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A highly efficient composite sealing material was prepared using drilling cuttings as the base material and a binder, a coagulant, and other additives as auxiliaries. A four-factor, three-level orthogonal test was designed based on the response surface method (RSM), and a response surface regression model was constructed using compressive strength, fluidity, expansion rate, and setting time as performance indexes to analyze the effects of each factor on material performance and optimize the material proportion. The samples were prepared by simulating the grouting process, the permeability of the samples was measured, and the sealability of the material was verified by analyzing the material microscopic morphology. Results showed that the regression model had a high level of confidence and accuracy and could predict the test results accurately within the range of the test. The effects of the interaction between factors on material performance were also examined. The low permeability of the sealing material samples verified the material’s feasibility. Gradual optimization of material performance revealed that the optimal proportion was 52.6% drill cuttings, 44.3% binder, 0.6% coagulant promoter, and 2.5% expansive agent. Under these conditions, the error between the predicted and test values of each material property was less than 5%, and the comprehensive performance was superior. These findings verify the accuracy of RSM and its applicability to the optimization of material performance. This work provides reasonable theoretical guidance for the preparation of drilling cuttings composite (DC) materials in practical engineering.
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1 INTRODUCTION
With the intensive development of China’s coal industry, the gas storage conditions in deep coal seams have become complicated and variable, and coal and gas protrusion disasters are becoming increasingly frequent (Xie, 2019). Gas extraction is a fundamental measure to control coal and gas protrusion because it can quickly reduce the gas content and gas pressure and utilize the extracted gas as clean energy (Xiong, 2020; Yan and Chen, 2021). Borehole grouting sealing is a key technology for gas extraction, and the physical and chemical properties of the sealing material directly affect the quality of drilling sealing (Xue et al., 2020; Zuo et al., 2022). Therefore, research on the optimization of sealing materials’ performance and regulation mechanism is an important basic guarantee for the efficient extraction of coal seam gas.
Existing sealing materials can be divided into two categories: inorganic and organic. Inorganic sealing materials are divided into cementitious, clay mineral, and high-water-content materials (Martin et al., 2019; Wang et al., 2022). Cementitious materials are inexpensive, easy to obtain, and entail a simple process, but they also have defects, such as long setting time, water loss, contraction that produces fractures that result in sealing leakage, and difficulty in meeting the sealability requirements of boreholes (Li et al., 2019a; Liu S. et al., 2023a; Liu and Li, 2023). Clay mineral materials include yellow clays, which are not conducive to deep hole sealing because of their high viscosity that leads to low slurry flow and difficulty in penetrating and diffusing effectively around the borehole (Bai et al., 2021; Fu et al., 2021). High-water-content materials have the advantages of high water–cement ratio flowability, microexpansion, high toughness (can maintain good mechanical properties under the action of drilling force), and good sealing compactness. The disadvantages are that the setting time is long, strength development is slow, and early concretion strength is difficult to ensure. The negative pressure around the borehole and the external forces within the concretion easily produce new fractures, resulting in poor sealing of the borehole (Ni et al., 2020; Wang, 2021). Commonly used organic materials include polyurethane and Marisan. Polyurethane generally has a high curing speed, a high expansion rate, and strong adhesion, and its concretion has good strength and toughness (Zhang et al., 2019). However, the extremely high foaming speed of polyurethane cannot be controlled, and the problem of high viscosity makes sealing the borehole wall difficult, resulting in the formation of leakage between the borehole wall and the concretion (Li et al., 2023; Zhang et al., 2023). In addition, polyurethane is a toxic polymer material, and using a large amount of it causes environmental pollution, which is not conducive to the development needs of green mines. Marisan is a polyimide resin and catalyst adhesive. It has good sealing performance and is widely used in the “twice plugging and one injection” sealing process and in determining gas pressure in coal seams (Bai et al., 2019). However, its high price and toxicity limit its widespread use.
