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To reveal the strength recovery characteristics of grout-reinforced engineering rock masses, this study is based on the small coal pillar god-side entry of the Maiduo Mountain Coal Mine. Uniaxial compression tests were conducted on grout-consolidated samples, complete surrounding rock samples, and grout-reinforced samples of post-peak broken surrounding rock. The mechanical properties of grout-consolidated samples of four grouting materials, as well as the strength recovery characteristics, crack propagation, and energy evolution of grout-reinforced post-peak fractured rock samples with different consolidation times were investigated. The results show that, compared to samples reinforced with ordinary cement, fly ash cement, and portland cement, the grout-consolidated samples made with high-performance cement-based materials exhibit the best strength recovery effect at any consolidation time, without significant pressure release or fluctuation during compression. Compared to the initial complete rock samples, the stress, strain, ring count, and cumulative energy of grout-reinforced post-peak fractured rock samples are significantly reduced, and they exhibit a notable linear positive correlation with consolidation time.
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1 INTRODUCTION
During the excavation of underground roadways, the bearing capacity of the surrounding rock has a significant impact on the stability of the roadway. Excavation-induced disturbances disrupt the original stress equilibrium, causing stress concentration in the surrounding rock. This leads to large deformations of the surrounding rock, roof collapse, floor heaving, spalling, and other engineering disasters (Guo et al., 2022; Xu et al., 2024; Zhang et al., 2022). Surrounding rock control technologies have progressively developed from passive support to active reinforcement and, ultimately, to integrated modification methods. Grouting reinforcement, in particular, has proven highly effective in stabilizing fractured rock masses by filling discontinuities, enhancing integrity, and restoring load-bearing capacity (Kang, 2021; Kang et al., 2020; Qiu et al., 2025; Zhou et al., 2025). Insufficient strength recovery may lead to sustained deformation of surrounding rock, resulting in support system failure, ventilation difficulties, or disaster accidents, increasing maintenance and safety management costs. Therefore, research on the reinforcement effect of fractured surrounding rock is of great engineering significance.
Grouting reinforcement of the roadway surrounding rock is one of the effective methods for enhancing the integrity and bearing capacity of fractured surrounding rock, as well as preventing large deformations and leakage (Li et al., 2020; Zhang et al., 2023; Lu et al., 2022). Current research in surrounding rock reinforcement focuses on optimizing grouting materials, developing models for grout behavior, and integrating real-time monitoring technologies. These efforts are crucial for improving roadway stability, reducing maintenance costs, and enhancing safety in deep mining and tunneling environments (Huang et al., 2023; Lu et al.; Qilian et al., 2024; Liu et al.).
The intrinsic properties of grouting materials are crucial to the reinforcement effectiveness of surrounding rock. In response, the engineering community has developed a range of grouting materials for different projects (Lin et al., 2020; Mu et al., 2021; He et al., 2023). Cement-based grouting material has been widely studied due to its abundant source, strong impermeability, low cost, and good fluidity. However, high shrinkage limits its applicability in practical engineering projects (Shu et al., 2022; Wang et al., 2022; Pan et al., 2024; Oppong et al., 2023). To address this, some scholars have sought to improve the physical and mechanical properties of cement-based grouting material through the use of additives (Guo et al., 2020; Li et al., 2021; Cao and Yan, 2019). Regarding other grouting materials, Liu et al. (2020) developed a novel powdered grouting material (S-F powder geopolymer), which is prepared from slag powder, fly ash, alkaline activator A and B, chemical additives, reinforcing materials, and water. Zhang et al. (2019) proposed a low-cost, high-density grouting material for cracks in roadway floor slabs. Li et al. (2023) found that the dynamic compressive performance of cementitious composite materials incorporating carbon nanotubes (CNTs) and fly ash could be improved by 10.25%–31.86%. Ren et al. (2022) developed a new intelligent optimization method to determine the optimal mix ratio for cement grouting materials. Zhang et al., (2021) prepared alkali-activated slag/fly ash grouting materials using industrial waste as raw materials. Tan et al. (2019) further wet-milled slag powder to obtain ultra-fine grouting materials, enhancing the 28-day strength of cement-ground granulated blast furnace slag systems. These research findings have greatly enriched the variety of grouting materials and advanced the development of grouting technology.
