the relationship between sonic velocity and effective stress in sandstone changed from a power exponent to a linear exponent [9]. Tutuncu et al. (1994) believed that due to the close contact between tight sandstone grains, a large number of microcracks with a small aspect ratio were formed, resulting in the sensitivity of P-wave velocity and S-wave velocity to pressure changes in tight sandstone compared with ordinary sandstone [16]. Ma et al. (2006) found through experiments that the P-wave and the effective stress have an exponential relationship, the velocity and the effective stress have nonlinear change characteristics when the pressure is low, and the velocity changes tend to be stable when the pressure is high [17]. Sandstone saturated with water and oil has no effect on the change in shear wave velocity, but the shear wave velocity when saturated with gas is small. Lithology affects the variation in sonic wave velocity with shear wave velocity. Sandstone is stronger than shale. Through relevant experiments on volcanic rocks, Xiao et al. (2010) found that effective stress and water saturation affected the velocity of the S-wave [18]. When the effective stress is constant, the sonic wave velocity of fully saturated water is large, the sonic wave velocity of bound water saturation is moderate, and the sonic wave velocity of dry rock is small. The variation in the sonic velocity of the rock sample is not controlled by the linear effective stress but increases with a nonlinear increase in the effective stress.



Wang et al. (2014) studied the stress sensitivity of fractured reservoirs in the Keshen gas field by using the reservoir fracture numerical simulation method [19]. The results show that with increasing effective stress, both the porosity and permeability of the fracture decreased, showing strong stress sensitivity, and the stress sensitivity of fracture permeability was stronger than that of fracture porosity. The higher the initial values of the reservoir fracture porosity and permeability parameters are, the stronger the stress sensitivity. For a low-permeability fractured reservoir, the stronger the rock plasticity is, the stronger the stress sensitivity. The effective stress is generally the difference between the confining pressure and pore pressure. Scholars at home and abroad have carried out much research on the effect of effective stress on rock sonic velocity [20,21,22,23,24,25,26,27]. Wang et al. (2021) collected core samples from the Xiling mining area of the Sanshandao gold mine and conducted experimental analysis [28]. They believed that the vertical stress, maximum horizontal stress and minimum horizontal stress in the coastal mining area all increased in an approximate logarithmic function trend with increasing burial depth. The relationship between rock mechanical parameters and in situ stress is roughly logarithmic, and the influence of maximum horizontal stress on rock mechanical parameters is greater than that of minimum principal stress. Rock mechanical parameters have different effects on the value and direction of in situ stress.



Rock water saturation affects the sonic velocity [29]. Shi et al. (1995) studied sandstone in the Yulin area of Daqing Oilfield and found that shear wave velocity was constant with the change in water saturation [30]. When the water saturation was low, the velocity of the P-wave did not change with the change in saturation; when the water saturation was high, the velocity of the P-wave increased with increasing water saturation. Zhu et al. (2011) found that as the gas content of carbonate rocks increased, P-wave velocity decreased, while S-wave velocity changed little [31]. At present, experimental and numerical simulation methods are widely used to study the relationship between in situ stress and rock physical parameters [32,33,34]. Rock sonic velocity and resistivity are the key parameters of rock mechanics and reservoir physical properties. The study area of Tarim is in a strong stress environment. Strong stress will have a certain impact on porosity and acoustic velocity, causing effects that hamper a clear understanding of reservoir quality under the strong stress environment. This study combined the distribution of underground stress and designed an experimental scheme of in situ stress on rock physical parameters to explore the influence of stress anisotropy on rock physical parameters in deep and ultradeep tight sandstone.