Drilling cuttings from drilling construction are a kind of coal gangue solid waste, they are discharged to the workplace and occupy the limited space. If not treated in time, they will block the mine ventilation and contaminate the underground working environment, thereby seriously jeopardizing the health of underground personnel (Liu H. et al., 2023b). The use of drilling cuttings and additives to prepare sealing materials is an important means of dealing with underground waste, using coal cleanly to achieve waste recycling and zero discharge, and reducing underground environmental pollution (Zhang and Zhai, 2019).
In view of these deficiencies in existing sealing materials, this study prepared a kind of DC material with other additives (binders, coagulants, etc.) as auxiliary materials. A four-factor, three-level orthogonal test was designed using the Box–Behnken module of Design Expert software. The regression model between the factors and response values was established with compressive strength, fluidity, setting time, and expansion rate as performance indexes. ANOVA and the response surface method (RSM) were used to analyze the law of the influence of each factor on material performance. The orthogonal test results were utilized to verify the accuracy and applicability of the regression model, establish a regulation mechanism for optimizing the performance of DC materials, and meet the technological needs of grouting and sealing.
2 TEST PREPARATION
2.1 Raw material
The drilling cuttings used in the test were made up of anthracite, and the coal samples were crushed into samples with a particle size of less than 1 mm. The binder used in the composite material was water-soluble resin, which underwent polymerization under the action of a coagulant to form a 3D network polymer and could simultaneously encapsulate the drilling cutting particles to form a continuous structural whole (Yan and Chen, 2021). The coagulant was a weak acid salt that is easily soluble in water, nontoxic, and nonpolluting (Chen et al., 2022). The aqueous solution was weakly acidic and could accelerate the polymerization of the binder molecule. The expansive agent was an inorganic carbonate that absorbs heat and decomposes to produce CO2 or reacts with hydrogen ions in the material to produce CO2, thereby promoting the expansion of the composite material while reducing the heat released by the material reaction.
2.2 Test methods
An orthogonal test was conducted on the DC material by using compressive strength, fluidity, setting time, and expansion rate as the performance indexes. The determination methods for the index parameters were as follows:
(1) The compressive strength test employed the RMT-150B rock mechanics experimental system. After the composite material reached the setting time, the demolded material was cut into standard specimens with a diameter of 50 mm and a height of 100 mm by using a cutting machine in accordance with DZT0276.20-2015 (Test Procedure for Physical and Mechanical Properties of Rocks).
(2) The fluidity test employed a cement sand flow tester, and the composite material slurry was stirred evenly until the completion time of the measurement (controlled within 5 min).
(3) The setting time test used the standard Vickers apparatus and was based on GB1346-2001 (Test Methods for Water Requirement of Normal Consistency, Setting Time and Soundness of Portland Cement).
(4) The expansion rate was tested by the drainage method, and the testing apparatus included electronic scales, paraffin, and plastic beakers. First, the prepared material slurry was poured into a plastic beaker of volume V0. After the material had fully expanded and solidified, it was removed from the beaker and weighed using an electronic scale. Its mass was recorded as m1. Second, the surface of the material was evenly coated with paraffin, and an electronic scale was used to weigh its mass, which was marked as m2. The mass of paraffin coated on the surface of the material was the difference between the two weighed masses, that is, Δm = m2 − m1. The density of paraffin was utilized to calculate the volume of the paraffin coating (V1). Last, the paraffin-coated material was placed in water, and its volume was measured as V2. The expansion volume of the material after solidification was V2–V1–V0. The expansion rate of the material was obtained with Eq. 1.
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Where V0 is the volume of the plastic beaker, V1 is the volume of the paraffin coating, and V2 is the volume of the paraffin coated material, m3; η is the expansion rate of the material.