The mechanical properties of rock masses reinforced with grouting materials have been widely studied (Tian et al., 2018; Qu et al., 2024; Liu et al., 2024). Lu et al. (2017) conducted grouting reinforcement of sandstone specimens containing abundant joints using cement grout. They used digital image correlation and acoustic emission monitoring techniques to investigate the acoustic emission characteristics during the loading and deformation process of the specimens before and after grouting reinforcement. The results showed that the acoustic emission activity of fractured specimens increased initially and then decreased with increasing filling ratio. Lee et al. (2000) conducted a comparative analysis based on numerical experiments and laboratory tests to evaluate the strength recovery of rock masses containing jointed fissures after grouting reinforcement. They proposed an inversion analysis method for quantitatively assessing the strength recovery effect of grouted rock masses. Sang et al. (2024) performed direct shear tests on mudstone specimens with fissures before and after grouting reinforcement. They found that the grouting and cementation process enhanced the deformation resistance of the rock and effectively prevented the gradual weakening and sliding of the fissures. Feng et al. (2021) studied the mechanical properties and failure modes of grouted coal rock mass specimens with bidirectional through fissures before and after grouting. They found that as the angle between the fissure direction and loading direction increased, the failure mode of the grouted specimens changed from compressive shear failure to sliding failure along the grout-rock interface, and eventually back to compressive shear failure. Sun et al. (2019) conducted rock mechanics tests on coal rock mass specimens with different grouting rates, revealing a significant linear relationship between the grouting rate and the peak strength and residual shear strength of the grouted specimens. Liu et al. (2018) grouted pre-cracked surrounding rock specimens and performed mechanical tests on the reinforced specimens. The results indicated that the peak strength, residual strength, internal structural integrity, rock stability, and deformation resistance of the grouted specimens significantly increased. Le et al. (2019) selected epoxy resin as the grouting material and conducted triaxial compression tests on rock-like specimens with different geometric shapes. The results showed that epoxy resin grouting could improve the peak strength of the specimens under triaxial compression.
From the above research, it can be seen that the physical and mechanical properties of grouting materials and the change law of mechanical properties of fractured rock mass before and after grouting reinforcement have been extensively studied, but mainly focused on the mechanical properties of precast fractured rock mass grouting reinforcement, while there are few related researches on broken rock mass before and after grouting reinforcement. This manuscript aims at the problem of roof surrounding rock deformation disease of small coal pillar gob-side entry in Maoduoshan Coal Mine, studies the mechanical behavior characteristics of four grouting material solidification samples in the process of uniaxial compression under different solidification time, on this basis, explores the strength recovery effect, crack propagation evolution and energy evolution law of complete surrounding rock samples and compressed broken samples before and after grouting reinforcement with four grouting materials, and puts forward the grouting reinforcement material suitable for the roof rock strata of small coal pillar gob-side entry. The research results can provide reference for grouting reinforcement design and deformation control of roadway surrounding rock. Future research can combine on-site monitoring data to validate the applicability of laboratory results and analyze the correlation between size effects and engineering conditions.
2 EXPERIMENTAL PROCESS
2.1 Engineering Background
Maidoushan Coal is located at the southern end of the Yuanyanghu mining area in Ningxia, with an area of 65 km2, reserves of 1.96 billion tons, and recoverable reserves of 1.13 billion tons (Figure 1a). The mine is divided into two zones and ten mining areas, with two production mining areas (13 and 11) and one preparation mining area (11N) (Figure 1b). The return airway roadway of the 110205 working face is located in the 11 mining area of the 2 # coal seam. The entire roadway is excavated along the roof of the 2 # coal seam, with the 110205 working face to the east, the 110207 working face machine roadway to the west, the 110205 working face airway to the south, and the 110205 working face measure roadway to the north (Figure 1d). The average burial depth is 309.4 m, the average coal thickness is 3.06 m, and the dip angle is 0°–7°. The direct top and bottom rock types are coarse and fine sandstone, with developed geological joints and poor integrity. By monitoring the deformation of the roof separation layer in the surrounding rock of the roadway, it was found that the subsidence values of the shallow and deep base points at a distance of 50 m from the excavation face were 151.20 mm and 209.31 mm, respectively, and continued to increase (Figure 1c). In response to this, cement grouting reinforcement measures were taken in severely deformed sections of the roadway, but the deformation was not completely controlled.
[image: Figure 1]FIGURE 1 | Engineering Background of Maidoushan Coal Mine. (a) Geographic location. (b) Stereoscopic schematic diagram. (c) Displacement variation curve of roadway surrounding rock roof. (d) 110205 working face return airway.
