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ABSTRACT: The theoretical formula of the cylindrical diffusion model of radial tube flow for sand layer penetration 

grouting, considering the tortuous effect, was embedded in COMSOL Multiphysics to explore the curtain formation 

mechanism of ground drilling grouting in a water-rich sand layer. The grouting of three adjacent grouting holes during a 

ground drilling grouting project for the main shaft of Guotun Coal Mine was numerically simulated. Moreover, the formation 

of a grouting curtain and the distribution law of the pressure isosurface and velocity field during slurry diffusion were 

analyzed. The results revealed that the volume fraction of cement slurry gradually decreased along the diffusion direction, 

and slurry volume fractions of (0.6, 0.8] corresponded to the key areas for grouting reinforcement. The isosurface of 

formation pressure changed from dense to sparse along the direction of slurry diffusion, indicating that slurry pressure rapidly 

and slowly attenuates near and far from the grouting pipe, respectively. 
 

RÉSUMÉ: Afin d’explorer le mécanisme de formation du rideau d'injection dans le forage souterrain d'une couche de sable 
riche en eau, nous considérons la formule théorique du modèle de diffusion cylindrique de la canalisation de rayonnement 

de coulis d’infiltration de couche de sable avec effet tortueux intégré dans COMSOL Multiphysics, et simulons 

numériquement le processus de coulis de trois trous de coulis adjacents dans le projet de forage de surface et de coulis du 

puits principal de la mine de charbon de Guotun, et analysons la loi de distribution du champ de surface et de vitesse 

équivalente à la pression pendant le processus de formation du rideau de coulis et de la diffusion de boue. Les résultats 

montrent que la fraction volumique de la boue de ciment diminue progressivement le long de la direction de diffusion, et 

que la région de la fraction volumique de la boue à (0,6, 0,8] est la région clé du renforcement de l'injection. Les isosurfaces 

de pression stratigraphique vont de denses à éparses le long de la direction de diffusion de la boue, ce qui indique que la 

pression de la boue diminue fortement près du tuyau d'injection et diminue lentement dans la région éloignée du tuyau 

d'injection. 
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1 INTRODUCTION 

Water leakage accidents often occur when servicing 

coal mine shafts, which severely threaten the safety of 

underground workers and lower production efficiency. 

Common measures for shaft seepage treatment are 

grouting after wall and ground drilling grouting. 

However, the shaft wall of the water-rich sand layer is 

at a high risk of water inrush after grouting and fails to 

meet current coal mine safety regulations. 

Accordingly, ground drilling grouting is preferred 

instead. Ground drilling grouting results in the 

formation of a grouting curtain around the shaft, which 

prevents disruption to normal shaft production. By 

isolating the groundwater seepage around the shaft 

wall, this method can effectively improve the 

deformation coefficient of the stratum and the stress 

state of the shaft. 

Existing research on the formation of the grouting 

curtain has focused on tunnel engineering. Taking the 

curtain grouting reinforcement of Nanshibi Tunnel as 

an example, Yin et al. (2022) studied the creep 

behavior of grouting stone based on nonlinear 

Burgers’ model and numerically simulated the 
grouting process of the operating tunnel. Chai and Cui 

(2012) validated the theory of optimal grouting curtain 

thickness via finite element numerical simulation 

based on one- and two-dimensional seepage models. 

Zhang et al. (2015) explored the influence of curtain 

grouting on the pore pressure field, stress field, and 

plastic zone rock surrounding tunnels using the fluid–
solid coupling method and numerical simulation 

method. Taking a water-rich loess tunnel as an 

example, Wei et al. (2021) verified that curtain 
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grouting can effectively control surrounding rock 

deformation and surface settlement. Li et al. (2021) 

studied the propagation law of tunnel cracks under 

different curtain grouting parameters and described the 

characteristics of water inrush caused by excavation. 

These research efforts demonstrated the complex 

diffusion of slurry in a complex formation 

environment. These studies obtained grouting results 

under specific working conditions and captured the 

dynamic diffusion of slurry in the layer. These provide 

some reference for guiding grouting construction and 

optimizing grouting parameters. 

