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The problem of goaf treatment has become more and more prominent, posing a significant risk to the safety of transportation and causing environmental damage if it is not treated properly. This study aims to conduct a comparative analysis of various grouting pastes and evaluate their application in goaf treatment according to grouting backfilling. This research begins by discussing different grouting pastes’ properties, including clay-cement composite grouting material and geopolymer grouting material, which have excellent engineering performance, environmental friendliness, and are easy to operate in complex geological environments. Moreover, the factors affecting the performance of grouting pastes, such as water-solid ratio and curing time, are also examined. Based on detailed information about the boreholes provided by drilling television, a reasonable treatment plan is formulated for goaf treatment. Finally, this study evaluates the effectiveness of different grouting pastes in real-world goaf treatment projects. The study draws the following conclusions: a direct relationship exists among flowability, setting time as well as water-solid ratio. An inverse relationship exists between the compressive strength of grouting materials and the water-solid ratio. Drilling data reveals complex goaf structures with defects such as water leakage, collapse and cavity, indicating potential geological risks in shallow areas. A treatment plan is formulated based on the geological conditions of goafs by drilling television. The effectiveness of backfill grouting in goaf areas is inspected using ground-penetrating radar (GPR) technology, and results indicate that adjusting water-solid ratio of grouting material can improve treatment effects.
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1 INTRODUCTION
Mining activities can lead to the formation of goafs, which are large underground cavities that are left behind after coal mining. However, with the expansion of mining activities, goaf treatment problem has been more and more popular (Song et al., 2020; Liu et al., 2022). The goafs pose a significant risk to the safety of mining operations and transportation, and can also cause environmental damage, if it is not treated properly (Wang et al., 2019; Marian et al., 2020; Han et al., 2022). Thus, it is imperative to devise a viable approach for goaf treatment in order to guarantee the sustainable progress of the transportation infrastructure.
In recent years, due to speedy advancement of China’s expressway construction, some highways have encountered secondary geological hazards caused by coal mining subsidence to varying degrees. Some road scholars have also begun to explore impact of goafs. The investigation of goaf areas beneath highways has garnered significant attention from both domestic and international scholars, who have conducted numerous studies on the damage caused by underground cavities, including goafs, to highway infrastructure (Guo et al., 2019; Guo et al., 2021). Cao et al. conducted a study about goaf detection in mines, highlighting significance for precise reconnaissance ways as well as utilization of prior technologies like seismic reconnaissance etc. to identify potential mined-out regions. (Cao et al., 2022). The investigation also presents utilization of laser examining technology for visualizing concealed mined-out regions and analyzing the corresponding formation mechanisms. Zhang et al. studied stress analysis for the central region in goaf roof. They concluded structural parameter of the mining stope is justifiable, faults would induce subsidence (Zhang et al., 2019). Accurate detection methods for abandoned goafs are necessary to assess the building stability, a combination of step-by-step, traditional, and seismic methods were used to identify a desolate goaf within the Mu Shi expressway of China (Zhang et al., 2022). Han et al. conducted an analysis of the stability and methods for excavating and reinforcing for a side slope of cut with goaf roadway of falling in. They determined fallen side is a primary part influencing steadiness as well as proposed particular ramp percentages for digging and reinforcement ways (Han et al., 2022). Generally, the construction of expressways in goaf areas is still a relatively new field, and there is currently a lack of established governance theories and technologies. This area is still being explored and developed.
Once the coal seams have been extracted, goaf areas are often abandoned, leading to a disruption of the original equilibrium conditions within the forming of rock structures and the development of secondary stress (Li et al., 2022; Zhou et al., 2022). Once the stress reaches a crucial value for ambient rock, goaf area would deform as well as crash, causing top fracturing, overlying stratum collapsing etc., which not only threatens life and property safety but also results in a waste of land resources. For road engineering, uneven settlement of embankments can cause cracking of the overlying roadbed and pavement structures.
Currently, the optimal approach for mitigating goaf regions is through reinforcing ways (Hebblewhite and Lu, 2004; Yu et al., 2020). Grouting reinforcing way is a frequently employed remedial manner for goaf regions in both domestic and international highway contexts (Zhang and Shimada, 2018; Dun et al., 2022; Li et al., 2022). Grouting reinforcing method entails the high-pressure injection of a specifically formulated slurry material into the rock as well as soil within the goaf region, employing corresponding equipment. The slurry exhibits initial fluidity upon configuration. Upon reaching the gaps, fracture within rock as well as soil, it progressively undergoes solidification and hardening, resulting in the formation of a robust consolidation structure. These consolidation bodies adhere to the primitive rock as well as soil to form all in one, achieving a purpose of improving the bearing capacity and impermeability of the rock and soil and controlling its deformation. Wang et al. introduced an enhanced pure theoretically equation for the process of seeping in goaf base, incorporating the break classification features and the superposition effect of absorbent slip casting. The validity of this formulation was confirmed via laboratory experiments, underscoring its crucial role in optimizing the spacing between slip casting holes. This optimization aims to minimize residual as well as activation distortion of base at goaf locations, carrying substantial engineering implications (Wang et al., 2022).
However, the effectiveness of grouting largely depends on the properties of the grouting paste used. For grouting reinforcement projects, the filling paste selection is a very essential issue, influencing consolidation cause and cost for grouting projects (Huang et al., 2022). Extensive research has been conducted by researchers both domestically and internationally on slip casting materials, with particular emphasis on cement-clay mud, single-cement mud, cementitious mud, some similar substances (Feng et al., 2022). Utilizing traditional slip casting materials for goaf regions filling presents challenges in terms of mud accumulation, leading to substantial mud loss and reduced stone formation rate. This ultimately contributes to a significant increase in treatment costs. Compared with traditional grouting materials, clay-cement composite grouting material and geopolymer grouting material have the characteristics of lightweight, high strength, good seismic performance, environmental protection, and resource conservation (Lim et al., 2013; Shi et al., 2020; Shaheen et al., 2023). There are some recent papers about the geopolymer, which is more suitable for highly corrosive applications such as marine engineering and chemical factories due to its high strength and corrosion resistance (Yang et al., 2021; Yang et al., 2022; Yang et al., 2023). Some studies used industrial solid wastes circulating fluidized bed fly ash, calcium carbide slag, volcanic ash, metakaolin and flue gas desulfurized gypsum as the main raw materials to prepare eco-friendly geopolymer grouting materials (Zhou et al., 2021; Duan et al., 2023). Grouting materials have gained extensive usage in the domain of civil engineering owing to their exceptional attributes, encompassing elevated strength, diminished thermal conductivity, and commendable workability (Kadela et al., 2020; Song and Lange, 2021; Allouzi et al., 