2.2 Sample preparation
To investigate the mechanical properties of grouting materials and clarify the recovery effect of bearing capacity of tunnel surrounding rock after grouting reinforcement, the entire experiment requires three types of samples, namely grouting material grouting consolidation sample, initial intact surrounding rock sample of roadway roof, and broken surrounding rock sample after grouting reinforcement.
Three types of ordinary cement, fly ash cement, and Portland cement originally used in coal mines, as well as one high-performance cement-based material, were selected as grouting materials. Mix four types of grouting materials with water and stir evenly. Load them into 70 mm × 70 mm × 70 mm cube molds and naturally solidify them indoors. The representativeness of sample size and on-site rock mass structure is preliminarily correlated through similarity ratio theory, and further verification through numerical simulation is required. After demolding, some standard cubic grouting material grouting consolidation samples of 70 mm × 70 mm × 70 mm were formed. Then, use a polishing machine to smooth the surfaces and reduce the influence of sample shape error on the test results (Figure 2a). To test the time effect of mechanical properties of each grouting material, three samples were made for each material, and indoor mechanical experiments were conducted after the samples were solidified under natural conditions for 7, 14, and 28 days, respectively.
[image: Figure 2]FIGURE 2 | Samples required for the experiment. (a) Grouting materials and grouting grouting consolidation samples. (b) Initial intact surrounding rock samples. (c) Broken surrounding rock sample reinforced by grouting (Partial samples).
The initial intact surrounding rock samples were transported to the laboratory for processing from the rock blocks at the top plate position of the roadway of the 110205 working face in Maidoushan Coal Mine. The sample is a cylindrical shape with a specification of Φ50 mm × 100 mm. The unevenness at both ends of the sample is ≤0.5 mm, the size error is ≤0.3 mm, and the error of the two end faces perpendicular to the axis is ≤0.5°, which meets the ISRM experimental standard of the International Committee on Rock Mechanics (Figure 2b).
The broken surrounding rock sample reinforced by grouting is mainly composed of crushed rock blocks compressed from the initial intact surrounding rock sample. After splicing them together according to the complete fracture surface, the existing four grouting materials are used to bond the rock mass into intact samples. The sample size remains a cylindrical body with dimensions of Φ 50 mm × 100 mm (Figure 2c). Considering the timeliness of the grouting material slurry, three samples were prepared for each grouting reinforcement, and then indoor mechanical experiments were conducted after 7, 14, and 28 days of consolidation under natural conditions to analyze the bonding effect of various grouting materials under different consolidation times. This provides a theoretical basis for the selection of grouting materials and grouting reinforcement parameters, as well as the design of reinforcement schemes in on-site engineering.
2.3 Experimental plan and equipment
The mechanical properties of the surrounding rock along the small coal pillar god-side entry and the degree of recovery of the bearing capacity of the surrounding rock after grouting reinforcement are the key factors in controlling the deformation of the roadway surrounding rock. According to the on-site geological data, the stress field of the surrounding rock of the 110205 small coal pillar god-side entry in Maidoushan Coal Mine shows a characteristic of horizontal stress being greater than vertical stress. During the excavation process of the working face, the surrounding rock stress of the roadway is redistributed, with horizontal stress transferring to the top and bottom plates and vertical stress transferring to both sides. As a result, there is a concentration of horizontal stress and a decrease in vertical stress at the top and bottom plate positions of the surrounding rock of the roadway. In view of this, the experimental plan in this article mainly includes uniaxial compression tests on consolidated specimens of grouting materials, intact surrounding rock samples, and uniaxial compression tests on broken surrounding rock samples after grouting reinforcement with grouting materials, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Schematic diagram of experimental method.
Uniaxial compression tests were conducted on grouting consolidation samples of different grouting materials, initial intact rock samples of surrounding rock roof, and broken surrounding rock samples after grouting reinforcement. The mechanical properties of each grouting material at different consolidation times and the strength recovery effect of post peak broken surrounding rock samples after grouting reinforcement were analyzed; The instrument used for uniaxial compression testing is the RMT-150B rock mechanics testing system, which can be equipped with a multi-channel acoustic emission (AE) synchronous monitoring system during the experimental process to monitor real-time indicators such as ringing count, amplitude, and energy during the damage evolution of samples. Four AE probes are arranged for each sample, and professional coupling agents are used to attach the probes to the side surface of the sample. By repeatedly adjusting the acoustic emission parameter values, the sampling frequency of the AE monitoring system for this experiment is determined to be a bandwidth of 1–400 kHz, a sampling rate of 3 MHz, a preamplifier gain value of 40 dB, To ensure data reliability, coupling agents are used in the test to ensure good sensor contact, and a 100 dB threshold is set to eliminate environmental background noise; Debug the sampling frequency and gain parameters multiple times to filter out signal artifacts (Figure 4).
