[image: image1]Mechanical Properties and Acoustic Emission Characteristics of Weakly Cemented Sandstone With Different Grain Sizes

		ORIGINAL RESEARCH
published: 01 July 2022
doi: 10.3389/feart.2022.939372


[image: image2]
Mechanical Properties and Acoustic Emission Characteristics of Weakly Cemented Sandstone With Different Grain Sizes
Bin Liu1,2,3, Tong Zhang2,3*, Hongwei Zhang3 and Qiupeng Yuan1*
1State Key Laboratory of Mining Response and Disaster Prevention and Control in Deep Coal Mines, Anhui University of Science and Technology, Huainan, China
2Institute of Energy, Hefei Comprehensive National Science Center, Hefei, China
3Engineering Research Center of Underground Mine Construction, Ministry of Education (Anhui University of Science and Technology), Huainan, China
Edited by:
Yulong Chen, China University of Mining and Technology, China
Reviewed by:
Liang Xin, Xi’an University of Technology, China
Shanjie Su, Xuzhou University of Technology, China
* Correspondence: Tong Zhang, tzhang@aust.edu.cn; Qiupeng Yuan, 2018100011@aust.edu.cn
Specialty section: This article was submitted to Structural Geology and Tectonics, a section of the journal Frontiers in Earth Science
Received: 09 May 2022
Accepted: 31 May 2022
Published: 01 July 2022
Citation: Liu B, Zhang T, Zhang H and Yuan Q (2022) Mechanical Properties and Acoustic Emission Characteristics of Weakly Cemented Sandstone With Different Grain Sizes. Front. Earth Sci. 10:939372. doi: 10.3389/feart.2022.939372