2.3 Experiment design
Orthogonal tests were conducted with drilling cuttings (A), binder (B), coagulant (C), and expansive agent (D) as the four main factors, and three levels were selected for each factor. The level of factor A was set to 90 and 110 g, the level of factor B was set to 70 and 80 g, the level of factor C was set to 0.8 and 1.2 g, and the level of factor D was set to 2.5 and 7.5 g. Compressive strength (Y1), fluidity (Y2), setting time (Y3), and expansion ratio (Y4) were used as performance indexes. Design Expert 11.0 was employed to design a three-factor, four-level orthogonal experimental protocol with a total of 26 sets of proportioning schemes. The abovementioned index test method was used to test the performance of the material under the conditions of each proportion, and the orthogonal test results are shown in Table 1.
TABLE 1 | Experimental protocol and results.
[image: Table 1]3 EXPERIMENTAL RESULTS AND ANALYSIS
3.1 Analysis of model fitting accuracy
On the basis of the results of the orthogonal test shown in Table 1, the influencing factors for each indicator were fitted to obtain quadratic multiple-regression equations, which are shown in Eqs 2–5. The regression equations were calculated to obtain the results of the variance of each indicator, as shown in Table 2. The ANOVA results showed that the p-value of each model term is 0.0001, which is less than 0.01, indicating that the relationship between the response values (Y1, Y2, Y3, and Y4) and the regression equation is highly significant, and the credibility of the regression equation is high. Meanwhile, the coefficients of determination (R2) of the response values are 0.9574, 0.9583, 0.9185, and 0.9486, which are close to 1, indicating that the accuracy of the model fit is high. The difference between R2adj and R2pred of each response value is less than 0.2, which indicates that the error between the response value and the real value is small and further confirms that the regression equation has high fitting accuracy. The quadratic multiple regression equation can truly reflect the relationship between the response value and the influence of the factors.
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TABLE 2 | Regression model ANOVA.
[image: Table 2]3.2 Relationship between response values and influencing factors
3.2.1 Analysis of factors that affect compressive strength
The stress condition around a borehole is complex and remains unsupported for a long time after construction, so the borehole is prone to damage during gas extraction and sealing operations. In addition, under the negative pressure of gas extraction and coal mining, if the strength of the sealing material is too low, secondary cracks will occur, making it difficult to seal the gas leakage channel (Zhu et al., 2021; Jing et al., 2022). Therefore, the sealing material needs to have a certain early strength to achieve timely support for the borehole, thus preventing the occurrence of unstable deformation during drilling that results in the formation of air leakage rings (Guo et al., 2022; Wei et al., 2022).
Through the analysis of the orthogonal experiment, ANOVA was performed on the effect of various factors on compressive strength, as shown in Table 2. The p-value of compressive strength in Table 2 indicates that A, B, and D are all highly significant. The F value shows that the degree of influence of each significant factor on compressive strength is in the order of B > D > A, with B having the greatest influence. Coal is a natural polymer organic mineral, and its molecular structure consists of aromatic hydrocarbons with different degrees of condensation and bridging bonds connected to the aromatic ring (Xiong et al., 2021). This structure gives the coal molecules a certain rigidity and allows them to be used as rigid particles in polymers. The resin binder polymerizes under the action of the coagulant to form a high-strength composite matrix. Therefore, the influence of factor B on the compressive strength of materials is significant.
3.2.2 Analysis of factors that affect fluidity
The composite sealing material should have good fluidity to ensure that the slurry can flow into the fractures around the borehole to the maximum extent under grouting pressure and to seal the fractures to the maximum extent. The p-value from the ANOVA of mobility in Table 2 shows that A, B, and D are all highly significant. The F value indicates that the degree of influence of each factor on mobility is in the order of A > B > D. The reason is that the surface of drilling cutting particles is rough, and an excessive particle content increases the internal frictional force of the composite. This condition increases the internal viscous resistance of the slurry during the flow process, resulting in a decrease in the fluidity of the slurry. Therefore, factor A has the greatest influence on fluidity.