[image: Figure 4]FIGURE 4 | Experimental process of broken surrounding rock samples after grouting reinforcement.
3 RESULT ANALYSIS
3.1 Mechanical properties of grouting materials
3.1.1 Change characteristics of strength curves
The strength curves of consolidation specimens with different grouting materials after 7, 14, and 28 days of consolidation are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Strength curves of consolidated samples of various grouting materials at different consolidation times. (a) Consolidation time is 7 days. (b) Consolidation time is 14 days. (c) Consolidation time is 28 days.
From Figure 5, it can be seen that the uniaxial compressive strength of the consolidated specimens with different grouting materials ranges from 7.53 MPa to 12.00 MPa after 7 days of consolidation. Among them, the strength of the consolidated samples with fly ash cement grouting material and high-performance cement-based grouting material is the highest, at 12.00 MPa and 11.20 MPa, respectively, followed by the consolidated samples with Portland cement grouting material and ordinary cement grouting material, with peak strengths of 10.04 MPa and 7.53 MPa, respectively; At 14 days of consolidation, the uniaxial compressive strength of each grouting material grouting consolidation sample ranged from 14.87 to 23.33 MPa. Among them, the recovery effect of the uniaxial compressive strength of the high-performance cement-based grouting material grouting consolidation sample was the most obvious, reaching 23.33 MPa. Then, the fly ash cement grouting material, ordinary cement grouting material, and silicate cement grouting material grouting consolidation samples, with corresponding strength values of 19.52 MPa, 16.88 MPa, and 14.87 MPa, respectively; At 28 days of consolidation, the uniaxial compressive strength of each grouting material grouting consolidation sample ranged from 23.07 MPa to 29.96 MPa. Among them, the strength of fly ash cement grouting material and high-performance cement-based grouting material grouting consolidation samples was the highest, at 29.96 MPa and 28.14 MPa, respectively. Then, the strength values of silicate cement grouting material and ordinary cement grouting material grouting consolidation samples were 28.03 MPa and 23.07 MPa, respectively.
Figure 5 illustrates that all grouting consolidation samples exhibit a pronounced initial compaction phase—attributable to inherent micro-defects—followed by an essentially linear elastic response, with only minor stress fluctuations observed in the ordinary cement specimens.
During the post-peak failure phase, all samples retain substantial residual strength and undergo significant plastic deformation, demonstrating notable ductility; notably, the fly ash cement and high-performance cement-based materials achieve the highest peak strengths, with the latter exhibiting a faster rate of strength gain.
3.1.2 Time effect
The strength curves of each grouting material grouting consolidation samples under different consolidation times are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Relationship between strength curves and consolidation time of grouting consolidation samples of grouting materials. (a) High performance cement-based grouting material. (b) Ordinary cement grouting material. (c) Fly ash cement grouting material. (d) Portland cement grouting material.
As shown in Figure 6, with the increase of consolidation time, the peak strength of each grouting material grouting consolidation sample continues to increase, but the peak strain decreases, indicating that the bearing capacity of different grouting materials grouting consolidation samples increases continuously during the consolidation process, while their ductility transitions towards brittleness. Comparative analysis of stress-strain curves shows that the recovery of bearing capacity of different grouting materials is related to the consolidation time. Among them, the strength recovery effect of high-performance cement-based grouting material and ordinary cement grouting material is significant at 14 days of consolidation, while the strength recovery effect of fly ash cement grouting material and silicate cement grouting material is relatively small at 14 days and 14–28 days of consolidation. This indicates that the use of high-performance cement-based grouting material and ordinary cement grouting material in engineering can achieve self strength recovery in a shorter time.