2. Geological Setting


The Kuqa Depression, located at the junction of the Tarim Basin and Southern Tianshan Mountains, is a typical deep-ultradeep gas-rich area [35,36,37]. The Kelasu tectonic belt is the second row of the thrust belt in the northern Kuqa Depression, which was formed during the evolution of the Kuqa Depression. The burial depth is between 6000–8000 m, and it is an ultradeep reservoir. The Kelasu tectonic belt is divided into the Kela zone and Keshen zone, and the Keshen zone is divided into four sections from east to west, namely, Keshen, Dabei, Bozi and Awat (Figure 1). Ground stress and fracture development scale are important factors controlling production [38,39]. The Kuqa Depression experienced an evolution stage from a passive continental margin to a peripheral foreland basin in the late Permian to Triassic. Late Cretaceous regional uplift and denudation, regional peneplain stage; Paleogene weakly extensional tectonic setting; and Neogene to Quaternary compressive stress made the Kuqa Depression enter the evolutionary stage of the Paleozoic basin. The compression was most intense in the middle and late Neogene, and the current tectonic deformation of the Kelasu tectonic belt mainly occurred during this period [40]. The tectonic stress environment can be roughly divided into four periods. The Triassic compressional tectonic environment was mainly a contracting tectonic deformation. Based on stratigraphic and lithofacies data, the Kelasu tectonic belt through the Jurassic and Cretaceous periods was a variation zone with rapid thickening from south to north and had a regional tectonic setting with high-angle normal faults [41,42,43]. In the Paleogene, the relatively weak extensional tectonic stress environment or stable tectonic environment mainly formed depression basins and developed a large number of salt rocks. The Neogene to Quaternary compression in the near north–south region formed intercontinental or foreland-like basins before the new Tianshan intraplate orogenic belt [44].



The strata of the Kelasu tectonic belt are divided into suprasalt strata, salt strata and subsalt strata. The subsalt strata include the Triassic, Jurassic and Lower Cretaceous strata. The salt rock is from the Paleogene Kumugeliemu Group. The upper and lower salt strata include the Suweiyi Group of Paleogene, Jidike Group of Neogene, Kangcun Group of Neogene, and Kuqa Group of the Neogene and Quaternary system [45,46,47,48]. In the late Cenozoic period, the Kuqa foreland thrust belt was strongly compressed. The anticlinal three-layer structure with different vertical stresses was formed by the tectonic compression of the southern Tianshan Mountains, the induction and equalization of the overlying salt layer, and the arch extension of the very thick mudstone of the Cretaceous Shushanhe Group. Under the influence of stress, the Cretaceous Bashijiqike Group reservoir can be divided into a vertical three-layer structure, which consists of the stress sections of tensile, transitional, and compression torsion from top to bottom. In the longitudinal direction, the productivity of different stress sections varies greatly [49]. Zhang et al. (2004) used the fault slip data inversion method to recover Neogene paleotectonic stress in the Kuqa Depression based on field observations of faults developed in the Neogene, Paleogene and Cretaceous periods that were simultaneously involved in deformation [50]. The results show that the tectonic stress direction of the Kuqa Depression had little spatial variation in the Neogene and experienced a NNW–SSE compression deformation stage in the Miocene Jidike Group–Kangcun Group and a WNW–ESE compression deformation stage in the Pliocene Kuqa Group.



Reservoir heterogeneity is strong in the Kuqa Depression, which affects well productivity. In the depression, the productivity of gas wells with similar petrophysical properties in the same structure differs greatly, and even the productivity of two adjacent wells in the same structure differs significantly. Therefore, in situ stress-related factors should be considered in reservoir evaluation [51]. The gas reservoir is buried over more than 6500 m, which is a strike-slip stress field. Analysis of the numerical simulation results of the stress field shows that the present in situ stress is high, the horizontal stress difference is large, and the heterogeneity is strong. The maximum horizontal principal stress will be deflated in the plane and longitudinal directions, and the maximum deflection can be 90°. Complex geological boundary conditions and differences in rock mechanical properties are important factors for the strong heterogeneity of the in situ stress field distribution, and gas reservoir development affects the in situ stress state around wells [52].