2023). Recently, scholars have initiated the application of the slip casting material in the realm of goaf treatment. Compared with conventional goaf treatment ways, examples of these practices include backfilling using solid materials or filling techniques employing water, clay-cement composite grouting material and geopolymer grouting material have many advantages. For example, the material is conveniently inserted to gap via piping, effectively occupying goaf cavity as well as significantly mitigating the potential for surface subsidence resulting from goaf collapse (Xu et al., 2020; Shrestha et al., 2022). Wang et al. proposed a new method of using coal gangue powder as the dominant component in grouting backfill materials for underground mining with optimized slurry transportability and compressive strength using urea and quicklime as additives (Wang et al., 2023). Yuan et al. used molecular dynamics simulations for relationship between crosslinking degree as well as properties for polyurethane grouting materials, providing insights into their microstructure and thermomechanical properties (Yuan et al., 2022). In sum, the clay-cement grouting paste has good durability and strength, while geological polymer grouting paste has higher strength and corrosion resistance, and both have good cost-effectiveness. Therefore, it is recommended to use the clay-cement grouting paste and geopolymer grouting paste for comparison.
The main aim of this study is to determine whether two kinds of grouting pastes could be used for goaf treatment. The paper begins with a discussion about the properties of different grouting pastes, including clay-cement composite slip casting material as well as geological polymeric slip casting composition. The factors that affect the performance of grouting pastes are also examined, like water-solid ratio as well as curing time. Besides, based on the detailed information about the boreholes by drilling television, a reasonable treatment plan is formulated for goaf treatment. Then, the grouting effect of different grouting pastes is evaluated based on the application in actual goaf treatment projects. In this study, a comparative analysis of various grouting pastes is discussed and their application on the grouting effect of goaf treatment is also evaluated based on the grouting backfilling method. The presented research is of a pilot nature as an indication of a potential treatment way of goaf areas beneath highways.
2 MATERIALS AND METHODS
2.1 Raw materials
The primary raw materials for preparing clay-cement composite grouting material included cement, bentonite, and water. Cement was the main cementitious material of clay-cement composite grouting material, which provided the intensity for clay-cement composite after the hydration and hardening reaction. In order to guard that the intensity of clay-cement composite slip casting material can meet actual needs of the project, the clay-cement composite grouting material usually requires higher quality of cement. The ordinary Portland cement (P.O 42.5) has the characteristics of elevated initial intensity, rapid setting duration and enhanced density, rendering it efficacious as a cementitious substance. Therefore, Runfeng 42.5# cement was chosen as one of the raw materials for this experimental study, and its performance in Table 1 should meet the demands of Chinese specification (GB 175-2007). And Figure 1 shows the chemical composition results of the XRF analysis.
TABLE 1 | Basic properties of cement.
[image: Table 1][image: Figure 1]FIGURE 1 | Chemical composition of cement determined via XRF.
Bentonite is a non-metallic mineral with montmorillonite as the main mineral component, which has obvious characteristics of high viscosity, water absorption and expansion. Bentonite was a necessary material of clay-cement composite grouting material, and its performance index would directly affect various performances for clay-cement grouting composite. Bentonite plays its high viscosity and cementitious characteristics in the clay-cement composite grouting material. By controlling the amount of bentonite, the fluidity of clay-cement composite grouting material can be adjusted and the diffusion range can be controlled, determined as 20%. The basic performances of bentonite in this study are listed in Table 2. Water was also an important raw material of the clay-cement composite grouting material, and the water quality and consumption would have the direct influence on its properties. The blending water should not contain impurities such as oil or organic matter to prevent affecting the properties of the clay-cement composite grouting material. If there are too many impurities in the blending water, when mixing with cement, the adverse impurity in water will corrode into cementitious glue, thus affecting its performances for clay-cement composite for slip casting. The water consumption has an influence on physical as well as mechanical performances and durability of clay-cement composite for slip casting. Therefore, in order to ensure the level of clay-cement composite for slip casting, the water mass as well as consumption should be strictly controlled during the preparation process of the clay-cement composite grouting material.
TABLE 2 | Basic properties of bentonite in this study.
[image: Table 2]In addition, the geopolymer grouting material was also adopted for goaf treatment. Based on various solid waste collaborative configuration experiments, an environmentally friendly new type of geopolymer grouting material was developed in this study. The geopolymer paste used slag and fly ash as raw materials, and sodium silicate and sodium hydroxide are combined as alkali activators to prepare slag based geopolymer paste. The promotion of fly ash and lag of the solid materials is 2:3, NaOH was analytically pure, and SiO2 29.7% (wt) and Na2O 9.8% (wt) in sodium silicate solution. Using aluminum silicate mineral slag, high-quality fly ash and other raw materials rich in silicon and aluminum with potential volcanic ash characteristics, stimulated by alkaline substances, a highly flowable and durable geopolymer grouting material was prepared through the development of composite alkali activators and application of limestone powder with content of 5% to regulate rheological and shrinkage properties. Therefore, for two types of grouting pastes, the water-solid ratio of clay-cement grouting material was determined as 0.35, 0.40 and 0.45; while the water-solid ratios of geopolymer grouting material was 0.50, 0.60 and 0.70 with bentonite content of 20%.
2.2 Grouting pastes preparation for goaf treatment
In this study, two kinds of grouting materials were prepared for the goaf treatment. The clay-cement composite grouting material and geopolymer grouting material had similar preparation procedure, and the intricate process of preparation of clay-cement composite and geopolymer for slip casting is descripted as listed below:
Step 1: In accordance with the composite portion, raw materials included the cementitious material such as cement and geopolymer powder, as well as water, bentonite, etc., subsequently, the aforementioned components were introduced into the mixer for thorough amalgamation;
Step 2: After the mixture was stirred evenly, the prepared clay-cement composite and geopolymer grouting pastes were deposited within the mold to undergo manual vibration as well as molding. Following the demolding process, the mold was subjected to a standardized curing procedure until it reached the designated curing age. Subsequently, a series of performance tests were conducted as per protocol.
The primary instrument for clay-cement composite and geopolymer for slip casting was mixer machine. By controlling the water-solid ratio, the performances were compared and analyzed on these two grouting materials. The production flow for slip casting is plotted in Figure 2.
[image: Figure 2]FIGURE 2 | Production for slip casting including clay-cement composite grouting material and geopolymer grouting material.
2.3 Experimental methods