3.2.3 Analysis of factors that affect setting time
Setting time is an important indicator of sealing materials and directly determines the design of the sealing process (Li et al., 2019b). The slurry setting time should not be too low nor too high, and the slurry must be mixed in the laboratory in advance in accordance with the actual project conditions (Li et al., 2022). An appropriate setting time prevents the slurry from solidifying prematurely during the flow process and ensures that the slurry spreads sufficiently around the borehole to achieve the desired blocking effect (Zheng et al., 2021). The analysis of the p values from the variance of setting time in Table 2 shows that B and C are highly significant. The F value indicates that the degree of influence of each factor on the setting time of the material is in the order of C > B, with factor C having the greatest influence. The main reason is that the coagulant can produce a certain amount of free radicals in the slurry, which triggers the polymerization of the resin molecules. Increasing the coagulant dosage accelerates the intermolecular bonding rate, thus reducing the setting time of the materials. In accordance with the actual sealing process demand, the material setting time should be controlled within 30–60 min, so factor C mixing should be controlled within the appropriate range.
3.2.4 Analysis of factors that affect the expansion rate
According to the principle of action and reaction forces, the expansion that occurs in the volume of the slurry after solidification can provide support for the borehole wall. At the same time, it can compress the loose area of the borehole wall and further compress the fracture. Therefore, the expansion of the sealing material is important to improve the sealing effect. The p-value from the ANOVA of the expansion rate in Table 2 shows that A, B, C, and D are highly significant. The F value indicates that the degree of influence of each factor on the expansion rate of the material is in the order of D > B > A > C. Factor D has the greatest influence. The main reason is that the expansive agent reacts with the hydrogen ions provided by the water in the material to produce gas, which causes internal expansion of the material. The more expansive the added agent is, the more obvious the expansion effect is.
3.3 Response surface analysis
Through the response surface models, the performance of the DC material was visualized. Such performance is affected not only by the action of a single factor, but also by the interaction of several factors. According to Table 2, the effect of AB and BC interactions on the compressive strength of the material is significant, and according to the F value, the magnitude of the effect of AB is greater than that of BC. This result indicates that the AB interaction term has the greatest influence on compressive strength. Figure 1A shows that the compressive strength of the material increases and then decreases with binder dosage at each fixed value of 90–100 g of drilling cutting proportion. Extreme values of drilling cuttings and binder dosage were observed, and they optimized the compressive strength, which reached its maximum value at 90 g of drilling cuttings and 80 g of the binder.
[image: Figure 1]FIGURE 1 | Surface plot of the effect of BD synergy term on expansion rate. (A) AB interaction on the compressive strength. (B) AC interaction on the fluidity. (C) AC interaction on the setting time. (D) BD interaction on the expansion rate.
According to Table 2, the effect of AC interaction on material fluidity is highly significant and the largest. Figure 1B shows that when the coagulant dosage is 0.8–1.2 g, material fluidity increases with the decrease in the proportion of drilling cuttings, and it reaches the maximum value when the curing agent is 0.8 g and the amount of drilling cuttings is 90 g.
According to Table 2, the effects of AB, AC, and CD interactions on material setting time are significant. The F value indicates that the degree of influence from the largest to the smallest is AC, AB, and CD, the AC interaction has the greatest influence on setting time. As shown in Figure 1C, when the dosage of drilling cuttings is 90–110 g, the fluidity of the material increases as the proportion of drilling cuttings decreases, and the setting time reaches the maximum value when the coagulant is 0.8 g and the amount of drilling cuttings is 90 g.
According to Table 2, the effects of AC, BC, and BD interactions on the material expansion rate are significant. The F value shows that the degree of influence from the largest to the smallest is BD, AC, and BC, the AC interaction has the greatest influence on the expansion rate. Figure 1D indicates that when the binder dosage is 70–80 g, the material expansion rate increases as the proportion of drilling cuttings decreases. When the expansive agent is greater than 5.5 g, the expansion rate decreases with the increase in the expansive agent’s dosage. The maximum expansion rate was obtained when the expansive agent is 7.5 g and the binder is 80 g.
