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The optimization of parameters for the construction of cut off walls using high spray method plays a crucial role in improving the permeability stability of hydraulic structures and ensuring the safe operation of water conservancy projects. However, limited by existing research methods, there is currently a lack of systematic research on the influence of construction parameters on the quality of cut off walls. This study fully considers the characteristics of high-speed slurry jet and soil dynamic failure in numerical simulation of the construction of cut off walls using high spray method. Based on the SPH method, a two-dimensional plane strain model of high-pressure jet grouting was established, and the influence of aperture, grouting pressure, and hole spacing on the failure process of soil and the quality of cut off walls is systematically analyzed. The results show that the soil mainly exhibits tensile failure under the continuous action of high-speed cement slurry during the construction of cut off walls using high spray method. Reducing the aperture and grouting pressure, as well as increasing the hole spacing, are not conducive to forming a continuous and dense impermeable wall. Compared to grouting pressure, the influence of aperture and spacing on the quality of cut off walls is more significant. When the aperture is 0.6 m, the grouting pressure is 32 MPa, and the hole spacing is 0.8 m, the quality of cut off walls is great. Finally, the simulation results of this paper were preliminarily verified by combining the construction of cut off walls using high spray method in the flood control project in Luotang Township, Jiangxi Province, China. The findings can provide reference for optimizing the construction parameters of cut off walls using high spray method.
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1 INTRODUCTION
The optimization of parameters for the construction of cut off walls using high spray method plays a crucial role in improving the permeability stability of hydraulic structures and ensuring the safe operation of water conservancy projects (Brown and Bruggemann, 2002; Wu et al., 2015; Yu et al., 2015; Heidarzadeh et al., 2019; Wang et al., 2021; Cheng et al., 2022). The high-pressure jet grouting method, also known as the high spray method, is a construction technique that uses the impact load generated by high-speed slurry jet to destroy the grouted soil, causing the slurry to mix and solidify with soil particles, thereby forming an impermeable wall. Due to its wide applicability, high wall quality, good controllability, and convenient construction, it has been a main method for the construction of cut off walls (Dai et al., 2020; Li et al., 2023; Zhang et al., 2024). Optimizing the high-pressure jet grouting method and improving the construction quality of cut off walls is a hot topic in the anti-seepage treatment of hydraulic engineering.
Numerous scientific researchers and engineering technicians have conducted extensive research on the grouting materials of high-pressure jet grouting, formation mechanisms of cut off walls, and key technical parameters. For grouting materials, Yang (2010) explored the construction process using cement paste as the main grouting material. Wang et al. (2019) found that the seepage control effect and stability of cut off walls formed by using a new non-aqueous reactive polymer material was better than that of the concrete cut off walls. Wu et al. (2023) compared the seepage resistance of three types of grouting materials: the mixture of polymer and cement, the mixture of geopolymer and cement, and the mixture of terracotta, phosphogypsum and cement, and found that the solidified silty soil with high polymer and cement has the best impermeability performance. For the failure mechanism of soil caused by jet flow, Yang (2008) pointed out that high-pressure jet is the main driving force to diffuse the stratum and recombine the coarse particles in the stratum, which also indicates that grouting pressure directly affects the quality of cut off walls. Guo (2021) found that the soil body under the action of jet mainly exhibits splitting failure mainly through indoor model test, and also analyzed the influence of grouting pressure, but the grouting pressure was small. In terms of key technical parameters, Yang et al. (2021) determined parameters such as the spacing of grouting holes, grouting pressure, and lifting velocity based on experiments, providing a reference for the related engineering construction. Huang (2010) analyzed the influence of factors such as nozzle diameter size and quantity, lifting speed, slurry ratio and density, spacing of holes, and wall layout on the quality of cut off walls. In addition, Liu et al. (2022) proposed a large-diameter drilling spraying integrated high-pressure grouting technology through equipment modification and research and development, breaking through the limitations of traditional small-diameter drilling and forming high-quality cut off walls. This provides valuable experience for the application of high-pressure spraying grouting technology in other anti-seepage projects, and indirectly illustrates that drilling diameter can also significantly affect the construction quality of cut off walls. As can be seen from the above, current research on high-pressure jet grouting mainly focuses on model tests and field tests. Although it can provide some reference for related engineering construction, it also faces problems such as high testing costs, long cycles, and limited research content. More specifically, the construction parameters that affect the quality of cut off walls mainly include aperture, grouting pressure, and hole spacing, but currently limited by research methods, there is a lack of systematic research on these construction parameters. In recent years, the continuous emergence of numerical simulation methods has provided ideas for solving this problem. However, the high spray pressure during the construction of cut off walls, the flow characteristics of slurry jets, the impact failure characteristics of soil, and the particle characteristics of soil pose certain challenges for numerical simulation research. Therefore, to facilitate more systematic research, there is an urgent need to explore a numerical simulation method that can better simulate the slurry jet and its dynamic interaction with soil.