3.1.3 Change law of strength parameters
The peak strength, peak strain, and elastic modulus of each grouting material grouting consolidation sample under different consolidation times can be used as important indicators to evaluate its mechanical properties. Draw a graph showing the relationship between the peak strength, peak strain, and elastic modulus of each grouting material grouting consolidation sample under compression with the type of grouting material and consolidation time. Analyze the mechanical properties of each grouting material, and establish the suitable grouting material for the small coal pillar god-side entry roadway in Maidoushan Coal Mine. The relationship between the peak strength, peak strain, and elastic modulus of the grouting material grouting consolidation samples and the type of grouting material and consolidation time is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Variation characteristics of peak strength of grouting material grouting consolidation samples with grouting material and consolidation time. (a) Variation trend of peak strength with grouting material and consolidation time. (b) Variation trend of peak strain with grouting material and consolidation time. (c) Variation trend of elastic modulus with grouting material and consolidation time.
Figure 7a shows that the peak strength of the consolidated samples of the four grouting materials increases significantly with the increase of consolidation time. Among them, the peak strength of high-performance cement-based grouting material and fly ash cement grouting material is at its highest at any consolidation time, while the peak strength of ordinary cement grouting material and Portland cement grouting material is not significantly different. The peak strengths of high-performance cement-based grouting material and fly ash cement grouting material were 23.33 MPa and 19.52 MPa respectively after 14 days of consolidation, and 28.14 MPa and 29.96 MPa respectively after 28 days of consolidation, indicating that the strength recovery rate of high-performance cement-based grouting material is relatively fast.
From Figure 7b, it can be seen that the peak strain of the consolidated samples of the four grouting materials decreases continuously with the increase of reinforcement time, indicating a transition from ductility to brittleness of the grouting materials. Comparing the peak strain difference between 28 days and 7 days of consolidation for each grouting material, the peak strain difference between Portland cement grouting material and fly ash cement grouting material was the highest, at 0.66 and 0.30, respectively. However, the peak strain difference between high-performance cement-based grouting material and ordinary cement grouting material was lower, at 0.24 and 0.14, respectively. This indicates that high-performance cement-based grouting material and ordinary cement grouting material can more effectively exert consolidation effect in the reinforcement process, which is beneficial for practical engineering practice.
As shown in Figure 7c, with the increase of reinforcement time, the elastic modulus of the consolidated samples of the four grouting materials increases. At any given consolidation time, the elastic modulus growth rate of high-performance cement-based grout is the smallest, indicating that the rigidity of high-performance cement-based grout is relatively low and it has good ductility.
Due to the grouting reinforcement of the surrounding rock of the roadway, good timeliness is required for controlling the surrounding rock deformation. The shorter the control time, the better the reinforcement effect. Compared with other reinforcement methods such as anchor support and grouting anchor coordination, high-performance cement-based materials have more advantages in short-term strength recovery, At the same time, the higher the self bearing strength, ductility, and buffering performance of the grouting material, the better the safety guarantee for the efficient production of coal resources in the mine. Therefore, high-performance cement-based grouting slurry has great practical value for on-site engineering.
3.2 Grouting reinforcement effect of broken surrounding rock samples
Rock mechanics experiments are an effective means of reflecting the mechanical properties of surrounding rock in engineering sites. The rock samples obtained on site are compressed to form broken surrounding rock samples, and then different grouting materials are used to paste the broken surrounding rock samples to form grouting reinforcement samples. Finally, compression tests are conducted on the broken surrounding rock samples reinforced with different grouting materials to analyze the mechanical behavior characteristics of the reinforced broken surrounding rock samples and obtain the optimal grouting reinforcement materials, providing reference for engineering practice.
3.2.1 Change characteristics of strength curves
Different grouting materials were used to reinforce the broken surrounding rock samples. The reinforced samples were subjected to uniaxial compression tests after consolidation for 7, 14, and 28 days. The strength curves of the broken surrounding rock samples after grouting reinforcement with different grouting materials are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Stress strain curves of broken surrounding rock samples reinforced by grouting materials under different consolidation times. (a) The consolidation time is 7 days. (b) The consolidation time is 14 days. (c) The consolidation time is 28 days. Note: BRHPC-Broken rock sample reinforced with high-performance cement; BROC-Broken rock sample reinforced with ordinary cement; BRFAC-Broken rock sample reinforced with fly ash cement; BRPC-Broken rock sample reinforced with portland cement.
Figure 8a indicates that, after 7 days of consolidation, the uniaxial compressive strengths of grouted broken rock samples span 6.8–7.8 MPa with minimal variation in peak strain, confirming their basic load-bearing capacity and similar early reinforcement effects. Moreover, during the compaction phase, fly ash cement, high-performance cement-based, and Portland cement specimens display convex stress–strain profiles, whereas ordinary cement specimens exhibit a concave trend, reflecting material-dependent microstructural alterations induced by grouting. In the post-peak phase, all reinforced samples maintain substantial residual strength and exhibit pronounced plastic deformation, evidencing significant ductility shortly after grouting; notably, the high-performance cement-based specimens outperform other materials in post-peak toughness.