The weakly cemented sandstone is widely distributed in the Western Mining Area, which is mainly formed by mineral grains and cemented minerals through compaction and cementation. To study the influence of grain size on the mechanical properties and acoustic emission (AE) characteristics of weakly cemented sandstone, uniaxial compression and Brazilian splitting AE tests were carried out on four weakly cemented sandstone specimens with different grain sizes. The physical properties, mechanical behaviors, and AE characteristics of sandstone under two conditions were analyzed, and the microfailure mechanism was investigated. The results show that the P-wave velocity, density, uniaxial compressive strength (UCS), and tensile strength of weakly cemented sandstones with different grain sizes decrease with the increase of grain size. The medium sandstone and coarse sandstone exhibit ductile failure, while the siltstone and fine sandstone exhibit brittle failure under the two conditions. The distribution of AE signal strength is nearly Gaussian in the time domain. The peak frequency and upper limit of signal strength are negatively correlated with grain size, and the occurrences of lots of high-strength AE signals can be used as the precursor of sandstone failure. The damage evolution shows the trend of low-speed damage-accelerated damage-low-speed damage, and the damage increase at the peak load is negatively related to the grain size. The microfailure mechanism is the tension-shear mixed failure, which is dominated by tensile failure, with few shear failures. The proportion of shear cracks is positively correlated with the grain size under uniaxial compression, while there is no significant correlation between shear cracks and grain size under Brazilian splitting.
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INTRODUCTION
As the coal resource development strategy moves westward, the Western Mining Area has become the main coal production base in China. The weakly cemented sandstone is widely distributed in the shallow strata of the Western Mining Area, which is mainly formed by mineral grains and cemented minerals through compaction and cementation (Li and Li 2017; Zhao et al., 2019; Liu et al., 2021; Yang et al., 2021). The grain size and cementation degree of internal mineral grains have an obvious influence on their physical properties and mechanical characteristics. Argillaceous cementation is the main form of weakly cemented sandstone, and the difference in its mechanical properties is mainly related to the grain size. Therefore, it is urgent to investigate the strength, deformation, and acoustic emission (AE) evolution of weakly cemented sandstone with different grain sizes, which is conducive to understanding the influence of grain size on the physical properties and mechanical behaviors of weakly cemented sandstone and is significant to the surrounding rock control of roadways in overlying strata in the Western Mining Area.
In recent years, many scholars have performed much research on weakly cemented rocks in the Western coal region and found that the mechanical characteristics of weakly cemented sandstone are easy weathering, large plastic deformation, strong anisotropy, low tensile and compressive strength, small internal friction angle and low cohesion. Li and Li (2017) analyzed the AE characteristics and mechanical characteristics of sandstone in the Shendong coalfield. Zhao et al. (2019) and Liu et al. (2021) investigated the mechanical properties, characteristic strength, and AE characteristics of weakly cemented rock at different buried depths in the Shendong coalfield. Wang et al. (2018) investigated the AE characteristics of weakly cemented sandstone with different bedding angles. You et al. (2018) analyzed the permeability capacity of weakly cemented sandstone under thermal and mechanical coupling, and Lyu et al. (2019) and Liu et al. (2020) studied the seepage capacity of weakly cemented sandstones. Song et al. (2020) determined the critical stress of weakly cemented sandstone by the renormalization group transformation rule. Bai et al. (2020) investigated the strength and deformation behaviors of weakly cemented red sandstone subjected to low-temperature freezing. Cai and Zou (2020) studied the failure characteristics and constitutive equation of weakly cemented sandstone under conventional triaxial compression. Wang et al. (2020) analyzed the correlation between the physical-mechanical properties and petrographic parameters for weakly cemented sandstones.
The mechanical properties of sandstone are greatly affected by grain size. Wasantha et al. (2015) and Yu et al. (2017, 2021) investigated the strain rate effect on deformation behaviors of sandstones with different grain sizes. Li et al. (2017) analyzed the microstructure characteristics of sandstones with different grain sizes. Atapour and Mortazavi (2018a, b) studied the average grain size effect on the uniaxial compressive strength (UCS) of weakly consolidated sandstones and the grain size and cement content effect on the physical properties and mechanical behaviors of weakly solidified artificial sandstones. Tian et al. (2018) investigated the crack propagation and coalescence of granite with different grain sizes under uniaxial compression. Jin et al. (2018) analyzed the physical properties and mechanical behaviors of grouted crushed coal with different grain sizes during the triaxial compression test. He et al. (2019) investigated the grain size and shape effect on strength according to fractal theory. Wu et al. (2020) studied the microstructure and deformation characteristics of sandstones with different grain sizes during the acid erosion test. Kong et al. (2021a, b) investigated the impact of grain size or anisotropy on the physical properties and mechanical behaviors of building stones and sandstone. Kang et al. (2021) analyzed the grain size effect on the strength of granite after high-temperature treatment. Carbillet et al. (2021) investigated the grain size and porosity effect on the mechanical compaction of crustal analogs. He et al. (2021) analyzed the influence of grain size on the microstructure characteristics of carbonate-based sand and silicate-based sand. The effect of grain size, mineralogy, and porosity on the mechanical properties of tight sandstones was also studied (Qi et al., 2022).