In this study, the basic physical properties of clay-cement composite and geopolymer grouting pastes were measured, including flowability, setting time, flexural strength, and compressive strength. Referring to Standards Press of China (2011), China Water Power Press (2014), the flowability of grouting pastes can be tested by using a Marsh funnel viscosimeter, and the primary testing stages were: funnel mouth was blocked using a finger, and at the same time, the prepared paste was stirred and injected into the funnel calibration line through the sieve on the funnel. The funnel was held vertically in mid-air, the paste would flow into a pre-prepared measuring cup after releasing the finger. When the grouting paste just filled the measuring cup, the time can be recorded as the flowability. Referring to “Test methods for water requirement of normal consistency, setting time and soundness of the portland cement” (GB/T 1346-2011) (2011), the setting time of grouting pastes can be tested. In addition, as an important parameter for evaluating the performance of slip casting paste, the compressive as well as flexural intensity of stone body for pastes was directly related to reinforcement effectiveness in goaf, and the intensities for clay-cement composite as well as geopolymer for slip casting paste can be tested by universal testing machine.
Injectability of indoor grouting slurry utilized the Kima permeameter, i.e., a polyethylene plastic pipe that stands 50 cm tall, boasts an outer diameter of 9 cm, and possesses an inner diameter of 8.5 cm. The operational steps involved connecting the plastic pipes, utilizing tape to secure the joints, fastening the pipe walls with clips to prevent slurry leakage, sealing the base of the plastic pipe with a plastic plate, filling the pipe with sand of the required particle size to a height of approximately 40 cm. Then inject 200 mL of slurry into the pipe’s center, allowing it to spread naturally, gauging fluidity before injection, placing the sample indoors for 3 days. Note that remove the mold during the process while avoiding severe vibrations and preventing sample breakage, and using a ruler to measure the consolidated body’s longitudinal length for characterizing the injectability of various slurries.
Ground-penetrating radar (GPR) is a technology that emits high-frequency electromagnetic waves to detect targets underground via an emitting antenna. During the propagation of electromagnetic waves in a medium, phenomena such as refraction and transmission occur when encountering interfaces with large differences in electrical properties. The received signal is then picked up by a receiving antenna and transmitted back to the GPR main unit. This principle is similar to seismic reflection, as shown in Figure 2. By analyzing the waveform, intensity, travel time, and other characteristics of the received electromagnetic wave signal, the location, structure, and shape of geological features can be determined.
The equation for electromagnetic wave reflection coefficient (R) is as follows:
[image: image]
in which, [image: image] and [image: image] are the relative permittivity of the medium above and below the interface, respectively.
The distance (L) of the target detected by GPR can be calculated using the Eq. 2:
[image: image]
in which, v is propagation speed of electromagnetic waves in medium; t is round-trip duration of electromagnetic wave.
The depth (h) of the reflecting interface can be calculated using the Eq. 3:
[image: image]
in which, x is the distance separating the transmitting antenna from the receiving antenna.
The velocity of electromagnetic waves in a medium can be determined using the Eq. 4:
[image: image]
in which, c is the speed of electromagnetic waves in a vacuum (c = 3 × 108 m/s); ε′ is the relative permittivity of the medium through which the electromagnetic waves are propagating.
3 RESULTS AND DISCUSSION
3.1 Performance comparison analysis of grouting materials
3.1.1 Influence analysis of flowability and setting time
Flowability is an important performance that needs to be considered during the construction for slip casting in the goaf. Flowability of paste for slip casting directly affects the pumpability during on-site grouting of goaf, and determines the effectiveness and quality of the grouting material when injected on-site. So it is imperative to investigate effects of various water-solid ratios on their flowability for two types of grouting materials (i.e., clay-cement composite grouting material and geopolymer grouting material). Figure 3 shows the experimental results of the flowability of the grouting material pastes under different water-solid ratio variables of the clay-cement composite grouting material and geopolymer grouting material. As can be seen from Figure 3, there is an inverse relationship between the flowability of the clay-cement composite and geopolymer for slip casting as well as water-solid ratio. For geopolymer grouting material, when water-solid ratio is changed starting 0.35 to 0.40, flowability decreases from 30.16 s to 11.09 s, a significant decrease of 19.07 s. However, while water-solid ratio is raised starting 0.40 to 0.45, flowability for geopolymer grouting material decreases from 11.09 s to 9.06 s, a decrease of only 2.03 s, which is much lower than the decrease observed while water-solid ratio is raised starting 0.35 to 0.40. For clay-cement composite grouting material, while water-solid ratio is starting 0.50 to 0.60, flowability decreases significantly from 23.61 s to 13.35 s. However, while water-solid ratio is further raised starting 0.60 to 0.70, flowability for cement-bentonite grouting material decreased from 13.35 s to 6.47 s, which is also much lower than the decrease observed while water-solid ratio is starting 0.50 to 0.60. For geopolymer grouting material and clay-cement composite grouting material, the rate of increase in flowability varies with the water-solid ratio, increasing at first and then decreasing. A higher level of flowability indicates overly diluted material, and adding more water will not significantly develop its flow performances for grouting paste.
[image: Figure 3]FIGURE 3 | The flowability of two kinds of grouting material pastes under different water-solid ratio variables.
The setting time of paste for slip casting is the time it takes for paste to go from mixed to losing its fluidity. Setting time is a valuable indicator for assessing the paste quality, and controllable setting time is often required in actual engineering. The length of the setting time affects the size of the grouting radius. When it is necessary to expand the diffusion radius or the grouting radius, the setting time needs to be extended to allow it to flow sufficiently. When groundwater exists, it is necessary to effectively shorten the setting time so that the paste can quickly set to prevent being washed away and ensure the grouting effect. The control of the setting time is particularly strict, and it should be ensured that the paste is not diluted or washed away by groundwater under the premise of full injection of the paste. The final setting time determines whether the paste can effectively prevent seepage and blockage, and also determines the effect of reinforcing the engineering body. Controlling final setting time can maintain its fluidity for a longer period of time during the initial injection stage, which is beneficial for the paste to diffuse in the cracks. After the paste enters the target area, it can quickly solidify in a brief time frame to meet requirements for engineering slip casting. So it is imperative to investigate the effects of different variables on fluidity. Figure 4 displays the setting time values for two kinds of grouting material pastes under different water-solid ratios. As shown in Figure 4, there is a direct relationship between the setting time of clay-cement composite and geopolymer for slip casting and water-solid ratio, as water-solid ratio increases, both final setting time of these two kinds of grouting material also increases. Clay-cement composite and geopolymer for slip casting are common materials used for underground engineering leakage plugging such as goaf. The setting time test results at different water-solid ratios can provide reference for material performance.
[image: Figure 4]FIGURE 4 | The setting time of two kinds of grouting material paste under different water-solid ratio variables.
3.1.2 Influence analysis of compressive strength and flexural strength
The mechanical properties of grouting composition are one of the important indicators of their performance evaluation. Mechanical performance reflects the load-supporting capability as well as resistance to distortion and damage for grouting material itself. This study mainly tests the compressive strength of geopolymer paste and clay-cement composite paste under various water-solid ratios on specimens cured for 3 d, 7 d, 28 d. The compressive experimental results for two kinds paste under water-solid ratios and curing ages are shown in Figure 5, respectively.