From Figure 8b, it can be seen that the uniaxial compressive strength of the broken surrounding rock samples reinforced with different grouting materials after 14 days of consolidation ranges from 12.4 MPa to 14.7 MPa. Compared with the strength of the samples after 7 days of consolidation, the uniaxial compressive strength of the samples significantly increases, indicating that the reinforcement effect of grouting materials has a significant time effect. According to Figure 8c, at 28 days of consolidation, the uniaxial compressive strength of the broken surrounding rock samples reinforced with different grouting materials ranged from 14.6 MPa to 18.6 MPa. Compared with the samples at 14 days of consolidation, the uniaxial compressive strength further increased, but the growth was slow, indicating that the strength recovery of the broken surrounding rock samples reinforced with grouting was more significant in the early stage of consolidation.
The strength curves of broken surrounding rock samples reinforced by grouting with various grouting materials at different consolidation times are shown in Figure 9. As shown in the figure, the strength curve of the broken surrounding rock reinforced by high-performance cement-based grouting material shows a relatively stable trend at 7, 14, and 28 days of consolidation. In the pre peak stage, the strength curve increases in a nearly linear form, showing strong elastic characteristics. However, the strength curves of the broken surrounding rock samples reinforced by ordinary cement grouting material and silicate cement grouting material show a concave growth trend, and there are fluctuations during the growth process. The strength curve of the broken surrounding rock sample reinforced with fly ash cement grouting material shows an upward convex growth trend, accompanied by fluctuating pressure relief phenomenon. It can be seen that high-performance cement-based grouting materials have good grouting reinforcement effects.
[image: Figure 9]FIGURE 9 | Change characteristics of strength curves of broken surrounding rock samples reinforced by different grouting with consolidation time. (a) High performance cement-based grouting material. (b) Ordinary cement grouting material. (c) Fly ash cement grouting material. (d) Portland cement grouting material.
3.2.2 Change law of strength parameters
The peak strength, peak strain and elastic modulus of each grouting material grouting reinforcement broken surrounding rock samples under different consolidation time can be used as an important index to evaluate the reinforcement effect of grouting material. The variation characteristics of mechanical parameters of broken surrounding rock samples reinforced by grouting with grouting materials and consolidation time is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Variation characteristics of mechanical parameters of broken surrounding rock samples reinforced by grouting with grouting materials and consolidation time. (a) Variation trend of peak strength with grouting material and consolidation time. (b) Variation trend of peak strain with grouting material and consolidation time. (c) Variation trend of elastic modulus with grouting material and consolidation time.
Figure 10a shows that the peak strength of the surrounding rock samples reinforced with four types of grouting materials shows a significant increasing trend with the increase of consolidation time. Among them, the peak strength of the broken surrounding rock samples reinforced with high-performance cement-based grouting materials and fly ash cement grouting materials is at its highest at any consolidation time, while the peak strength of the broken surrounding rock samples reinforced with ordinary cement grouting materials is the lowest. From this, it can be seen that high-performance cement-based grouting materials and fly ash cement grouting materials have better reinforcement effects on broken surrounding rock samples than other grouting materials.
As shown in Figure 10b, with the increase of consolidation time, the peak strain of the broken surrounding rock samples reinforced by various grouting materials increases continuously. At 28 days of consolidation, the peak strain of the broken surrounding rock samples reinforced with various grouting materials ranged from 1.77% to 1.84%. Among them, the peak strain of the broken surrounding rock samples reinforced with high-performance cement-based grouting materials was the highest, indicating that high-performance cement-based grouting materials can fully exert their own deformation during the grouting reinforcement process and achieve the function of buffering disturbance loads.
Figure 10c shows that as the consolidation time increases, the elastic modulus of the broken surrounding rock samples reinforced by various grouting materials increases. At 7 days and 14 days of consolidation, the elastic moduli of the broken surrounding rock samples reinforced with various grouting materials were found to be between 0.48-0.63 GPa and 0.81–1.18 GPa, respectively. Among them, the elastic modulus of the broken surrounding rock samples reinforced with high-performance cement-based grouting materials increased at the smallest rate with consolidation time. It can be seen that the stiffness of the broken surrounding rock sample reinforced by high-performance cement-based grout injection is relatively small, and it can produce significant elastic deformation under the same stress, which helps to buffer the severe damage caused by short-term disturbance loads.