The development of numerical calculation software 

has facilitated the numerical simulation of grouting. 

Han et al. (2022) used COMSOL multiphysics 

multifield coupled numerical simulation software to 

study the diffusion law of cement slurry in the 

surrounding rock of a tunnel by considering time-

varying gravity and viscosity. Pan et al. (2022) and 

Guo et al. (2021) used similar methods to study the 

influence of different grouting parameters on the 

grouting effect. Zhang et al. (2018) and Yang et al. 

(2021) used discrete element numerical methods, such 

as PFC2D and EDEM, to simulate grouting in a soft 

coal seam and obtain the slurry diffusion range under 

given grouting pressures. Wang et al. (2021) used 

finite difference software FLAC3D to optimize the 

grouting parameters of an ultrashallow buried double-

arch tunnel with a large section. 

Therefore, reports on the curtain formation process 

of a coal mine shaft during ground drilling curtain 

grouting are few. As such, research is urgently needed 

to guide the selection of grouting parameters to control 

leakage in a coal mine shaft wall during ground 

drilling. The grouting process of three adjacent 

grouting holes in the main shaft during a ground 

drilling grouting project in Guotun Coal Mine, 

Shandong Province, was numerically simulated using 

COMSOL Multiphysics. The pressure isosurface and 

velocity field distribution during grouting curtain 

formation and slurry diffusion were analyzed. 

Notably, the results have reference value for shaft 

water disaster control in water-rich sand layers. 

2 PROJECT OVERVIEW 

The water inflow of the Guotun Coal Mine in 

Shandong Province is shown in Figure 1. During shaft 

construction, the water inflow is 50–60 m3/h, whereas 

it was 500–600 m3/h during coal mine production, an 

increase of approximately 10-fold. This resulted in 

uneven ground subsidence and shaft deflection of the 

industrial square, and the maximum shaft deflection of 

the main shaft and the auxiliary shaft were 348 mm 

and 336 mm, respectively, which pose a risk for coal 

mine production. Therefore, to maintain normal mine 

production, surface drilling grouting was used to 

control the unevenness and settlement of the shaft. 

According to the water pressure, grouting, and core 

indoor geotechnical tests, as well as the results 

obtained from the test and grouting holes were 

distributed on the circumference, with a radius of 30 m 

and the wellbore center serving as the center. The 

pressure relief holes were distributed on the 

circumference, with a radius of 16 m and the wellbore 

center serving as the center. The grouting holes and 

pressure relief holes were misplaced, and the design 

grouting diffusion radius was 8 m. The layout of the 

boreholes around the main shaft are shown in Figure 2. 

The 12 grouting holes were spaced 13.84 m apart. 

Seven pressure relief holes (including the main hole 

and the main inspection hole) were arranged, with hole 

spacings of 9.81–16.00 m. Moreover, 9 directional 

drilling holes were arranged. 

 

 
Figure 1. Statistics of water inflow in mining area. 

 

 
Figure 2. Layout plan of drilling hole. 
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3 NUMERICAL SIMULATION 

To verify the rationality of the design parameters of 

the curtain grouting scheme and grout diffusion law, 

as well as the formation mechanism of the curtain, the 

grouting processes of holes W1, W2, and W3 in the 

main well were taken as the research object. Moreover, 

the slurry cylindrical diffusion theory formulas 

derived from the literature (Wang, 2022a, 2022b) were 

embedded into COMSOL Multiphysics. A numerical 

simulation of cylindrical diffusion of ground borehole 

grouting was then conducted. 

3.1 Basic assumptions 

1) The distance between the three grouting holes 

selected for the simulation was relatively small, and 

the stratum in the grouting section is a whole, the soil 

layer is incompressible, and the physical parameters 

are isotropic. 

2) The slurry is an incompressible Bingham fluid, 

and the flow pattern does not change during grouting. 

3) The percolation of slurry and water satisfies the 

generalized Darcy’s law. 