The present study fully considered the characteristics of numerical simulation of cut off walls using high spray method, and established a two-dimensional plane strain model of high-pressure jet grouting based on SPH method. The influence of hole diameter, grouting pressure, and hole spacing on soil failure process and quality of cut off walls was systematically analyzed. Combined with the construction test of cut off walls using high spray method in Luotang Township, Jiangxi Province, China, the simulation results of this article were preliminarily verified. The findings can provide reference for optimizing the construction parameters of cut off walls using high spray method.
2 NUMERICAL MODEL OF HIGH PRESSURE JET GROUTING BASED ON SPH METHOD
In the construction of cut off walls using high spray method, the impact failure process of soil under the action of slurry jet is a typical dynamic process. LS-DYNA has significant advantages in simulating the characteristics of impact failure and has been widely used in multiple fields such as water jet (Zhou et al., 2022), rock blasting (Wei et al., 2009), and projectile penetration (Zhang et al., 2023). It supports multiple numerical methods and algorithms, including SPH method, which is suitable for numerical simulation of the construction of cut off walls using high spray method in this paper.
2.1 Introduction to SPH method
SPH algorithm is a computational method used to simulate fluid dynamics, which does not rely on traditional grid (lattice) methods to solve the motion equations of continuous medium, but expresses the spatial and temporal distribution of physical quantities through the interaction between particles and them (Monaghan, 2005). This makes the SPH algorithm particularly suitable for handling large deformations and free surface flow problems, meeting the numerical simulation requirements of this study. During the calculation process, track the motion of each particle from a perspective of Lagrange. The equations of particle motion are usually discretized based on physical laws such as Newton’s second law of motion and the principle of conservation of mass.
The SPH algorithm utilizes a weight function called a smoothing kernel to estimate the physical quantities of particles and their spatial derivatives. The kernel function determines the strength of the interaction between particles and typically has a finite support domain, with only neighboring particles having an impact on the current particle. Macro variables are obtained by calculating the integral interpolation of discrete points within the domain. The approximate function of the particle is given by Equation 1
[image: image]
where f(x) is a function of the spatial coordinate x, Ω is the support domain for x, x-x′ is the distance between particles, h is the smooth length of SPH particles, smooth length varies with time and space, as shown in Figure 1, W (x-x′) is the kernel function, defined by the auxiliary function θ(x-x′), shown in Equation 2:
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where d is the spatial dimension.
[image: Figure 1]FIGURE 1 | Particle approximation method.
In the SPH method, the particle approximation method is used to write continuous integral equations into discrete equations as shown in Equation 3:
[image: image]
where ρi is the density of particle i, mi is the mass of particle i.
The conservation equations of mass, momentum, and energy in the N-S equation based on the SPH method can be found in the literature (Gingold and Monaghan, 1977).
2.2 High pressure jet grouting model
Referring to the construction process of cut off walls using high spray method, which has a better wall formation effect at present (Liu et al., 2022), a two-hole planar model was established, as shown in Figure 2. The overall dimensions of the model are 4 × 5 m2, and the boreholes are d in diameter and l in spacing. The direction of the grouting hole points in the direction of the preceding grouting hole, which is filled with grout that has not initially set. Fixed constraints were applied around the model. Both soil and slurry were simulated using SPH method.
[image: Figure 2]FIGURE 2 | High pressure jet grouting model.