[image: Figure 5]FIGURE 5 | The compressive strength test results of the geopolymer grouting material and clay-cement composite grouting material.
From Figure 5, for the geopolymer grouting material, at a water-solid ratio of 0.45, the compressive strength of the 3-d curing age grouting material specimens is the smallest, only 1.40 MPa, while compressive strength at water-solid ratio of 0.35, 28 d is the largest, reaching 46.00 MPa. Under the same water-solid ratio conditions, there is a proportional connection between compressive strength for geopolymer paste as well as curing age. Under the same curing age conditions, there is an inverse connection between compressive strength for geopolymer paste as well as water-solid ratio. As water-solid ratio increases, compressive strength of geopolymer grouting materials also decreases. When a water-solid ratio is 0.35, compressive strength for geopolymer grouting material reaches to 27.08 MPa at 3 d, much larger than the geopolymer grouting material specimens at the ratios of water to solid of 0.40 as well as 0.45. The compressive strength of geopolymer pastes with water-solid ratio of 0.45 varies slightly with increasing curing time, and there is almost no change. Meanwhile, compared to the compressive strength at water-solid ratio of 0.40, compressive strength for geopolymer grouting material at a water-solid ratio of 0.45 also decreases, but the reduction amplitude is smaller compared to that at a water-solid ratio starting 0.35 to 0.40. This indicates that mechanical properties of the geopolymer grouting material are greatly influenced by the water-solid ratio under the same curing age conditions. For clay-cement composition for slip casting in Figure 5, at a ratio of water to solid of 0.70, 3-d compressive strength is the smallest, while 28-d compressive strength is the largest. Under the same water-solid ratio conditions, there is also a proportional relationship between compressive strength for clay-cement composite grouting material and the curing age. Under the same curing age conditions, there is an inverse relation between compressive strength for clay-cement composite material and water-solid ratio. As water-solid ratio increases, compressive strength for clay-cement composite grouting material also decreases. Besides, at a ratio of water to solid of 0.70, compressive strength for clay-cement composite grouting material also decreases, but the reduction amplitude is smaller compared to that at a ratio of 0.60.
In summary, compressive strength results for two grouting materials at various water-solid ratios and curing age are different. Compressive strength of clay-cement composite and geopolymer for slip casting is influenced by multiple factors, including the water-solid ratio and curing age. While compressive strength for geopolymer grouting material is primarily affected by water-solid ratio. These compressive strength results could also suggest that appropriate grouting materials should be chosen according to actual situations and reasonable curing is also paid attention to during construction to achieve better results.
Clay-cement composite grouting material and geopolymer grouting material are two common types of grouting materials used in civil engineering for soil stabilization and foundation reinforcement. In this study, the flexural strength of geopolymer grouting material and clay-cement composite grouting material are tested under different water-solid ratios on specimens cured for 3 d, 7 d, 28 d. Experimental results of the flexural strength for two kinds of grouting materials under different water-solid ratios and curing ages are plotted in Figure 6, respectively, to report load-bearing capacity and resistance to deformation and damage.
[image: Figure 6]FIGURE 6 | The flexural strength test results of the geopolymer grouting material and clay-cement composite grouting material.
From Figure 6, for the geopolymer grouting material, at a ratio of water to solid of 0.45, flexural strength of 3-d curing age grouting material specimens is the smallest, only 0.40 MPa, while the value of 28-d specimens at water-solid ratio of 0.35 is the largest, reaching 6.80 MPa. Under the same water-solid ratio conditions, there is a proportional relation between flexural strength of geopolymer grouting materials and curing age. Under the same curing age conditions, there is an inverse relation between flexural strength of geopolymer grouting materials and water-solid ratio. As water-solid ratio enlarges, flexural intensity of geopolymer grouting materials also decreases. When water-solid ratio is 0.35, compressive strength for geopolymer grouting material reaches to 6.00 MPa at 3 d, which is much larger than the geopolymer grouting material specimens at water-solid ratios of 0.40 and 0.45. Although flexural intensity for geopolymer grouting material at water-solid ratio of 0.45 also decreases compared to the compressive strength at a ratio of water to solid of 0.40, flexural strength at a ratio of 0.45 varies slightly with increasing curing age, and there is almost no change, in which the variation amplitude is smaller compared to that at a water-solid ratio starting 0.35 to 0.40. This indicates that the mechanical properties of geopolymer grouting material are greatly influenced by water-solid ratio under same curing conditions. The clay-cement composite grouting material has the similar variation trend of the flexural strength with the geopolymer grouting material. At a ratio of water to solid of 0.70, 3-d flexural intensity is the smallest, while 28-d flexural intensity is the largest at a ratio of water to solid of 0.50. Under the same water-solid ratio conditions, there is also a proportional relationship between flexural strength of clay-cement composite grouting material and the curing age. Under the same curing age conditions, there is an inverse relation between the flexural strength of clay-cement composite grouting material and water-solid ratio. As water-solid ratio enlarges, flexural strength of clay-cement composite grouting material also decreases. Flexural strength results for above two materials for slip casting under different water-solid ratios and curing age are different. Flexural strength of geopolymer and clay-cement composite grouting material is influenced by multiple factors, including the water-solid ratio and curing age, in which the flexural strength of geopolymer composition for slip casting is significantly affected by water-solid ratio.
By comparison of the above mechanical performance including compressive as well as flexural strength, their difference between geopolymer grouting material and clay-cement composite grouting material lies in their composition and properties. Geopolymer grouting material is a type of inorganic polymer material that is formed by chemically activating aluminosilicate minerals or industrial wastes with alkaline solutions. It has a high early strength and good durability, and can be hardened even under water. However, its workability is relatively poor, which may limit the construction efficiency. Clay-cement composite grouting material, on the other hand, is a mixture of Portland cement, bentonite, as well as water. It has a lower early intensity compared to geopolymer grouting material, but it has better workability and can be easily pumped to the site of application. It also has good sealing properties due to the swelling property of bentonite. In terms of water-solid ratio, geopolymer grouting material usually requires a lower ratio than clay-cement composite grouting material to achieve the same level of strength. This is because the chemical reaction involved in geopolymerization consumes less water compared to cement hydration. Therefore, the geopolymer grouting material can achieve a higher early strength with a lower water-solid ratio. Therefore, both geopolymer grouting material and clay-cement composite grouting materials have their own advantages and disadvantages depending on the specific application scenarios.
3.1.3 Injectability analysis of indoor grouting slurry
The injectability test of indoor grouting slurry was conducted on both geopolymer grouting material and clay-cement composite grouting material in sand with particle sizes of 2–5 mm and 5–10 mm, respectively. The water-solid ratio using geopolymer and water as the base material for the paste was 0.35 for the geopolymer grouting material, while the paste was made up of cement, bentonite, and water, with a ratio of water to solid of 0.6 for paste as well as a bentonite content of 20% by weight of cement for the clay-cement composite grouting material.