3.2.3 Strength recovery effect
The strength curves of the initial intact surrounding rock sample and the broken surrounding rock sample after the grouting reinforcement peak were analyzed to explore the reinforcement effect of each grouting material on the strength recovery of the broken surrounding rock sample. In order to quantitatively reflect the strength recovery effect of broken surrounding rock samples, the ratio between the strength of broken surrounding rock sample after grouting reinforcement and the strength of initial intact surrounding rock sample is used in this manuscript as an important index to evaluate the grouting reinforcement effect. The strength recovery degree of broken surrounding rock samples reinforced by different grouting is shown in Table 2 and Figure 11.
TABLE 1 | Preparation plan for experimental rock samples.
[image: Table 1]TABLE 2 | Strength recovery degree of broken surrounding rock samples after grouting reinforcement.
[image: Table 2][image: Figure 11]FIGURE 11 | Strength recovery degree of broken surrounding rock samples reinforced by different grouting materials.
It can be seen from Table 2 and Figure 11 that within the consolidation time of 7–28 days, the strength recovery degree of each grouting reinforcement broken surrounding rock sample shows different growth trends with the increase of consolidation time. The strength recovery degree of the samples reinforced with ordinary cement grouting material and Portland cement grouting material shows an upward convex increasing trend with the consolidation time; The strength recovery degree of the samples reinforced with high-performance cement-based grouting material and fly ash cement grouting material showed a linear function growth trend with the consolidation time, and the strength recovery degree of the samples reinforced with high-performance cement-based grouting material was higher than that of the samples reinforced with fly ash cement grouting material. When the consolidation time is 28 days, the strength recovery values of broken surrounding rock samples reinforced by high-performance cement-based grouting materials, Portland cement grouting materials, fly ash cement grouting materials and ordinary cement grouting materials are 36.0%, 33.5%, 33.1% and 25.2% respectively, and the influence of high-performance cement-based grouting materials and fly ash cement grouting materials on the strength recovery of broken surrounding rock samples is still growing steadily after 28 days.
3.2.4 Damage evolution characteristics
Through the above analysis of the mechanical properties of four different grouting reinforcement samples and the strength recovery degree of grouting reinforcement broken surrounding rock samples, it can be seen that the mechanical properties of high-performance cement-based grouting material grouting reinforcement broken surrounding rock samples are significantly better than those of other three grouting materials grouting reinforcement broken surrounding rock samples. Therefore, taking the loading process of broken surrounding rock samples reinforced by high-performance cement-based grouting under different consolidation time as an example, the strength recovery effect of broken surrounding rock samples are analyzed. During the AE process, the ringing count reflects the frequency of microcrack activity, which usually increases rapidly during the stress peak stage before sample failure; The accumulated energy represents the total energy released by crack propagation, which can characterize the overall strength of failure and the severity of the failure process. The curves of stress, strain, ring count, and cumulative energy versus consolidation time of the initial intact surrounding rock sample and the grouting reinforced broken surrounding rock sample during loading are shown in Figure 12.
[image: Figure 12]FIGURE 12 | AE damage evolution curves of broken surrounding rock samples reinforced by grouting. (a) The initial intact surrounding rock sample R1. (b) Broken confining pressure rock sample R-0–1 consolidated for 7 days. (c) The initial intact surrounding rock sample R2. (d) Broken confining pressure rock sample R-0–2 consolidated for 14 days. (e) The initial intact surrounding rock sample R3. (f) Broken confining pressure rock sample R-0–3 consolidated for 28 days.
A large number of practice shows that the consolidation time of grouting material slurry plays a great role in controlling the deformation of broken surrounding rock. At the 7th day of consolidation, the maximum ring count and the total cumulative energy of the initial intact surrounding rock sample are 850 and 6.5 × 105mvms, respectively, and the ring count is mainly displayed in the sample broken stage, while the ring count in other stages is relatively small. During the whole loading process, the broken surrounding rock sample reinforced by grouting has been producing acoustic emission signals. The maximum number of cycles and cumulative energy of the entire process are 240 and 2.7 × 104mvms, respectively, which are much smaller than the maximum number of cycles and cumulative energy of the initial intact rock sample. Moreover, the cumulative energy of acoustic emission is positively correlated with the rock damage variable D, which is consistent with the Lemaitre strain equivalence hypothesis. The results indicate that the grouting material has a relatively small bonding effect on the reinforcement of fractured rock samples on the 7th day of consolidation, and the grouting material achieves damage repair by suppressing crack propagation.