There are two methods for generating SPH particles in LS-DYNA. One is to directly build the model in the post-processing software LS-PrePost. The other is to first create finite elements in software ANSYS and then import them into LS-PrePost to convert them into SPH particles. This study adopted the second method, which facilitates rapid modeling. In addition, to simulate high-pressure jet grouting, infinite slurry was used to achieve a continuous jet flow of slurry from the nozzle. The method for establishing the high-pressure jet grouting model is shown in Figure 3. To better simulate the impact failure phenomenon of soil body, the mesh in the finite element model was uniformly divided with a size of 1 cm, that is, SPH particle nodes were created with a spacing of 1 cm. Excluding the infinite slurry SPH particles, the total number of SPH particles in the model was 144,270. Three nozzles are simultaneously directed spraying, and the three nozzles are located very close to each other. A simplification is made in the 2D numerical simulation, where the slurry is equated from a point jet to a present jet.
[image: Figure 3]FIGURE 3 | Method for establishing high pressure jet grouting model.
2.3 Material model and parameters
The materials involved in this study mainly include soil and cement slurry. The constitutive model of soil was selected using the MAT-FHWA_SOIL_TITLE model provided by LS-DYNA. This model is suitable for simulating and analyzing the mechanical behavior of soil and has been widely used in numerical simulations of soil blasting seismic dynamic response, soil impact failure under water jet action, and soil cutting. This model modifies the standard Mohr-Coulomb yield surface to a smooth surface, improving the stability of calculations. The yield equation is expressed by Equation 4
[image: image]
where P is the pressure, φ is the internal friction angle, J2 is the second invariant of the deviatori tensor of stress, K(θ) is the function of tensor plane angle, c is the cohesive force, AHYP is a parameter for the similarity between the modified Mohr-Coulomb yield surface and the standard Mohr-Coulomb yield surface.
The above model simultaneously considers plastic hardening, plastic softening, strain rate effect, and pore water pressure effect. In addition, it also has the function of element or SPH particle failure. The main parameters controlling the soil mechanics behavior of the model include bulk modulus, shear modulus, soil density, moisture content, friction angle, and cohesion. Based on the parameters of soil in reference (Wu et al., 2024) and relevant explanations in the LS-DYNA keyword manual (Livermore Software Technology Corporation, 2003), the main parameters of soil are determined, as shown in Table 1.
TABLE 1 | Parameters of soil.
[image: Table 1]The properties of cement slurry are very complex, and there is no mature material model available in LS-DYNA. This study uses the combination of the empty material model and the related equation of state to simulate cement slurry, which is commonly used to simulate fluid. Specifically, defining the density of 1.5 g/cm3 and dynamic viscosity of 2 Pa s using the keyword * MATNULL. Referring to the equation of state of the relevant fluid, simulating the properties of cement slurry. It should be noted that the dynamic viscosity of cement slurry will change over time, but considering the continuity of construction, the time interval between the construction of the two grouting hole is relatively short, and the influence of time on the viscosity of cement slurry was ignored in this study.
3 FACTORS AFFECTING THE QUALITY OF CUT OFF WALLS USING HIGH SPRAY METHOD
3.1 Calculation conditions
Research shows that the main factors affecting the quality of cut off walls using high spray method are hole diameter, grouting pressure, and hole spacing. Conventionally, the diameter of grouting hole is less than 0.2 m, and the soil-breaking of high-speed slurry is very limited. In recent years, large-diameter grouting holes have gradually been applied due to their good soil-breaking effect. In this paper, grouting holes with diameters of 0.3 mm, 0.4, 0.5, and 0.6 m were selected to study the influence of diameter on grouting quality. The grouting pressure for high-pressure jet grouting is usually 20–40 MPa. The grouting pressures of 24, 28, 32, and 36 MPa were adopted. In numerical simulation, different grouting pressures were achieved by applying different initial velocities of particles, which were estimated based on the formula of small hole shooting flow. The hole spacing was set to 0.8, 1.0, 1.2, and 1.4 m for analysis. The calculation conditions are listed in Table 2.
TABLE 2 | Calculation conditions.
[image: Table 2]3.2 Analysis of main influencing factors
Figure 4 shows the variation of the slurry zone between adjacent holes using high-pressure jet grouting method with a hole diameter of 0.6 m in the condition SCI-1. The red area in the figure represents the grout and the blue area represents the soil. In the figure, the red area represents the slurry while the blue area represents the soil. It is easy to find that the high-speed sprayed cement slurry did not initially cause failure to the soil after acting on the hole wall, but bounced off the hole wall and fell into the hole. Under the continuous action of high-speed cement slurry, radial cracks appeared around the wall of the grouting hole. This is because that the hole wall was subjected to impact load and tended to expand outwards, generating large tensile stress in the circumferential direction of the hole. At the same time, the hole already filled with slurry were subjected to compression, which also generated a certain amount of annular stress, resulting in some radial cracks. The slurry with a certain velocity entered the radial cracks, causing them to extend towards the front grouted hole. Finally, the grouting hole was connected to the front grouted hole to form a continuous cut off wall.