3.2 Model parameters and meshing 

The grouting model is shown in Figure 3. The size of 

the model was 80 m80 m40 m. The three grouting 

holes were located on the circumference with a radius 

of 30 m and the center of the main shaft as the center. 

The same spatial positions as holes W1, W2, and W3 

in the main shaft were used, and the distance between 

adjacent grouting holes was 13.84 m. Additionally, the 

length of the grouting pipe was 36 m, which does not 

penetrate the simulated formation, and the slurry flows 

into the formation along the radial flow after flowing 

out of the grouting pipe. 

 

 
Figure 3. Grouting model. 

 

The results of laboratory geotechnical tests of the 

sand revealed a density of 2000 kg/m3, volume 

modulus of 100 MPa, shear modulus of 20 MPa, 

cohesion of 5 Pa, internal friction angle of 35°, lateral 

pressure coefficient of 0.42, and porosity of 0.35. The 

density of water was 1000 kg/m3, and the dynamic 

viscosity was 1.0 mPa·s. The slurry density was 

1310 kg/m3, and the dynamic viscosity was 

11.0 mPa·s. The Biot coupling coefficient was 1.0. 

The meshing of the model is shown in Figure 4. 

First, a virtual grid domain was used to divide the 

vicinity of the grouting hole, the edges of the box were 

then encrypted, and the tetrahedral mesh was used to 

divide the model. Finally, the remainder of the model 

was refined. The complete mesh consisted of 479,102, 

21,742, and 4080 domain, boundary, and edge 

elements, respectively. 

 

 
Figure 4. Model meshing diagram. 

4 RESULTS AND ANALYSIS 

4.1 Slurry Diffusion Form 

Under the action of slurry pressure, the cement slurry 

permeates and diffuses within the saturated sandy soil, 

sequentially forming the cement slurry, slurry–water 

mixing, and pore water zones along the diffusion 

direction. The volume fraction method was used to 

characterize the slurry–water mixing zone to 

characterize the volume percentage of the slurry 

occupying the slurry–water mixing zone with a 

continuously varying numerical interval (0,1). The 

process of cement slurry replacing pore water in the 

pore space of sandy soil via osmotic diffusion was 

simulated via the “two-phase Darcy’s law” interface of 
COMSOL Multiphysics. 

First, the two-phase Darcy’s law physical field was 
accessed, and the theoretical formula of the cylindrical 

diffusion model of radial tube flow obtained from the 

literature (Wang, 2022a, 2022b) was embedded into 

COMSOL Multiphysics. Holes W1 and W3 were 

slurried first, and the pressure boundary conditions in 

holes W1 and W3 were set, with a measuring line 

arranged at the connecting line of holes W1 and W3. 

The time variable was controlled via transients, and 

slurry injection was stopped when the predetermined 

slurry radius was reached. Slurry injection was then 

repeated for hole W2 and stopped when the slurry 

body intersected the circle to form a complete curtain. 

The slurry diffusion form is shown in Figure 5. 

Figure 5 shows that the slurry diffusion region of a 
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single slurry injection hole was approximated as a 

cylinder. The cement slurry volume fraction was 

higher near the grouting pipe and gradually decreased 

along the diffusion direction. In this study, the region 

where the volume fraction of the cement slurry was 

greater than 0.4 was taken as the effective slurry 

diffusion region, and the interface where the volume 

fraction of the slurry was equal to 0.4 was the slurry 

diffusion frontal surface (Cai, 2018). The distance 

from the diffusion frontal surface to the axis of the 

slurry pipe was the slurry diffusion radius. 

 

 
Figure 5. Slurry diffusion form. 

 

The volume fraction of cement slurry can be 

divided into four regions along the radial distribution. 