At the 14th and 28th day of consolidation, the maximum ring count of the initial intact surrounding rock samples exceeded 1,000 and 1,200 respectively, and the cumulative energy reached 7.8 × 105mvms and 4.5 × 105mvms, respectively. During the whole loading process, the broken surrounding rock sample reinforced by grouting has been producing acoustic emission signals, and the ring count in the broken stage is about 300, which is less than the maximum value of the ring count of the initial complete surrounding rock sample. The cumulative energy of the broken surrounding rock sample reinforced by grouting in the whole process is 4.7 × 104mvms and 6.0 × 104mvms, respectively, which is one order of magnitude less than the relevant parameters of the complete surrounding rock sample. It shows that the reinforcement effect of grouting material is significant at the 14th day after grouting reinforcement of broken surrounding rock sample.
From the above acoustic emission damage evolution characteristics of surrounding rock samples, it can be seen that the evolution forms of stress, strain, crushing time, ringing count and accumulated energy of the initial intact surrounding rock samples have the same regularity. The energy event mainly occurs in the stress peak stage, and the acoustic emission signals generated in other stages are less. Compared with the intact surrounding rock sample, the stress, strain, ringing count and cumulative energy of the grouting reinforced broken surrounding rock sample are significantly reduced, and show a significant linear positive correlation with the consolidation time, indicating that the strength recovery effect of the grouting reinforced broken surrounding rock sample is closely related to the consolidation time.
4 CONCLUSION
Aiming at the large deformation problem of surrounding rock of small coal pillar gob side entry in Maiduoshan coal mine, with the help of rock mechanics test loading system and acoustic emission synchronous monitoring system, the mechanical behavior characteristics of four kinds of grouting material samples and four kinds of grouting material grouting reinforcement surrounding rock samples were studied, the strength recovery effect of broken rock samples after grouting reinforcement was revealed, and the optimal grouting reinforcement material was obtained. The main conclusions are as follows:
(1) A comprehensive comparison of the mechanical properties of the four grouting materials shows that the consolidation time of high-performance cement-based grouting materials is the shortest, which can rapidly improve the strength of broken rock samples, and has great application value in engineering practice. The correlation between the microstructure and macroscopic mechanical behavior of different materials needs further research to reveal the multi-scale strengthening mechanism
(2) Compared with the strength curves of broken surrounding rock samples reinforced by Portland cement grouting materials, fly ash cement grouting materials and ordinary cement grouting materials, the strength curves of broken surrounding rock samples reinforced by high-performance cement-based grouting materials showed a steady growth trend, without obvious pressure relief and fluctuation, indicating that the strength recovery effect of broken surrounding rock samples reinforced by high-performance cement-based grouting materials was relatively stable.
(3) In this paper, the strength recovery effect of broken specimens after grouting reinforcement is defined. When the consolidation time is 28 days, the strength recovery degree of the four grouting materials after grouting reinforcement is in the order of high-performance cement-based grouting material, Portland cement grouting material, fly ash cement grouting material and ordinary cement grouting material, and the strength recovery values are 36.0%, 33.5%, 33.1% and 25.2% respectively. At the same time, the strength of the samples reinforced by high-performance cement-based grouting material and fly ash cement grouting material still has a stable growth. Subsequent on-site tests are required to verify the material properties, optimize reinforcement schemes under different geostress conditions based on cost-benefit analysis, suggest selecting a test section at the 110205 working face of the coal mineand monitor the deformation of surrounding rock and acoustic emission signals after grouting to quantify the on-site application effect.
(4) During the loading process of the initial intact surrounding rock sample, the energy event mainly occurred in the stress peak, and the acoustic emission signals produced in the other stages were less. Compared with the initial intact surrounding rock sample, the stress, strain, ring count and cumulative energy of the grouting reinforced broken surrounding rock sample are significantly reduced, and show a significant linear positive correlation with the consolidation time. Considering that the reinforcement effect increases with the curing time, it is recommended to further optimize the on-site reinforcement time strategy based on construction progress and safety requirements, in order to achieve a dual improvement in reinforcement efficiency and mechanical performance.
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