The exploration breakthrough of Bozi 9 reflects the great difference in the structural transformation between different zones and the strong heterogeneity [39]. In the Kelasu tectonic belt, the reservoirs buried more than 4500 m are strike-slip fields in an in situ stress state. The maximum horizontal principal stress of the Dabei 12 gas reservoir is 125–161 MPa, the minimum horizontal principal stress is 118–130 MPa, and the maximum horizontal principal stress is always greater than the minimum horizontal principal stress. The heterogeneity of in situ stress is strong, and the difference between wells is large. The conditions of the complex geological boundary and the interbedded lithology of reservoirs result in an extremely heterogeneous distribution of in situ stress. Favorable and unfavorable areas of in situ stress are distributed alternately, and unfavorable areas of in situ stress may be encountered in high structural positions [51]. Zheng et al. (2016) recovered the Cenozoic tectonic stress field in the Kuqa Depression, and a study using elastic finite element numerical simulation showed that the direction of the maximum principal compressive stress in the Kuqa Depression in the late Himalayan period was generally nearly north–south, which was highly fitted with the paleostress field [53]. In the Yangxiahe area, the direction of the maximum principal stress is slightly deflected due to the influence of the turning point of the fold hub, which reflects the local stress direction.




3. Materials and Methods


3.1. Experimental Equipment and Experimental Samples


This experiment was mainly based on field samples to discuss the coupling relationship between stress and rock physical parameters. The experimental instrument used was an SCMS-SD, a high-temperature and high-pressure rock sonic electrical measuring instrument from China University of Petroleum (East China) (Figure 2). The experimental temperature was 24 °C. The P-wave frequency was 700 kHz, and the S-wave frequency was 400 kHz. The pore pressure was 0 MPa. Through experiments, the P-wave velocity, S-wave velocity and resistivity of each sample at different stress points were obtained.



The experimental research area was the Kelasu tectonic belt in the Kuqa Depression, Tarim Basin. Samples were taken from field outcrops in the research area, and 22 experimental samples were evaluated. The samples were fine sandstone with an average sample size of 2.5 cm × 5.0 cm. A whole rock mineral experiment was conducted. The mineral composition of the field samples was similar to that of the core samples, and the material foundation of the field samples were good.




3.2. The Experimental Scheme


Since it is difficult to impose high pore pressure on tight sandstone, an effective stress scheme was used to analyze the effect of stress on rock physical parameters. Due to the scarcity of samples in this experiment, in order to consider the universality and accuracy of the experiment, the experimental scheme was set up according to the in situ formation conditions. According to the results of in situ stress logging interpretation (Figure 3), the in situ effective stress was determined, and the confining pressure and axial pressure were set. According to the experimental determination of in situ formation water salinity, the concentration of saturated brine was 150 g/L. The specific experimental scheme is shown in Table 1.




3.3. Experimental Equipment and Experimental Samples


To study the influence of water saturation on sonic and electrical parameters, the rock sample No. 3-11-8-1 was selected, and different water saturation levels for the experimental group were set as 0%, 50%, 64%, 78% and 100%. The confining pressure and axial pressure remained unchanged, at 60 MPa and 78 MPa, respectively (Figure 4). It is important to note that this experiment was repeated many times for the given samples to conduct the rock physical parameter tests under different conditions. The following experiments were the same, and there was no further elaboration.



To study the influence of the stress ratio on the sonic and electrical parameters, the rock physical parameters of core No. 1-2-1 were tested. First of all, in this paper, the stress ratio, which is an important parameter reflecting the anisotropy of in situ stress, was defined as the ratio of axial pressure to confining pressure. Four experimental groups were set: (1) confining pressure of 52 MPa, axial pressure of 57.2 MPa, and stress ratio of 1.1; (2) confining pressure of 56 MPa, axial pressure of 67.2 MPa, and stress ratio of 1.2; (3) confining pressure of 60 MPa, axial pressure of 78 MPa, and stress ratio of 1.3; (4) confining pressure of 64 MPa, axial pressure of 89.6 MPa, and stress ratio of 1.4. The specific test scheme is shown in Table 2.



To study the influence of the burial depth and confining pressure on the sonic and resistivity parameters, two types of experiments were set up. The specific experimental scheme is as follows:




	(1)

	
Rock physics experiments under the same stress ratio and different confining pressures









Four groups of rock physical parameters were tested for rock sample No. 1-2-2. The experimental conditions were as follows: (1) confining pressure of 44.6 MPa, axial pressure of 58 MPa, and stress ratio of 1.3; (2) confining pressure of 52.3 MPa, axial pressure of 68 MPa, and stress ratio of 1.3; (3) confining pressure of 60 MPa, axial pressure of 78 MPa, and stress ratio of 1.3; (4) confining pressure of 67.7 MPa, axial pressure of 88 MPa, and stress ratio of 1.3 (Table 3).