[image: Figure 4]FIGURE 4 | The grouting quality under the hole diameter of 0.6 m in the condition SCI-1. (A) Initial time. (B) 1/5 of the calculation time. (C) 2/5 of the calculation time. (D) 3/5 of the calculation time. (E) Final time.
Figure 5 presents the distribution characteristics of slurry between the two holes under different hole diameter conditions. As shown in Figure 5A, when the hole spacing and grouting pressure remained constant, the soil between the small diameter boreholes was thicker, and the guiding effect of the grouted holes on the cracks was not obvious. The soil around the grouting hole was significantly broken, but the soil between the grouting hole and the grouted hole was difficult to break, and the quality of the cut off wall was poor. In Figures 5A–C, the slurry between the two holes was not connected. As the hole diameter increased, the degree of soil failure between the two holes gradually increased, and the area filled with slurry also gradually increased. When the grouting pressure was 32 MPa and the hole spacing is 0.8 m, the slurry could only penetrate the two holes under the condition of a diameter of 0.6 m. At this point, the cut off wall was relatively continuous. The width of the wall is more likely to meet the design requirements. Based on the principle of equivalent area, the average thickness of the wall is 41 cm, as shown in Figure 5D.
[image: Figure 5]FIGURE 5 | The filling area of slurry under different hole diameter conditions (A) d = 0.3 m (B) d = 0.4 m (C) d = 0.5 m (D) d = 0.6 m.
Figure 6 presents the distribution characteristics of slurry between the two holes under different grouting pressure conditions. Compared with the influence of the hole diameter on the grouting quality in Figure 5, the influence of the grouting pressure is not significant when it varies between 20–40 MPa. When the hole diameter was 0.6 m and the hole spacing was 0.8 m, the slurry in some areas between the two holes was not connected under the conditions of grouting pressure of 24 or 26 MPa. Correspondingly, the quality of the anti-seepage wall was poor. Under the conditions of grouting pressure of 32 or 36 MPa, although there was some soil wrapped in the slurry between the holes, the slurry and soil mixed together to form a dense and continuous wall. The greater the grouting pressure, the larger the width of the zone of slurry between the holes, and the better the wall quality.
[image: Figure 6]FIGURE 6 | The filling area of slurry under different grouting pressure conditions. (A) p = 24 MPa. (B) p = 28 MPa. (C) p = 32 MPa. (D) p = 36 MPa.
Figure 7 shows the influence of hole spacing on the grouting quality between the two holes. When the grouting pressure was 32 MPa and the hole diameter was 0.6 m, the slurry area between the holes transitioned from a connected state to a non-connected state. When the hole spacing was 0.8 m, the slurry between the holes was connected, as shown in Figure 7A. When the hole spacing was 1.0, 1.2, and 1.4 m, the slurry was not connected, as shown in Figures 7B–D. As the hole spacing increased, the propagation direction of fractures in the soil under the high-speed slurry gradually deviated from the direction of the inter-hole centerline. Moreover, the larger the hole spacing, the greater the deflection angle, which leads to a gradual decrease in the grouting area between the holes and a deterioration in the quality of the cut off wall.
[image: Figure 7]FIGURE 7 | The filling area of slurry under different hole spacing conditions. (A) l = 0.8 m (B) l =1.0 m (C) l = 1.2 m (D) l = 1.4 m.
Comparing the distribution of slurry between holes and the average thickness of the wall under different conditions in Figures 5–7, it is found that the influence of hole diameter and spacing on the quality of cut off walls is more significant. Through the above analysis, it can be seen that, if the grouting technology with large diameter and high pressure is used for the construction of cut off walls, the quality of walls is better when the hole diameter is 0.6 m, the grouting pressure is 32 MPa, and the hole spacing is 0.8 m. Reducing the hole diameter and grouting pressure or increasing the hole spacing will lower the quality of cut off walls. Adjusting the hole spacing between holes is an effective method for controlling the quality of cut off walls. The present study provides a method for determining the optimal hole spacing given the hole diameter and grouting pressure, which can provide a reference for optimizing the construction parameters of cut off walls in water conservancy and hydropower projects.