Figure 7 shows the consolidated bodies formed by two sets of grouting materials in sand. The geological polymer grouting material had an injection depth of 78 mm in sands with particle size of 2–5 mm. There was a small amount of slurry remaining in the upper part of the device, but it was not injected into the sand. The adhesion of the lower part of the consolidated body was poor, and some sand detachment occurred during the mold removal process. This may be mainly due to the phenomenon of water precipitation in the lower part of the slurry, where only water entered the gaps between the sand and gravel, while most geological polymer particles accumulated at the gaps and caused blockage. The length of the part with good bonding effect in the consolidated body was 52 mm. For the clay-cement composite grouting material, the corresponding maximum injection depth was 86 mm. There was only a small amount of slurry remaining in the upper part of the device, but due to severe water separation, the bonding of the lower consolidated body was poor. The length of the stone body with good solidification effect was 46 mm. However, these two kinds of grouting materials were injected into sands with particle size of 5–10 mm. The geological polymer grouting material had an injection depth of 170 mm. There was no remaining slurry on the upper part of the device, and all was injected into the sand. The bonding between the consolidated body and the sand was good, and a small amount of sand fell off during the mold removal process. The length of the part with better bonding effect was 132 mm. For the clay-cement composite grouting material, there was no slurry residue on the upper part of the device, and the injection depth was 176 mm. The lower part of the consolidation body experienced detachment during demolding, and the length of the part with good bonding effect of the consolidation body was 125 mm.
[image: Figure 7]FIGURE 7 | The consolidated bodies formed by two sets of grouting materials in sand.
3.2 Grouting treatment application of goaf based on grouting backfilling method
3.2.1 Goaf treatment preparation
The grouting backfilling method is adopted to treat a goaf below. Twelve drill holes are arranged on both sides of the axis at 0.5 m–1.0 m intervals, and appropriate adjustments are made according to the site conditions and drilling conditions. The layout is shown in Figure 8. The drill holes are required to be positioned according to the design, with a diameter of 110 mm. The drilling should be kept vertical, and the deviation should not exceed 2% of the hole depth. Polyvinyl chloride (PVC) sleeves should be used to protect the walls during drilling. The record and description of drilling should be done well. If special circumstances are found, the conditions should be recorded and analyzed in detail for proper handling.
[image: Figure 8]FIGURE 8 | The drilling layout of goaf based on grouting backfilling method.
According to the drilling layout shown in Figure 8, rotary drilling was carried out using a geological drilling rig with a hole diameter of 110 mm. The 12 boreholes were completed in 2 days. By combining drilling television, detailed information about the boreholes can be obtained. The color drilling television system involves placing a waterproof camera probe with its own light source into the borehole, enabling real-time observation, monitoring and recording of various features and subtle changes of geological formations within the borehole. This allows for the observation of strata lithology, rock structure, fracture development and characteristics inside the borehole, as well as the filling status of grout and underground water level changes after grouting. Figure 9 shows the on-site drilling situation using the geological drilling rig and drilling television. By combining drilling television with drill core, a detailed analysis of the goaf drilling situation is provided as follows, which is listed in Table 3. For drill hole No. 1, the depth range is from 0 to 7.5 m. At the shallow depths, from 0 to 0.5 m, cement stabilized base exists, followed by a layer of mudstone from 0.5 to 4.0 m. Between 4.4 and 4.7 m, there is a water leakage with a 30 cm cavity, and the same phenomenon occurs between 6.1 and 6.6 m, but with a 50 cm cavity. From 4.7 to 6.0 m, mudstone and coal seams are found, while from 6.6 to 7.5 m, silt layers, coal seams and mudstones exist. There is a suspected underground tunnel at 7.5 m deep. The detailed geological conditions of drill hole No. 2 are similar to that of No. 1. For drill hole No. 2, the depth range is from 0 to 8.7 m. Similarly, there is a cement stabilized base from 0 to 0.5 m, followed by a layer of mudstone from 0.5 to 4.0 m. Between 4.4 and 4.7 m, there is a water leakage with a 30 cm cavity, and between 6.5 and 6.6 m, there is also a water leakage with a 10 cm cavity. From 4.7 to 6.5 m, mudstone and coal cinder are found. Between 6.6 and 7.2 m, there is a loose layer of coal seams and mudstone, followed by another layer of loose sedimentary material from 7.2 to 8.7 m. At 8.4–8.7 m, there is a water leakage with a 30 cm cavity, and a small amount of wood block appears, which is also suspected to be an underground tunnel. For drill hole No. 3, the depth range is from 0 to 10.0 m. The first layer is a cement stabilized base from 0 to 0.5 m, followed by a layer of silt and mudstone from 0.5 to 3.7 m. From 3.7 to 7.0 m, there are mudstones and coal cinder, and a water leakage occurs at 3.7 and 7.0 m. From 7.0 to 8.0 m, there are sedimentary layers, coal seams, and mudstones, followed by a loose layer of coal seams, mudstones, and sedimentary material from 8.0 to 10.0 m deep. For drill holes No. 4 and No. 11, the depth range is from 0 to 7.0 m. There are layers of loose sedimentary materials, mudstones, and coal cinder from 0.5 to 7.0 m. For drill hole No. 5, the depth range is from 0 to 8.0 m. From 0.5 to 5.6 m, there are mudstones and coal cinder, and between 5.6 and 5.8 m, there is a water leakage with a 30 cm cavity. From 5.8 to 8.0 m, there are coal seams and mudstones. For drill holes No. 6, No. 7, No. 8 and No. 12, the depth range is from 0 to 7.0 m, where there are mudstones and coal cinder. For drill holes No. 9 and No. 10, the depth range is from 0 to 7.0 m. From 0.5 to 6.0 m, there are mudstones, and a water leakage occurs at around 4.5 m. From 6.0 to 8.0 m, there are silt layers, mudstones, and coal cinder. A collapse occurs at around 4.0 m deep. In summary, these drilling data show that the goaf structure is complex, and geological risks may exist in shallow areas. It is important to formulate a reasonable treatment plan, monitor the environment closely.
[image: Figure 9]FIGURE 9 | The on-site drilling situation using the geological drilling rig and drilling television: (A) Drill core; (B) In-hole situation.
TABLE 3 | The detailed analysis of the goaf drilling situation.
[image: Table 3]3.2.2 Grouting material and treatment preparation of goaf
This study used ordinary Portland cement, bentonite, and geopolymer as grouting materials in the management and treatment of goaf, and filled the mixture of crushed stone and sand during grouting. Two types of raw material pastes were used for grouting: one was a paste composed of cement, bentonite, and water, the other was a paste composed of geopolymer and water. According to the performance results in Section 3.1, for the geopolymer grouting material, the water-solid ratio using geopolymer and water as the base material for the paste was 0.35. For the clay-cement composite grouting material, the paste was made up of cement, bentonite, and water, with a ratio of water to solid of 0.6 for paste as well as a bentonite content of 20% by weight of cement. For ordinary Portland cement, the cement with a grade of ordinary Portland cement (P.O 42.5) was used, and the quality of the cement should meet the prescribed quality standards. To maintain the freshness of the cement used for grouting, dampened, caked, or expired 3-month factory period cement should not be used. As an admixture, prepared bentonite powder should be added, along with 10–20 mm crushed stone and medium sand. The water used for grouting must meet standard requirements, and the mixing water temperature should not exceed 40°C. The infusion flow rate of the infill material in the goaf is 5,000 kg/h, with an infusion pressure of 1.0 MPa. Geopolymer grouting material was infused into drill holes No. 1, 3, 5, 7, 9, and 11, while clay-cement composite grouting material was infused into drill holes No. 2, 4, 6, 8, 10, and 12. The raw materials were then mixed and stirred into a paste using a mixer, and large particles and impurities were removed through filtration screens and precipitation. All indicators must be controlled according to the design requirements, and the paste volume during the grouting process should be measured and recorded once per hour. If there are changes in the paste, adjustments must be made promptly. The specific process for grouting treatment of goaf is shown in Figure 10 and described as follows:
[image: Figure 10]FIGURE 10 | The specific process for grouting treatment of goaf.
Step 1. Inject geopolymer grouting material into drill holes 1, 3, 5, 7, 9, and 11 sequentially, and use clay-cement composite grouting material for drill holes 2, 4, 6, 8, 10, and 12. Adjust slurry volume and grouting pressure based on site conditions. If hole pressure drops and negative pressure appears in grouting pipe, increase slurry viscosity immediately.
Step 2. When grouting reaches the endpoint, immediately close the return pipe valve and the inlet pipe valve, so that the injected slurry remains under pressure for a certain period of time. Generally, the closure time is 2–3 h. After setting, open the valve and check if there is still water flowing out. If there is no water flow phenomenon, consider it qualified.
Step 3. Fill the underground tunnel with crushed stones and machine-made sand according to the natural rest angle of the sand and gravel aggregate and the length of the underground tunnel to be filled. When filling the borehole, first fill it with crushed stones, then fill it with machine-made sand.
Step 4. Comprehensively control the grouting volume, grouting pressure, lateral horizontal displacement, and crack opening width throughout the grouting process. The sealing grouting is carried out according to the principle of less grouting and more repetition.
Step 5. Generally, when the injection rate of the grouting segment is not greater than 1 L/min under the maximum design pressure, close the return pipe valve and the inlet pipe valve so that the injected slurry remains under pressure for a certain period of time. After completing the grouting hole, use the whole-hole grouting method for hole sealing.
3.3 Grouting treatment evaluation of goaf underground tunnel based on GPR
Based on GPR technology, this study conducted inspections on the effectiveness of backfill grouting in goaf areas. Before grouting, according to the exploration results, the radar image at the measuring line is displayed in Figure 11. The radar signal is stronger at a depth of about 4 m along the measuring line, with obvious multiple reflections, which is consistent with the characteristics of the cavity radar waveform diagram. Through borehole verification, it was confirmed that there is a cavity zone at that location.
[image: Figure 11]FIGURE 11 | The radar image at the measuring line before grouting.
After grouting for 14 days, geological radar was used to detect the filling effect of the grout injection. The specific results of the radar detection around different drill holes in left lane, right lane and side road can be seen in Figure 12. According to the radar images of drill holes 1 and 6 on the left lane in Figure 12A, near drill hole 1, the radar reflection signals at a depth of 2–5 m are mainly uniform low to mid frequencies, with continuous in-phase axes and strong amplitudes. Near drill hole 6, at a depth of 2–4 m, the radar reflection signals are mainly uniform low to mid frequencies, with continuous in-phase axes and strong amplitudes, and multiple oscillations. In addition, at a depth of 4–6 m, the radar reflection signals are strong and oscillate multiple times. According to the radar images of drill holes 7 and 10 on the right lane in Figure 12B, near drill hole 7, the radar reflection signals at a depth of 3–6 m are mainly uniform low to mid frequencies, with continuous in-phase axes and strong amplitudes. Near drill hole 10, at a depth of 3–6 m, the radar reflection signals are mainly uniform low to mid frequencies, with continuous in-phase axes and strong amplitudes. According to the radar images of drill holes 11 and 12 in Figure 12C, near drill hole 11, the radar reflection signals at a depth of 2–5 m are mainly uniform low to mid frequencies, with continuous in-phase axes and strong amplitudes, and multiple oscillations. Near drill hole 12, at a depth of 2–5 m, the radar reflection signals are mainly uniform low to mid frequencies, with continuous in-phase axes and strong amplitudes. The red-marked areas in the above radar images are inferred to be partially insufficiently filled with grout. According to the re-examination results of the geological radar, the radar images of comparison between Figures 10, 11 infer the area as a cavity. Compared with before grouting, different grouting materials were used for grouting in the mined-out area, and the grouting has been filled to the mined-out area below, achieving the desired grouting effect. In addition, the radar image in Figure 12D shows that the radar reflection signals are relatively uniform, and the grouting effect at drill holes 2 and 9 is ideal. It is speculated that the reason for the different treatment effects at different drill holes is due to slightly different ratios of water to solid of the grouting materials in the actual grouting process. Therefore, adjusting the ratio of water to solid of grouting material can improve the treatment effect in actual grouting process in mined-out areas.
[image: Figure 12]FIGURE 12 | The radar detection after grouting; (A) Left lane; (B) Right lane; (C) Side road; (D) Left and right lanes.
4 CONCLUSION
This study focuses on a comparative analysis of various grouting pastes and evaluate their application on the grouting effect of goaf treatment based on the grouting backfilling method. The study begins with a discussion about the properties of different grouting pastes, including clay-cement composite grouting material and geopolymer grouting material. The study also examines the factors that affect the performance of grouting pastes, such as water-solid ratio and curing time. Besides, based on the detailed information about the boreholes by drilling television, a reasonable treatment plan could be formulated for goaf treatment. Finally, this study presents an evaluation of the grouting effect of different grouting pastes based on their application in actual goaf treatment projects. The following conclusions are mainly drawn:
(1) There is a direct relationship between the flowability and setting time of clay-cement composite grouting material and geopolymer grouting material and the water-solid ratio, as the water-solid ratio increases, the rate of increase in flowability increases at first and then decreases, the final setting time also increases.
(2) Under the same curing age conditions, there is an inverse relationship between the compressive strength of grouting materials and the water-solid ratio. As the water-solid ratio increases, the compressive strength of grouting materials also decreases.
(3) Drilling data show that the goaf structure is complex, there are some goaf defects such as water leakage, collapse and cavity, even underground tunnel, which indicating that geological risks may exist in shallow areas.
(4) A treatment plan is formulated based on the geological conditions of goafs by drilling television. The water-solid ratio for geopolymer grouting material was 0.35. Clay-cement composite grouting material was made up with a water-solid ratio of 0.6 and bentonite content of 20%.
(5) Using GPR technology, the effectiveness of backfill grouting in goaf areas is inspected, and the GPR results showed that the grouting treatment effect has achieved good effect. This study found that adjusting the water-solid ratio of the grouting material can improve treatment effects.
There are still many issues and topics about goaf treatment based on grouting backfilling method, including grouting materials and treatment evaluation. As a continuation of this paper, the novel sustainable grouting materials will be investigated in the future studies. Meanwhile, the intelligent detection and evaluation of goaf should be deeply investigated.
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eter (mm