To analyze the influence of the P-wave velocity, S-wave velocity, S-wave velocity ratio and resistivity on the confining pressure, the P-wave velocity, S-wave velocity ratio and resistivity were tested under confining pressures of 44.6 MPa, 52.3 MPa, 60 MPa and 67.7 MPa, respectively, and the stress ratio remained unchanged. The curves of P-wave velocity and confining pressure, S-wave velocity and confining pressure, P-S wave velocity ratio and confining pressure, and resistivity and confining pressure were fitted.



	(2)

	
Rock physics experiments under different confining pressures and different stress ratios







Rock physical parameters were tested for sample No. 3-2-14-1, which was divided into four experimental groups: (1) confining pressure of 50 MPa, axial pressure of 78 MPa, and stress ratio of 1.56; (2) confining pressure of 60 MPa, axial pressure of 78 MPa, and stress ratio of 1.30; (3) confining pressure of 70 MPa, axial pressure of 78 MPa, and stress ratio of 1.11; and (4) confining pressure of 80 MPa, axial pressure of 78 MPa, and stress ratio of 0.975 (Table 4).



To analyze the relationship between the P-S wave velocity ratio, resistivity and confining pressure, the P-S wave velocity ratio and resistivity output of rock samples under the same coaxial pressure and different confining pressures were recorded, and the curves of the relationship between the P-S wave velocity ratio, resistivity and confining pressure were fitted.



When studying the influence of axial compression on sonic and resistivity, the rock physical parameters of sample No. 3-10-5-1 were divided into four experimental groups for testing: (1) confining pressure of 60 MPa, axial pressure of 66 MPa, and stress ratio of 1.1; (2) confining pressure of 60 MPa, axial pressure of 72 MPa, and stress ratio of 1.2; (3) confining pressure of 60 MPa, axial pressure of 78 MPa, and stress ratio of 1.3; (4) confining pressure of 60 MPa, axial pressure of 84 MPa, and stress ratio of 1.4 (Table 5).



Axial pressure affects the velocity ratio and resistivity of the S-waves and P-waves. When the confining pressure was constant, the velocity ratio and resistivity of the S-wave and P-wave output of the rock samples under different axial pressures were tested, and the relationships between the S-wave and P-wave velocity ratio, resistivity and axial pressure were drawn.





4. Results and Discussion


4.1. Influence of Water Saturation on Sonic and Electrical Parameters


Rock sample No. 3-11-8-1 was tested, and the P-wave signal change waveform and S-wave signal change waveform of different water saturations were output (Figure 5a,b).



Rock water saturation affects the size of rock physical parameters. The P-wave velocity, S-wave velocity and resistivity of rock samples with water saturations of 0%, 50%, 64%, 78%, and 100% were statistically analyzed and fitted to the curves. The experimental results show that (1) with increasing water saturation, the P-wave velocity changed in three stages. When the water saturation was 0–23%, the P-wave velocity increased with increasing water saturation, and the slope was large. When the water saturation was 23–78%, the P-wave velocity decreased with increasing water saturation. When the water saturation was between 78% and 100%, the P-wave velocity decreased with increasing water saturation (Figure 6a). (2) The S-wave velocity decreased linearly with increasing water saturation, and there was a negative correlation between the S-wave velocity and water saturation (Figure 6b). (3) When the water saturation was less than 70%, the resistivity decreased with increasing water saturation. When the water saturation was greater than 70%, the resistivity was basically unchanged with increasing water saturation (Figure 6c). In general, with the change in water saturation, the shear modulus will change, which will lead to changes in longitudinal and transverse wave velocity.



The mineral composition of rock affects the scale of rock physical parameters. In the experiment, rock samples with different contents of feldspar, quartz and clay were set up to output the velocity ratio of each rock sample. The points of different feldspar contents and their corresponding ratios, different quartz contents and their corresponding ratios, and different clay contents and their corresponding ratios were cast and fitted to the curves. The experimental results show that (1) there was an approximately positive correlation between the velocity ratio of the P-S wave and feldspar content (Figure 7a), and (2) there was a positive correlation between the P-S wave velocity ratio and quartz content (Figure 7b). (3) The ratio of the P-S wave velocity was positively correlated with the clay content (Figure 7c). (4) The rocks in the study area are mainly quartz minerals. Quartz plays a major role in the influence of P-wave and S-wave velocity, followed by feldspar and clay.