The area with a slurry volume fraction of (0, 0.4] was 

the ineffective reinforcement area, which was omitted 

from the figure. The cement content in this area was 

too low to achieve water plugging or reinforcement 

effects. The area with a slurry volume fraction of (0.4, 

0.6] was located at the outer edge of the effective 

reinforcement area, and the width of this area was 

small relative to the width of the slurry curtain. The 

region with a slurry volume fraction of (0.6, 0.8] had a 

higher cement content, with good water plugging and 

reinforcement effects, and was the primary region of 

slurry reinforcement. The region with a slurry volume 

fraction of (0.8, 1.0] was concentrated near the slurry 

pipe and accounts for a low percentage of the entire 

slurry diffusion region. This suggests that the cement 

slurry was diluted with pore water soon after flowing 

from the slurry pipe. 

The radius of diffusion was 5.48 m when holes W1 

and W3 were slurried for 15 h; when slurried for 30 h, 

the radius of diffusion was 7.72 m, which was close to 

the design value of 8 m, and the slurring was stopped 

at this time. After 18 h of grouting in hole W2, the 

slurry front was tangent to the grouted stones in holes 

W1 and W3, and the radius of diffusion at this time 

was 6.12 m. Afterward, the diffusion of the slurry in 

the tangent direction of the circumference of the 

grouted holes was hindered by the slurry stones in 

holes W1 and W3, and the diffusion of the slurry in the 

direction of the circumference of the slurry holes was 

dominated by slurry diffusion in the tangent direction 

of the circumference of the grouted holes. Therefore, 

the diffusion process gradually increased the width of 

the slurry curtain after the slurry front of hole W2 was 

tangent to the slurry nodule body of holes W1 and W3. 

After 27.3 h of slurry injection in hole W2, the width 

of the slurry curtain was relatively uniform 

(approximately 16 m). In this study, only three slurry 

holes were selected for simulation. Because the 

distribution of slurry holes had spatial symmetry, if 

skip-hole slurrying is performed over the entire circle 

diameter, a circular slurry curtain with a width of 

approximately 16 m will be formed at the periphery of 

the wellbore. 

4.2 Pressure isosurface and velocity field 

distribution laws 

The distribution of pressure isosurfaces and the 

velocity field in the slurry diffusion is shown in Figure 

6. The arrows in the figure represent the velocity field, 

and their direction is the velocity field direction. The 

isosurfaces represent the pressure field, and the 

direction of the outer normal of the isosurfaces is the 

pressure direction. Figure 6 shows that the pressure 

isosurface is denser near the slurry pipe and sparser 

away from it, indicating that the slurry pressure is 

sharply attenuated near the slurry pipe. Attenuation 

was slow in the region away from the grouting pipe 

and gradually close to the formation stress. This 

change rule is consistent with the results in the 

literature (Wang, 2022a, 2022b) regarding the slurry 

pressure attenuation law. 

Figures 6(a) and 6(b) show that the slurry pressure 

influence range is only in the vicinity of the slurry pipe 

during preslurrying in holes W1 and W3. The pressure 

was higher near the slurry pipe, and the pressure 

decayed faster near the slurry pipe. Almost no 

interaction occurred between the two grouting pipes, 

and the influence range of grouting pressure was not 

prominent. As slurry injection proceeded, the slurry 

pressure gradually affected the surrounding strata 

through the slurry in the formation. Meanwhile, the 
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pressure field between the two grouting pipes 

gradually began to interact, and the pressure dissipated 

faster in the slurry body and slower in the formation. 

Finally, a pressure fault was formed at the interface 

between the grouted caking body and the sandy soil, 

as shown in Figures 6(c) and 6(d). 

As shown in Figures 6(e)–6(h), the slurry pressure 

was concentrated in the vicinity of the slurry pipe at 

the beginning of slurry injection in hole W2, and the 

influence of slurry injection in hole W2 on the change 

of formation stress was not prominent. As the slurry 

injection proceeded, the slurry diffusion was affected 

by the slurry injection nodule body of holes W1 and 

W3 after the slurry front was tangent to the slurry 

injection nodule body of the holes. The slurry and 

water need to bypass this region, and the slurry 

pressure equivalent surface and velocity field 

distribution were reduced to only one axis of 

symmetry. The influence range of the grouting 

pressure mainly acted on the nodule body; that is, the 

slurry pressure decayed toward the vicinity of the 

slurry nodule body, it was less than the shear force 

provided in the formation, and slurry spreading 

stopped. The pressure decay rate on the outside of the 

nodule body slowed, and the pressure was more evenly 

distributed within the formation. 