The above studies focus on the influence of grain size on the physical properties, deformation, failure, and seepage characteristics of hard rock and rock-like materials, while there are relatively few studies on the influence of grain size on the physical properties, deformation, failure, and seepage characteristics of weakly cemented sandstone. The overlying strata are usually in a state of compression, and local areas are in a state of tension during coal mining. As the tensile strength is much lower than the UCS, it is also necessary to study the tensile properties of the overlying strata. Therefore, it is necessary to investigate the strength, deformation, and failure characteristics of weakly cemented sandstone with different grain sizes under two mechanical properties (tension and compression). In this study, AE tests were conducted on four kinds of weakly cemented sandstones with different grain sizes (siltstone, fine sandstone, medium sandstone, and coarse sandstone) under uniaxial compression and Brazilian splitting. The physical properties, deformation, AE signal strength, and peak frequency of sandstones with different grain sizes under two conditions were analyzed, and the damage evolution and microfailure mechanism of sandstones were discussed. It provides basic parameters for pressure control and disaster prevention in the Western Mining Area.
MATERIAL AND TEST
Material Preparation
Four sandstones were collected from the geological borehole of the Buertai Coal Mine in the Shendong mining area of Inner Mongolia, with the buried depth of 300–400 m (Zhao et al., 2019; Liu et al., 2021). Four sandstone cores, coarse sandstone with a grain size of 0.50–1.00 mm, medium sandstone with a grain size of 0.25–0.50 mm, fine sandstone with a grain size of 0.10–0.25 mm, and siltstone with a grain size of 0.01–0.10 mm, were selected and processed into Brazilian disc (Φ 50 mm × 25 mm) and cylindrical samples (Φ 25 mm × 50 mm) due to the disintegration of weakly cemented sandstone cores. The two end faces of the rock samples should be polished to ensure that the roughness of the end faces is less than 0.1 mm. A nonmetallic ultrasonic tester (Model: ZBL-U510) was used to conduct axial P-wave velocity tests on rock samples, and the physical parameters of the rock samples are listed in Table 1.
TABLE 1 | Physical and mechanical properties of rock samples.
[image: Table 1]Test Equipment
The testing machine (Model: WDW-100E) and multichannel AE monitoring instrument (Model: PCI-Express8) were used in this test (Figure 1). The axial load of the testing machine ranges from 0.40 to 100 kN, and the range of axial displacement is 0.2–100 mm. The maximum and minimum loading speeds are 500 mm/min and 0.005 mm/min, respectively. The load and displacement data in the loading process can be recorded synchronously, and the load-displacement and load-time curves can be drawn synchronously. The AE monitoring instrument, equipped with eight AE sensors and amplifiers, can record and analyze the AE parameters in real-time. The center frequency of the AE sensors is 140 kHz, and the frequency range is 125–750 kHz.
[image: Figure 1]FIGURE 1 | Layout of the test device.
Experimental Scheme
AE tests were conducted on four weakly cemented sandstone samples with different grain sizes under uniaxial compression and Brazilian splitting. The loading rates were set as 0.50 mm/min and 0.20 mm/min. The AE signals were acquired and stored synchronously during the loading process. As shown in Figure 2, two sensors were symmetrically arranged on the left and right sides of the rock sample under uniaxial compression, and four AE sensors were fixed on the back of the rock sample in the Brazilian splitting test. The signal threshold was fixed at 45 dB after measuring the ambient noise, and the sampling frequency was fixed at 1 MHz. The AE sensors were fixed on the surface of the rock sample with Vaseline to ensure contact between the AE sensor and the surface of the rock sample. Before the test, the samples were fixed on the fixture with an initial load of 0.01 kN. The testing machine system and AE monitoring instrument were synchronized during the test, and the load-displacement data and AE data were analyzed and summarized after the test.
[image: Figure 2]FIGURE 2 | Layout of AE sensors (A) uniaxial compression, (B) Brazilian splitting.
RESULTS AND DISCUSSION
Physical Properties