4.2. Influence of the Stress Ratio on the Sonic and Electrical Parameters


	(1)

	
The relationship between the resistivity and stress ratio







To analyze the resistivity affected by the stress ratio, the resistivity of the four experimental groups was tested, and the fitting curve was fitted with the stress ratio as the abscissa and resistivity as the ordinate. The experimental results show that the resistivity increased linearly with increasing stress ratio. The resistivity was positively correlated with the stress ratio (Figure 8).



	(2)

	
The relationship between the P-wave velocity, S-wave velocity, S-wave velocity ratio and stress ratio







The four experimental groups were set up to test the P-wave velocity, S-wave velocity and S-wave velocity ratio corresponding to different stress ratios, and fitting curves of P-wave velocity, S-wave velocity, S-wave velocity ratio and stress ratio were generated. The results show that (1) the P-wave velocity increased with increasing stress ratio (Figure 9a) and (2) the S-wave velocity was consistent with the P-wave velocity and positively correlated with the stress ratio, which was significantly smaller (Figure 9b). (3) There was a negative correlation between the stress ratio and S-wave ratio (Figure 9c).




4.3. Influence of Burial Depth and Confining Pressure on Sonic and Resistivity Parameters


	(1)

	
Rock physics experiments under the same stress ratio and different confining pressures







Four groups of rock physical parameters were tested for rock sample No. 1-2-2, and the results show that (1) the P-wave velocity increased logarithmically with increasing confining pressure (Figure 10a) and (2) the S-wave velocity, similar to the P-wave velocity, had a positive logarithmic correlation with confining pressure. The S-wave velocity changed with the confining pressure in a slightly larger amplitude than the P-wave velocity (Figure 10b). (3) The P-S wave velocity ratio was negatively correlated with the confining pressure and decreased logarithmically with increasing confining pressure (Figure 11a). (4) There was a positive correlation between resistivity and confining pressure (Figure 11b).



	(2)

	
Rock physics experiments under different confining pressures







Four groups of rock physical parameters were tested for rock sample No. 3-2-14-1, and the results show that the P-S wave velocity ratio decreased with increasing confining pressure (Figure 12a). The resistivity increased with increasing confining pressure (Figure 12b).




4.4. Influence of Axial Compression on Sonic Velocity and Resistivity


Four groups of rock physical parameters were tested for rock sample No. 3-10-5-1, and the results show that (1) the S-wave and P-wave ratios varied with axial compression in two stages. When the axial pressure was less than 80 MPa, the P-S wave velocity ratio decreased with increasing axial pressure. When the axial pressure was greater than 80 MPa, the P-S wave velocity ratio increased with increasing axial pressure (Figure 13a). (2) The resistivity increased with increasing axial pressure (Figure 13b).





5. Conclusions


	(1)

	
Rock sonic velocity is extremely sensitive to water saturation under overburden pressure. At ultrasonic frequencies, when the water saturation increases from 0% to 80%, the P-wave velocity increased first and then decreased. When the water saturation continued to increase to 100%, the P-wave velocity increased. Saturation was negatively correlated with S-wave velocity and resistivity. This is because the shear modulus will change with the change in water saturation, which will lead to changes in longitudinal and transverse wave velocity.




	(2)

	
Different minerals have different controlling effects on the velocity ratio of S-waves and P-waves in rocks, and quartz content plays the main controlling role, which was negatively correlated with the ratio, followed by feldspar and clay, which were positively correlated with the ratio.




	(3)

	
The confining pressure, axial pressure, stress ratio and burial depth were positively correlated with the P-S wave but negatively correlated with the P-S wave ratio. The order of influencing factors were the stress ratio > confining pressure > axial pressure.