 

 
Figure 6. Pressure isosurface and velocity field distribution. 

 

5 CONCLUSIONS 

(1) The theoretical formula of the cylindrical diffusion 

model of radial tube flow was embedded in COMSOL 

Multiphysics, and the grouting process of holes W1, 

W2, and W3 holes in the ground drilling grouting 

project of the main shaft of Guotun Coal Mine was 

numerically simulated. The grouting construction 

involved designing a circle and determining the hole 

spacing, and a grouting curtain with a thickness of 

approximately 16 m was formed around the shaft. 

(2) Cement slurry was gradually diluted by pore 

water along the direction of grouting diffusion. Only 

the area near the grouting pipe has a slurry volume 

fraction of (0.8, 1.0], and the area with a slurry volume 

fraction of (0.6, 0.8] was the key area for grouting 

reinforcement, accounting for the highest proportion 

of grouting curtain width. 

(3) The slurry affects the pressure field around the 

injected formation. The pressure isosurface was dense 

near the grouting pipe, but sparse far from the grouting 

pipe. The slurry pressure decayed sharply near the 

grouting pipe and slowly far from the grouting pipe, 

gradually approaching the formation stress. 

ACKNOWLEDGEMENTS 

The project presented in this article is supported by the 

Anhui University of Science and Technology 

Research Fund for the Introduction of Talents 

(2023yjrc15). 

REFERENCES 

Cai, Y. J. (2018). Study on Grouting Diffusion Mechanism 

of Loose Bottom Aquifer in Guotun Coal Mine. Master 

thesis, Anhui University of Science and Technology, 

Huainan, Anhui. (In Chinese). 

Chai, J. R. and Cui, W. J. (2012). Optimum thickness of 

curtain grouting on dam foundation with minimum 

seepage pressure resultant. Structural and 

multidisciplinary optimization, 45(2): 303-308. 

https://doi.org/10.1007/s00158-011-0699-7. 

2725 Proceedings of the XVIII ECSMGE 2024

https://doi.org/10.1007/s00158-011-0699-7


D – Current and new construction methods 

Guo, T. T. Zhang, Z. W. Yang, Z. Q. Zhu, Y. Y. Yang, Yi. 

Guo, Y. H. Wang, R. C. Zhang, B. H. Fang, Y. C. Yu, 

D. L. Mi, Y. P. Su, J. K. Liu, H. Zhang, J. Guo, Y. F. and 

Wang, H. L. (2021). Penetration Grouting Mechanism 

of Time-Dependent Power-Law Fluid for Reinforcing 

Loose Gravel Soil. Minerals (Basel), 11(12): 1-17. 

https://doi.org/10.3390/min11121391. 

Han, X. L. Li, C. Y. Wang, G. Yang, Z. Q. Feng, C. C. Li, 

M. Zhao, C. S. Zhang, Z. H. He, N. Wang, X. P. Ye, C. 

W. Yuan, L. W. Yang, T. Q. Xi, W. F. Li, X. H. (2022). 

Study on Diffusion Laws for Cement Slurry in 

Surrounding Rock of Tunnels Considering Gravity and 

Time-Varying Viscosity of Slurry. Industrial 

Construction, 52(03): 38-43. https://doi.org/10.13204/j. 

gyjzg21090708 (In Chinese). 

Li, G. Ma, W. B. Tian, S. M. Zhou, H. B. and Fan, H. B. 

(2021). Groundwater Inrush Control and Parameters 

Optimization of Curtain Grouting Reinforcement for the 

Jingzhai Tunnel. Geofluids, 2021: 1-10. https://doi.org/ 

10.1155/2021/6634513. 