The physical characteristics of the four weakly cemented sandstones, such as density and P-wave velocity, are significantly different due to the variation in grain size composition. Figure 3 shows that the density of coarse sandstone is the lowest, with a distribution range of 1.95–2.08 g/cm3 and an average of 2.01 g/cm3, while the density of siltstone is the highest, with a distribution range of 2.38–2.55 g/cm3 and an average of 2.48 g/cm3, which is 1.23 times that of coarse sandstone. Similarly, the P-wave velocity of coarse sandstone is the lowest, with a distribution range of 540–749 m/s and an average of 682 m/s, while the density of siltstone is the highest, with a distribution range of 2,068–2,248 m/s and an average of 2,151 m/s, which is 3.15 times that of coarse sandstone. In summary, the density and P-wave velocity decrease with increasing grain size. The phenomenon indicates that the smaller the grain size is, the fewer internal pores and fissures there are, and the higher the density is. Similarly, there are some reflections and refractions when P-waves pass through fissures and pores, resulting in wave velocity reduction during the process of P-wave testing. The P-wave velocity of weakly cemented sandstone in this study is lower than 2,750 m/s, which is significantly lower than that of other hard sandstones (Figure 3). Due to the influence of the mineral composition and microstructure of sedimentary rocks, there is a certain variation in rock density and P-wave velocity, thus the density and P-wave velocity of some samples show great discreteness (Galouei and Fakhimi 2015).
[image: Figure 3]FIGURE 3 | Distribution of density and P-wave velocity for sandstone with different grain sizes (A) density, (B) P-wave velocity.
The P-wave velocity is an important index to evaluate the quality of coal and rock. The relationship between density and P-wave velocity was obtained according to a large amount of measured data (Gardner et al., 1974), and the equation is as follows:
[image: image]
where ρ is the density, g/m3; VP is the p-wave velocity, m/s; and a and b are constants.
According to the previous density-velocity formula, the fitting results are shown in Figure 4. On the whole, the density of rock samples increases with increasing P-wave velocity, which is consistent with the previous formula. However, there are obvious differences between parameters a and b, which are mainly caused by the differences in the composition and structure of sedimentary rocks.
[image: Figure 4]FIGURE 4 | Relationship between density of sandstone with different granularities and P-wave velocity.
Strength and Deformation Behaviors
According to the formulas of compressive and tensile strength, the calculation results are listed in Table 1. The compressive and tensile strength of coarse sandstone is the lowest, with an average value of 3.91 and 0.18 MPa. The compressive and tensile strength of siltstone is the highest, with average values of 31.87 and 2.27 MPa, which are 8.15 and 12.61 times those of coarse sandstone, respectively. The strength is consistent with previous research (Li et al., 2017; Li and Li 2017; Du and Peng 2019) and far lower than that of other hard sandstones. In summary, both compressive and tensile strength is negatively correlated with grain size; that is, the smaller the grain size is the higher the compressive and tensile strength, which is consistent with existing research results (Zou et al., 2015). The reason is that the grain size of sandstone is smaller, the pores and fissures are fewer, the internal density is higher, and the degree of grain adhesion is stronger, so the compressive and tensile strengths are higher.
The load-displacement curves of typical sandstones with different grain sizes under uniaxial compression (Figure 5A). The pre-peak deformation characteristics of sandstones with different grain sizes are the same and can be divided into the primary fissure compaction stage, elastic stage, and yield stage (Hoek and Bieniawski 1984; Eberhardt et al., 1998; Chen et al., 2021). However, there are some differences in the post-peak stage. Siltstone and fine sandstone have several step-falls after the peak load, showing certain brittle failure characteristics. In contrast, the medium sandstone and coarse sandstone decrease slowly after the peak and show ductile failure characteristics. The reason is that the grain size is small, the pores and fissures are fewer, the internal density is high, the degree of grain adhesion is strong, and the energy storage capacity is strong, so the energy released after the peak is fast, showing certain brittle failure characteristics. However, other hard sandstones (Cheng et al., 2017) show strong brittle failure characteristics and sudden drops in the post-peak stage. This phenomenon indicates that there exists some plastic deformation after the peak stress under the external load, showing certain ductility failure characteristics, which are mainly caused by the low internal cementation degree of weakly cemented sandstone.
[image: Figure 5]FIGURE 5 | Load-displacement curves of typical sandstone with different grain sizes (A) uniaxial compression, (B) Brazilian splitting.
The load-displacement curves of typical sandstones with different grain sizes under Brazilian splitting (Figure 5B). The pre-peak deformation characteristics of sandstones with different grain sizes are the same and can be divided into the primary fissure compaction stage, elastic stage, and yield stage (Hoek and Bieniawski 1984; Eberhardt et al., 1998). There are also some differences in the post-peak stage; loads of siltstone and fine sandstone drop rapidly, showing certain brittleness characteristics. While a load of coarse sandstone and medium sandstone decreases slowly with increasing deformation after the peak load, the internal cracks continue to propagate and coalesce, and the rock samples gradually lose stability and fail, showing certain ductility characteristics. The main reason is that sandstone is a brittle material, and the tensile strength is much lower than the compressive strength. The sandstone with a small grain size is denser and more brittle, thus the load decreases faster under the tensile load during the post-peak stage, showing certain brittleness characteristics.