1 110 0-0.5 m: cement stabilized base, 0.5-4.0 m: mudstone, 4.7-6.0 m: mudstone, coal seam, 6.6-7.5 m: silt layer, mudstone, coal seam
(44-47 m, 6.1-6.6 m, 7.5 m: water leakage, 30 cm or 50 cm cavity, suspected underground tunnel)

2 110 0-0.5 m: cement stabilized base, 0.5-4.0 m: mudstone, 4.7-6.5 m: mudstone, coal slag, 6.6-7.2 m: loose layer, coal seam, mudstone,

7.2-8.7 m: loose layer, coal seam, mudstone (4.4-4.7 m, 6.5-6.6 m, 7.2 m, 8.4-8.7 m: water leakage, 10 or 30 cm cavity, suspected
underground tunnel)
3 110 0-0.5 m: cement stabilized base, 0.5-3.7 m: silt layer, mudstone, 3.7-7.0 m: mudstone, coal slag, 7.0-8.0 m: silt layer, coal seam,
mudstone, 8.0-10.0 m: loose layer, coal seam, mudstone (3.7 m, 7.0 m: water leakage)
4 110 0-0.5 m: cement stabilized base, 0.5-7.0 m: loose layer, mudstone, coal slag
5 110 0-0.5 m: cement stabilized base, 0.5-5.6 m: mudstone, coal slag, 5.8-8.0 m: coal seam, mudstone (5.6-5.8 m: water leakage, 30 cm
cavity)