	(4)

	
In general, the experiment demonstrated the influence mechanism of strong stress on reservoir quality in the Tarim study area, but the experiment was not perfect. The rock surrounding the experiment site was not under true triaxial confining pressure. We simulated the condition of biaxial compression, not true triaxial confining pressure. At the same time, the influence of underground pore pressure was less considered, so as a next step, we will consider the influence of true triaxial compression and underground pore pressure.
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Figure 1. Fault Outline Map of Kelasu Structural Belt. 
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Figure 2. Working principle of the SCMS-SD, a high-temperature and high-pressure rock sonic electrical measuring instrument. 
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Figure 3. The stress ratio distribution frequency. 
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Figure 4. The core before and after the experiment. 
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Figure 5. Waveform diagrams of P-wave (a) and S-wave (b) signal variation. 
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Figure 6. Relationship curves between P-wave velocity, S-wave velocity, resistivity and water saturation. 
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Figure 7. Relationship curves between feldspar content, quartz content, clay content and aspect ratio. 
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Figure 8. Relationship curve between resistivity and stress ratio. 
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Figure 9. Relationship curves between the P-wave velocity, S-wave velocity, S-wave ratio and stress ratio. 
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Figure 10. Curves of P-wave velocity, S-wave velocity and confining pressure. 
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Figure 11. Curves of P-S wave ratio, resistivity and confining pressure. 






Figure 11. Curves of P-S wave ratio, resistivity and confining pressure.



[image: Applsci 12 11543 g011]







[image: Applsci 12 11543 g012 550] 





Figure 12. Relationship curves between P-S wave ratio, resistivity and confining pressure. 
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Figure 13. Correlation curves between P-S wave ratio, resistivity and axial pressure. 
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Table 1. The experimental scheme.






Table 1. The experimental scheme.





	
Analysis of the Factors

	
Clay Content/%

	
Water Saturation/%

	
Confining Pressure/MPa

	
Axial Pressure/MPa






	
Water saturation

	
24.2

	
0

	
60

	
78




	
24.2

	
20

	
60

	
78




	
24.2

	
40

	
60

	
78




	
24.2

	
60

	
60

	
78




	
24.2

	
80

	
60

	
78




	
24.2

	
100

	
60

	
78




	
Horizontal maximum principal stress or horizontal minimum principal stress, buried depth

	
20.1

	
100

	
52

	
57.2




	
20.1

	
100

	
56

	
67.2




	
20.1

	
100

	
60

	
78




	
20.1

	
100

	
64

	
89.6




	
Horizontal maximum principal stress or horizontal minimum principal stress, buried depth

	
16.9

	
100

	
44.6

	
58




	
16.9

	
100

	
52.3

	
68




	
16.9

	
100

	
60

	
78




	
16.9

	
100

	
67.7

	
88




	
Confining pressure

	
13.7

	
100

	
50

	
78




	
13.7

	
100

	
60

	
78




	
13.7

	
100

	
70

	
78




	
13.7

	
100

	
80

	
78




	
Axial pressure, stress ratio

	
8.4

	
100

	
60

	
66




	
8.4

	
100

	
60

	
72




	
8.4

	
100

	
60

	
78




	
8.4

	
100

	
60

	
84
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Table 2. The experimental scheme table.
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	Confining Pressure (MPa)
	Axial Pressure (MPa)
	Stress Ratio





	52
	57.2
	1.1



	56
	67.2
	1.2



	60
	78
	1.3



	64
	89.6
	1.4
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Table 3. 1-2-2 Sample experimental program.
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	Confining Pressure (MPa)
	Axial Pressure (MPa)
	Stress Ratio





	44.6
	58
	1.3



	52.3
	68
	1.3



	60
	78
	1.3



	67.7
	88
	1.3
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Table 4. The experimental scheme for sample No. 3-2-14-1.
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	Confining Pressure (MPa)
	Axial Pressure (MPa)
	Stress Ratio





	50
	78
	1.56



	60
	78
	1.30



	70
	78
	1.11



	80
	78
	0.975
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Table 5. The experimental scheme for sample No. 3-10-5-1.
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	Confining Pressure (MPa)
	Axial Pressure (MPa)
	Stress Ratio





	60
	66
	1.1



	60
	72
	1.2



	60
	78
	1.3



	60
	84
	1.4
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