AE Signal Intensity and Peak Frequency Characteristics
The elastic energy is released to the surroundings in the form of AE signals during the whole loading process, and the AE signal can directly characterize the damage and failure evolution of coal and rock (Zhao et al., 2019; Dou et al., 2021; Liu et al., 2021). Therefore, the distribution of AE signal intensity and peak frequency was analyzed in this section. AE signal intensity is the mathematically defined as the integral of the rectified voltage signal over the duration of the AE waveform packet. This feature is similar to the AE energy feature, except that it is calculated over the entire AE signal dynamic range and independent of gain.
Figures 6, 7 show the distribution of AE signal intensity and peak frequency of sandstone with different grain sizes under the two conditions. The evolution of signal intensity under the two conditions is the same. At the initial phase of loading, few medium- and low-intensity AE signals are generated due to the closure of internal fissures and pores. With increasing load, internal microcrack initiation was accompanied by a small amount of crack propagation, resulting in more medium- and low-intensity AE signals and a small amount of high-intensity AE signals. A large number of medium- and high-intensity AE signals appear due to the rapid propagation and coalescence of cracks, accompanied by a small number of low-intensity AE signals near the peak load. Only a small amount of medium- and low-intensity AE signals are released after the peak load.
[image: Figure 6]FIGURE 6 | Distribution of load, damage and signal strength for typical sandstone with different grain sizes under uniaxial compression (A) medium sandstone, (B) coarse sandstone, (C) siltstone, and (D) fine sandstone.
[image: Figure 7]FIGURE 7 | Distribution of load, damage and signal strength for typical sandstone with different grain sizes under Brazilian splitting (A) medium sandstone, (B) coarse sandstone, (C) siltstone, and (D) fine sandstone.
The AE signal intensity of sandstone with different grain sizes under the two conditions is concentrated between 3.5 and 4.5. The high-intensity AE signal (>4.5) gradually decreases with increasing intensity, and the low-intensity AE signal (< 3.5) gradually decreases with decreasing intensity. However, the range of signal intensity under the two conditions is different. The lower limit of signal intensity under uniaxial compression is 1.10, while the upper limit is 4.71 for coarse sandstone, 6.02 for medium sandstone, 7.48 for fine sandstone, and 7.80 for siltstone. The lower limit of signal intensity under Brazilian splitting is 3.10, while the upper limit of signal intensity is different, which is 6.07 for coarse sandstone, 6.77 for medium sandstone, 7.10 for fine sandstone, and 7.34 for siltstone. This phenomenon indicates that the smaller the grain size is, the higher the upper limit of the signal intensity is, and the upper limit is negatively correlated with the grain size. The main reason is that the smaller the grain size is, the fewer pores and fissures between the grains, and the denser the microstructure is, the more strain energy stored before the peak load, the more severe the damage is, and the higher the AE signal intensity is. A large amount of high-intensity AE signals are generated in sandstone with different grain sizes near the peak load, which can be regarded as the failure precursor of sandstone.
As shown in Figures 6, 7, the distribution of AE counts of sandstone with different grain sizes under the two conditions are the same. Only a small number of AE signals are generated at the initial phase of loading. With increasing load, the AE signals increase gradually. AE signals reach the peak value near the peak load and decrease gradually in the post-peak stage. Therefore, the AE signals present a nearly normal distribution in the time domain.
Figure 8 shows the distribution of the peak frequency for sandstone with different grain sizes under uniaxial compression and Brazilian splitting. As shown in Figure 8A, the peak frequency of sandstone ranges from 0 to 400 kHz and is concentrated on 200–300 kHz during the uniaxial compression test. The proportion of sandstone with different grain sizes at low frequencies (0–100 kHz) is positively correlated with grain size, while that at high frequencies (300–400 kHz) is negatively correlated with grain size. The reason is that the grain size is small, the microstructure is dense, and the AE frequency is high; that is, the low-frequency AE signal is less, and the high-frequency AE signal is more. However, sandstone with a larger grain size has more pores and fissures, and the AE frequency is low; that is, there are more low-frequency AE signals and fewer high-frequency AE signals. As shown in Figure 8B, the range of peak frequency for sandstone with different grain sizes is 0–200 kHz under Brazilian splitting, and the peak frequency is concentrated at 0–200 kHz. The proportion in the range of 0–50 kHz is positively correlated with grain size, while the proportion in the range of 50–100 kHz is negatively correlated with grain size. The reason is consistent with that under uniaxial compression.
[image: Figure 8]FIGURE 8 | Distribution of peak frequency for typical sandstone with different grain sizes (A) uniaxial compression, (B) Brazilian splitting.
Damage Evolution
Relevant studies show that AE parameters can be used to quantitatively investigate the damage evolution of coal and rock (Liu et al., 2009; Zhao et al., 2019). In this study, the cumulative AE energy is used to define the damage variable during the loading process (Zhao et al., 2019). The damage variable D can be expressed as:
[image: image]
where Ed is the cumulative AE energy at any time in the loading process and E0 represents the cumulative AE energy corresponding to the moment of rock failure.
Figures 6, 7 also show the damage evolution curves of typical sandstones with different grain sizes under the two conditions, and the damage evolution of sandstones with different grain sizes is consistent. At the initial stage, damage variable D increases slowly due to the closure of internal fissures and pores. With increasing load, internal microcracks begin to appear, and the speed of damage increases rapidly. The damage increases suddenly near the peak load, and the damage increases slowly after the peak load. The damage shows the evolution of low damage - accelerated damage - low damage during the whole damage process.
Figure 9 shows the damage increases for coarse sandstone, medium sandstone, fine sandstone, and siltstone are 0.11, 0.18, 0.24, and 0.36 under uniaxial compression, and 0.05 for coarse sandstone, 0.11 for medium sandstone, 0.25 for fine sandstone and 0.71 for siltstone under Brazilian splitting. Namely, the larger the grain size of sandstone is, the lower the damage increase at the peak load, and the damage increase is negatively correlated with the grain size. This phenomenon implies that the grain size of sandstone is smaller, the pores and fissures are fewer, the internal density is higher, the degree of grain adhesion is stronger, and more energy is stored, so the damage at the peak load is more severe, and the damage increase is higher.
[image: Figure 9]FIGURE 9 | Distribution of damage increase for typical sandstone with different grain sizes.
Microfailure Mechanism
Related studies have proved that the microfailure mechanism of coal and rock can be studied through AE waveforms. In general, the AE waveforms with low RA (rise time/amplitude) and high AF (count/duration) correspond to tension cracks, waveforms with high RA and low AF correspond to shear cracks, and waveforms with low RA and AF correspond to tension-shear mixed cracks (Aggelis 2011; Elfergani et al., 2013).
Figures 10, 11 show the AF-RA data density maps for typical sandstone with different grain sizes under uniaxial compression and Brazilian splitting. The high AF-RA data density area (red area) of sandstone with different grain sizes mainly appears near the longitudinal axis (low RA value) and at the origin of coordinates (low RA and low AF value), and few occur near the horizontal axis (low AF value). In summary, the microfailure mechanism of sandstone with different grain sizes under uniaxial compression and Brazilian splitting is the mixed failure of tensile and shear failure, which is dominated by tensile failure, with few shear failures.
[image: Figure 10]FIGURE 10 | AF-RA data density maps for typical sandstone with different grain sizes under uniaxial compression (A) medium sandstone, (B) coarse sandstone, (C) siltstone, and (D) fine sandstone.
[image: Figure 11]FIGURE 11 | AF-RA data density maps for typical sandstone with different grain sizes under Brazilian splitting (A) medium sandstone, (B) coarse sandstone, (C) siltstone, and (D) fine sandstone.
As shown in Figure 10, the AF value distribution of sandstone with different grain sizes under uniaxial compression is the same, ranging from 0 to 400 kHz. However, RA values vary, ranging from 0 to 1 for coarse sandstone, 0 to 8 for medium sandstone, 0 to 250 for fine sandstone, and 0 to 700 for siltstone. The main reason is that the larger the grain size of sandstone is, the more defects such as internal fissures and pores, the stronger the friction effect under an external load, and the lower the RA value. Therefore, the determination of crack types based on AF/RA should be based on the actual AE signal distribution due to the differences in RA values for different types of coal and rock. However, there are significant differences in the proportion of shear cracks for sandstone with different grain sizes: coarse sandstone >medium sandstone >fine sandstone >siltstone. The reason is that the larger the grain size of sandstone is, the less dense the microstructure is and the more shear friction is, so more shear cracks are generated. That is, the proportion of shear cracks increases with increasing grain size and is positively correlated with the grain size.
As shown in Figure 11, the AF value distribution of sandstone with different grain sizes under Brazilian splitting is different: coarse sandstone is 0–90 kHz, medium sandstone is 0–27 kHz, fine sandstone is 0–90 kHz, and siltstone is 0–125 kHz. The RA values of coarse sandstone are 0–800, medium sandstone 0–800, fine sandstone 0–1750, and siltstone 0–600. The main reason is the difference in internal structure, which leads to different deformation and failure modes, and thus the AE signals are different. Siltstone and coarse sandstone produce fewer shear cracks, while coarse and fine sandstone produces more, mainly due to the difference in internal structure, which is not significantly correlated with grain size. The deformation and failure modes are mainly affected by the grain shape.
The microfailure mechanism of sandstone with different grain sizes under the two conditions is the tension-shear mixed failure, which is dominated by tensile failure, with few shear failures. The proportion of shear cracks increases with increasing grain size under uniaxial compression, which is positively correlated with the grain size. However, there is no obvious correlation between the shear crack and grain size under Brazilian splitting.
CONCLUSION