3.4 Comparison of actual and predicted values
We drew (x, y) scatter plots on the basis of the measured values of the experimental results and model prediction data. The actual and predicted values of compressive strength (Y1), fluidity (Y2), setting time (Y3), and expansion rate (Y4) were compared. The comparative analysis is shown in (Figures 2A–D). The scatter points are distributed on a straight line and located near the diagonal, indicating the high accuracy of model fitting. Therefore, the model regression equations (Eqs 2–5) can be used to optimize and predict the compressive strength, fluidity, setting time, and expansion rate of this composite sealing material, which corroborates the previous analysis.
[image: Figure 2]FIGURE 2 | Predicted and actual values of response values.
4 ANALYSIS OF COMPOSITE MATERIAL SEALING CHARACTERISTICS
4.1 Grouting sealing simulation test
4.1.1 Testing process
4.1.1.1 Experimental material selection
The experimental equipment included a pressurized pump, a pressure-retaining device, a self-sealing bag, and a connecting pipe. The test materials included polyurethane, superfine cement, and DC materials.
4.1.1.2 Sample preparation
Large coal briquettes were made into cylindrical samples of 50 mm × 100 mm by using a coal sample drilling machine and a cutting mill, and the permeability of the coal samples was tested with a three-axis seepage test system. The cylindrical coal samples with heat-shrinkable tubes were fixed on the gripper of the drilling machine, and the drilling machine was utilized to create boreholes with a diameter of 5 mm through the upper and lower circular surfaces of the cylindrical specimens.
4.1.1.3 Experimental procedures
The prepared cement, DC material, and coal samples were placed in the self-sealing bag. After removing the air from the self-sealing bag, the bag was sealed. The self-sealing bag was then placed in a pressure-retaining container filled with water, pressurized to 1 MPa by using a pressure pump, and removed after 6 h of pressure retention. The polyurethane sealing material was tucked in by using a coiling method. Three days after the end of the experiment, the coal samples were cleaned of the surface sealing material, and the samples were tested for permeability. The experimental system is shown in Figure 3, and the test samples are presented in Figure 4.
[image: Figure 3]FIGURE 3 | Schematic diagram of experimental system.
[image: Figure 4]FIGURE 4 | Test samples: (A) cement, (B) polyurethane, (C) DC material.
4.1.2 Test results
Samples 1, 2, and 3 were sealed with the cement slurry sealing material, Samples 4, 5, and 6 were sealed with the polyurethane sealing material, and Samples 7, 8, and 9 were sealed with the DC material. During the permeability test, the axial load, confining pressures, and air pressure were set to 1, 1, and 0.23 MPa, respectively. The permeability test results are shown in Figure 5.
[image: Figure 5]FIGURE 5 | The permeability of samples.
As shown in Figure 5, the permeability of the coal samples sealed with the three different sealing materials increased at different degrees. The smallest increase was observed in Samples 7, 8 and 9, followed by Samples 1, 2, and 3. The largest increase was found in Samples 4, 5, and 6. The samples with the DC material had the lowest permeability, followed by the samples with cement slurry and polyurethane sealing material.
4.2 Microscopic morphology analysis
On the basis of the grouting simulation experiment, the microscopic morphology of the contact surface between the three sealing materials and coal was analyzed to further verify the sealing materials’ performance. The test samples were selected from the contact part between the grouting material and the borehole wall, and their dimensions were 1 cm × 1 cm × 0.5 cm. The test samples were vacuum sprayed with gold, and the scanning electron microscope results are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Microstructure of sealing material.