Pan, W. D. Liang, S. Y. Liu, S. Y. Zhao, Z. N. and Zha, D. 

S. (2022). Numerical Simulation of Diffusion Regularity 

and Parameter Optimization of Shaft Grouting Slurry. 

PROCESSES, 10(5): 1-15. https://doi.org/10.3390/ 

pr10050803. 

Wang, J. X. Cao, A. S. Wu, Z. Wang, H. R. Liu, X. T. Li, H. 

B. Q. and Sun, Y.W. (2021). Experiment and Numerical 

Simulation on Grouting Reinforcement Parameters of 

Ultra-Shallow Buried Double-Arch Tunnel. Applied 

sciences, 11(21): 10491. https://doi.org/10.3390/ 

app112110491. 

Wang, X. S. Cheng, H. Yao, Z. S.Rong, C. X. Huang, X. W. 

and Guo, L.H. (2022a). Theoretical Research on 

Grouting in Deep Loose Layers Based on the Cylindrical 

Diffusion Model of Radial Tube Flow. Geofluids, 2022: 

1-12. https://doi.org/10.3390/w14071028. 

Wang, X. S. Cheng, H. Yao, Z. S.Rong, C. X. Huang, X. W. 

and Liu, X. Y. (2022b). Theoretical Research on Sand 

Penetration Grouting Based on Cylindrical Diffusion 

Model of Tortuous Tubes. Water (Basel), 14(7): 1028. 

https://doi.org/10.3390/w14071028. 

Wei, Z. D. Zhu, Y. P. Bin, G. and Gong, B. (2021). Seepage 

in Water-Rich Loess Tunnel Excavating Process and 

Grouting Control Effect. Geofluids, 2021: 1-13. 

https://doi.org/1-13. 10.1155/2021/5597845. 

Yang, C. W. Guo, J. H. Wei, S. W. Zhang, L. Li, S. F. and 

Liu, Y. (2021). Study on the Calculation Method of the 

Diffusion Range of Grouting Slurry for a High-speed 

Railway Ballastless Track Subgrade. Advances in Civil 

Engineering, 2021: 1-8. https://doi.org/10.1155/2021/ 

5279479. 

Yin, Z. C. Zhang, X. Li, X. H. Zhang, J. Q. and Zhang, Q. 

S. (2022). Modified Burgers model of creep behavior of 

grouting-reinforced body and its long-term effect on 

tunnel operation. Tunnelling and underground space 

technology, 127: 104537. https://doi.org/10.1016/j.tust. 

2022.104537. 

Zhang, Q. S. Li, P. Wang, G. Li, S. C. Zhang, X. Zhang, Q. 

Q. Wang, Q. Liu, J. G. and Kala, Z. (2015). Parameters 

Optimization of Curtain Grouting Reinforcement Cycle 

in Yonglian Tunnel and Its Application. Mathematical 

problems in engineering, 2015: 1-15. https://doi.org/ 

10.1155/2015/615736. 

Zhang, Z. L. Shao, Z. S. Fang, X. B. and Liang, X. J. (2018). 

Research on the Fracture Grouting Mechanism and PFC 

Numerical Simulation in Loess. Advances in materials 

science and engineering, 2018:1-7. https://doi.org/10. 

1155/2018/4784762 . 
 

2726 Proceedings of the XVIII ECSMGE 2024

https://doi.org/10.3390/min11121391
https://doi.org/10.3390/w14071028
https://doi.org/10.3390/w14071028
https://doi.org/1-13.%2010.1155/2021/5597845
https://doi.org/10.1016/j.tust.%202022.104537
https://doi.org/10.1016/j.tust.%202022.104537


INTERNATIONAL SOCIETY FOR 
SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE. 

The paper was published in the proceedings of the 18th 
European Conference on Soil Mechanics and 
Geotechnical Engineering and was edited by Nuno 
Guerra. The conference was held from August 26th to 
August 30th 2024 in Lisbon, Portugal.

https://www.issmge.org/publications/online-library
https://issmge.org/files/ECPMG2024-Prologue.pdf