(1) The P-wave velocity, density, compressive strength and tensile strength of weakly cemented sandstones with different grain sizes decrease with the increase of grain size. The pre-peak deformation characteristics are the same, but there are differences after peak stress: ductile failure occurs after the peak for medium and coarse sandstones, while brittle failure occurs after the peak for siltstone and fine sandstones.
(2) The evolution of the AE signal intensity of sandstone with different grain sizes under uniaxial compression and Brazilian splitting is the same, and the distribution in the time domain is nearly normal. The upper limit of the signal intensity and peak frequency of sandstone with different grain sizes are negatively correlated with grain size, and the occurrence of a large amount of high-intensity AE signals can be used as the failure precursor of weakly cemented sandstone.
(3) The damage evolution of sandstone with different grain sizes under uniaxial compression and Brazilian splitting is the same, showing the evolution of low damage-accelerated damage-low damage. However, there are significant differences in the damage increase at the peak load. The smaller the grain size is, the higher the damage increase is. The damage increase is negatively correlated with the grain size.
(4) The microfailure mechanism of sandstone with different grain sizes under the two conditions is the tension-shear mixed failure, which is dominated by tensile failure, with few shear failures. The proportion of shear cracks increases with increasing grain size under uniaxial compression, which is positively correlated with the grain size. However, there is no obvious correlation between the shear crack and grain size under Brazilian splitting.
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Loading Form Lithology Sample no.  Density (gem™)  P-Wave Velocity ~ Compressive/Tensile strength  Mean MPa

(ms™) (MPa)

Uniaxial compression  Medium Sandstone U221 2147 1,145 429 596
U222 216 1,220 563
U223 226 1,135 476
U224 223 937 915

Coarse Sandstone U321 203 737 292 391
U322 208 716 293
U323 207 703 357
U324 201 540 6.20

Sittstone ust1 255 2,248 34.59 31.87
usi2 254 2121 38.43
Us13 247 2,108 2259

Fine Sandstone uett 242 2042 26.81 26.58
Us12 241 1,995 2850
Us13 244 1,058 2664
Ust4 240 1,830 2438

Braziian spitting Medium Sandstone  BO31 205 908 030 025
B032 209 901 019

Coarse Sandstone ~ B211 204 675 018 018
8212 1.95 749 012
B213 1.95 654 0.24

Siltstone 8511 246 2,212 208 227
B512 247 2,839 1.16*
8516 240 2,068 245

Fine Sandstone 8542 239 2,319 188 206
B8543 227 1,930 247
B545 229 1,678 215

"Due to the abnormal internal structure of the Brazillan disc B512, the P-wave velocity and tensile strength were abnormal, which were discarded when cakculating the average tensile
strength.
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