As shown in Figure 6A, magnification of the cement slurry sample by 400 times showed that the fracture on the cemented surface is smaller than that in the polyurethane-sealed sample, but its permeability is higher. The cement particles cannot easily enter the small fracture, resulting in poor sealing. As shown in Figure 6B, a large fracture can be found between polyurethane and coal when the sample sealed with polyurethane is magnified by 100 times, indicating that the bonding between polyurethane and coal at the hole wall is loose. Polyurethane foams quickly, its viscosity increases rapidly, fluidity attenuation is blocked, and the material cannot easily enter the surrounding fracture. In addition, many impurities are attached to the surface of the borehole wall and result in poor contact between polyurethane and coal at the borehole wall, ultimately leading to poor sealing. As shown in Figure 6C, magnification of the DC material by 400 times revealed that the contact surface is seamless, indicating close contact on the contact surface. The sealing material contains water-soluble components that can enter the tiny fracture on the borehole wall under the action of grouting pressure, making the coal and the components in the sealing material combine tightly to improve the quality of borehole sealing. 
4.3 Discussion
The discussion of the interaction factors above showed that the maximum performance of the DC material in terms of compressive strength, fluidity, setting time, and expansion rate was achieved when factor A was 90 g, B was 80 g, C was 0.8 g, and D was 7.5 g. Design Expert was used for solving the model’s optimal objective values to further optimize the results of the interaction factor analysis. Compressive strength, fluidity, and expansion rate were set to maximum conditions, and setting time was set to an intermediate horizontal value of 65 min to ensure that the slurry had enough time to be injected into the borehole. Optimization was used to solve the regression model, and the optimal proportions of A, B, C, and D were determined to be 90, 75.7, 0.98, and 4.37 g, respectively. At this point, the desirability value of the model solution is 0.75, indicating that the reliability of the predicted value of the model solution is high.
The optimized proportioning results of the RSM model solution were further validated. The optimized proportions of A = 90 g, B = 75.7 g, C = 0.98 g, and D = 4.37 g were used as the test conditions for the experimental determinations. The measured compressive strength, fluidity, setting time, and expansion rate of the material are 10.5 MPa, 236 mm, 62 min, and 13.5%, respectively, and the predicted values of the model are 10.2 MPa, 229.82 mm, 65 min, and 12.4%, respectively. The errors for each parameter are 2.8%, 2.6%, 4.4%, and 4.8%, and the error between the predicted and measured values is less than 5%. This small error indicates that the regression model has a good fitting effect and proves the accuracy and adaptability of RSM in optimizing the performance test design of DC materials. The optimal proportions, when converted into percentages, are as follows: A = 52.6%, B = 44.3%, C = 0.6%, and D = 2.5%.
5 CONCLUSION
Design Expert 11.0 software was used to optimize the orthogonal experimental design of RSM for DC materials, and quadratic multivariate regression equations were established to determine the relationship between the influencing factors of the materials and their performance indexes. The regression model showed high credibility and accuracy and could accurately predict the test results in the test range. It is expected to provide reasonable theoretical guidance for the preparation of DC materials in practical engineering.
ANOVA and RSM analysis revealed that the order of the effects on compressive strength was as follows: binder > expansive agent > drilling cuttings. Drilling cuttings and binder interactions had the greatest degree of influence. The order of effects on fluidity was as follows: drilling cuttings > binder > expansive agent, with the interaction between the drilling cuttings and the coagulant exerting the greatest degree of influence. The order of effects on setting time was coagulant > binder, with drilling cuttings and coagulant having the greatest influence. Meanwhile, the order of effects on expansion rate was as follows: expansive agent > binder > drilling cuttings > coagulant, with the interaction between the expansive agent and binder having the greatest degree of influence.
The sealing characteristics of the DC material were investigated through a simulation of the grouting process, and the microstructure of the material was analyzed. The experimental results verified the feasibility of sealing with this material. The optimal setting of 52.6% drilling cutting, 44.3% binder, 0.6% coagulant, and 2.5% expansive agent was obtained after optimizing the material properties, and the error between the predicted and measured values of the material properties under the optimal setting was less than 5%. The comprehensive performance was superior, which verifies the accuracy and applicability of RSM in optimizing the performance of DC materials.
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