4 FIELD EXPERIMENT
Based on the above analysis, field experiments were conducted to test the construction quality of cut off walls using high spray method, relying on the flood control project in Luotang Township, Jiangxi Province, China. The project is located in the lower reaches of the Suichuan River, a tributary of the Ganjiang River, starting from Songyang Village and ending at Zhaitou Village. It is situated on the left bank of the Suichuan River and has a total length of 8.0 km for river regulation. The foundation of the Songyang embankment in the project location has serious leakage and poor flood resistance, which seriously affects the production and life of the local people and restricts the local economic and social development. Therefore, the main objective of the project is to construct a cut off wall to improve the anti-seepage performance of the embankment foundation.
Through the above numerical simulation, the quality of walls is better when the hole diameter is 0.6 m, the grouting pressure is 32 MPa, and the hole spacing is 0.8 m. These parameters were used in the field for the verification test. The method of combining wall excavation detection with core drilling coefficient detection was adopted for the quality inspection and evaluation of cut off walls. Wall excavation was carried out at intervals of 500 m along the wall axis, with each excavation area measuring 3–5 m in length and 2.5–4.0 m in depth. As shown in Figure 8, the cut off wall in the test section was continuous and intact, with no leak spray. By measuring the width of the cut off wall at different locations, the average thickness of the wall was obtained as 38 cm, which is in good agreement with the corresponding wall thickness of 41 cm under the corresponding conditions obtained from the numerical simulation results.
[image: Figure 8]FIGURE 8 | Wall excavation inspection. (A) Test section. (B) Wall appearance.
After 28 days of construction, core holes were drilled at 500 m intervals along the axis of the wall. The core drilled samples of the walls in the test section are shown in Figure 9A. The sample core was intact and the surface was smooth. The coefficient of permeability was tested using a SS-2.5 Penetrometer, as shown in Figure 9B. Two core holes were drilled on site, A and B, and three sample cores were taken from each hole to test the permeability coefficient. The core permeability coefficients were listed in Table 3. The average values of permeability coefficient of hole A and hole B were 8.33 × 10−7 cm/s and 9.12 × 10−7 cm/s, respectively, which are less than the design value (1–9) × 10–6 cm/s. Qualitative excavation test results and qualitative core permeability test results verified the reliability of the above numerical simulation results.
[image: Figure 9]FIGURE 9 | Core drilling and permeability coefficient testing equipment. (A) Core drilled samples. (B) SS-2.5 Penetrometer.
TABLE 3 | Core permeability coefficient.
[image: Table 3]5 CONCLUSION
The present study established a two-dimensional plane strain model for the simulation of the construction of cut off walls using the high pressure jet grouting based on the SPH method. The influence of hole diameter, grouting pressure and hole spacing on the process of soil failure and the quality of the wall was analyzed systematically. Combined with the construction test of cut off walls using high spray method in Luotang Township, Jiangxi Province, China, the simulation results of this article were preliminarily verified. The main conclusions are as follows:
(1) The high-speed sprayed cement slurry will not initially cause failure to the soil after acting on the hole wall, but bounce off the hole wall and fell into the hole. Under the continuous action of high-speed cement slurry, radial cracks will appear around the wall of the grouting hole. The slurry with a certain velocity enters the radial cracks, causing them to extend towards the front grouted hole. The grouting hole will be connected to the front grouted hole to form a continuous cut off wall.
(2) As the hole spacing increased, the propagation direction of fractures in the soil under the high-speed slurry gradually deviated from the direction of the inter-hole centerline. The influence of hole diameter and spacing on the quality of cut off walls is more significant. Reducing the hole diameter and grouting pressure or increasing the hole spacing will lower the quality of cut off walls. The quality of walls is better when the hole diameter is 0.6 m, the grouting pressure is 32 MPa, and the hole spacing is 0.8 m.
(3) Relying on the flood control project in Luotang Township, Jiangxi Province, China, the method of combining wall excavation detection with core drilling coefficient detection was adopted for the quality inspection and evaluation of cut off walls. The cut off wall in the test section was continuous and intact, with no leak spray. The average values of permeability coefficient of the two sets of samples are less than the design value. Qualitative excavation test results and qualitative core permeability test results verified the reliability of the above numerical simulation results.
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