6 110 0-0.5 m: cement stabilized base, 0.5-7.0 m: mudstone, coal slag

7 110 0-0.5 m: cement stabilized base, 0.5-7.0 m: mudstone, coal slag

8 110 0-0.5 m: cement stabilized base, 0.5-7.0 m: mudstone, coal slag

9 110 0-0.5 m: cement stabilized base, 0.5-6.0 m: mudstone, 6.0-7.0 m: silt layer, mudstone, and coal slag, 7.0-8.0 m: coal seam,

‘mudstone (4.5 m: water leakage, 4.0 m: collapse hole)

10 110 0-0.5 m: cement stabilized base, 0.5-6.0 m: mudstone, 6.0-7.0 m: silt layer, mudstone, coal slag, 7.0-8.0 m: coal seam, mudstone

1 110 0-0.5 m: cement stabilized base, 0.5-7.0 m: mudstone, coal slag

2 110 0-0.5 m: cement stabilized base, 0.5-7.0 m: loose layer, mudstone, coal slag






OPS/images/fmats-10-1301504-t002.jpg
Item Free expansion rate (%) Liquid limit Plastic limit Plasticity index

Test result 330 2129 234 1895





OPS/images/fmats-10-1301504-g011.gif





OPS/images/fmats-10-1301504-g010.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Materials





OPS/images/fmats-10-1301504-g005.gif





OPS/images/fmats-10-1301504-g006.gif





OPS/images/fmats-10-1301504-g003.gif
ot by g el
T |






OPS/images/fmats-10-1301504-g004.gif





OPS/images/fmats-10-1301504-g009.gif





OPS/images/fmats-10-1301504-g007.gif





OPS/images/fmats-10-1301504-g008.gif





OPS/images/cover.jpg
, frontiers | Frontiers in Materials

Performance comparison of
geopolymer and clay-cement
grouting pastes and goaf effect
evaluation of grouting
backfilling method





OPS/images/fmats-10-1301504-g001.gif





OPS/images/math_3.gif
®





OPS/images/fmats-10-1301504-g002.gif
oung materisl





OPS/images/math_4.gif
@





OPS/images/inline_2.gif





OPS/images/inline_1.gif





OPS/images/math_2.gif
e






OPS/images/math_1.gif
5

Ve

5

rov

0





