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Abstract 

Deep metal mines face increasing risks of water and sand inrush under complex fracture 
network conditions, where the unclear mechanism of slurry diffusion limits the reliability 
of horizontal curtain grouting. Taking the Cuihongshan iron–polymetallic mine as a case 
study, this paper establishes a stochastic three-dimensional discrete fracture network model 
and adopts an orthogonal experimental design to systematically investigate the effects of 
key engineering parameters on grout diffusion behavior. The results reveal that grouting 
pressure acts as the dominant controlling factor, significantly expanding the diffusion range 
and promoting the formation of continuous high-fill zones within the fracture network. 
Conversely, slurry viscosity exhibits a negative correlation with diffusion performance, 
leading to reduced inter-borehole connectivity as viscosity increases. Compared with con-
ventional macro-indicators, the inter-borehole overlap rate provides a more precise quanti-
tative measure of curtain continuity. The study demonstrates that achieving a sufficiently 
high overlap rate is critical for transitioning from discontinuous filling to a reliable imper-
meable curtain. These findings offer a theoretical basis for optimizing grouting parameters 
and evaluating sealing effectiveness in deep mine construction. 

Keywords: water and sand inrush; horizontal curtain grouting; 3D fracture network;  
diffusion law; grouting pressure 
 

1. Introduction 
Metallic minerals serve as a cornerstone of the modern industrial system and na-

tional economic growth; consequently, their strategic value is intrinsically linked to na-
tional productivity advancement and energy security assurance [1–3]. However, con-
strained by the depletion of shallow mineral resources, China’s metal mining sector has 
entered a strategic phase characterized by deep excavation and westward expansion. This 
transition is accompanied by increasingly complex and severe engineering and hydroge-
ological conditions, where high in situ stress, elevated geothermal gradients, high karst 
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water pressures, and intense mining-induced disturbances are superimposed upon one 
another [4–6]. This transition has not only significantly altered the physico-mechanical 
properties of rock masses but also facilitated the connection of concealed water-sand chan-
nels, thereby directly elevating the risk of water and sand inrush disasters. Consequently, 
such phenomena have emerged as a critical bottleneck constraining safe production and 
efficient extraction in mines [7–9]. 

From the perspective of disaster occurrence, the continuous expansion of metal min-
ing operations has precipitated a shift in water inrush and sand inrush incidents from 
sporadic events to prominent safety hazards across the industry [10–12]. Notable acci-
dents, such as those at the Macheng iron mine and the Cuihongshan iron–polymetallic 
mine, have resulted in substantial economic losses and compromised safety, while also 
revealing the destructive nature of such disasters within the metal mining sector. Concur-
rent with these developments, numerous metal mines across multiple provinces in China 
continue to face persistent latent risks or remain under prolonged threat from such disas-
ters, rendering the urgency of their governance increasingly prominent [13]. Unlike water 
inrush and sand bursting disasters in coal mines, those in metal mines are characterized 
by distinct metallogenic backgrounds, such as complex stratigraphic structures induced 
by magmatic intrusions, intricate fracture networks, and heterogeneous hydrogeological 
systems [14]. These factors endow metal mine disasters with greater suddenness, ampli-
fied destructive power, and heightened mitigation complexity. Moreover, occurring pre-
dominantly in dynamic hydrogeological settings, these incidents further complicate pre-
vention and control efforts [15]. 

Extensive research has been conducted by scholars worldwide on mine water and 
sand inrush disasters, establishing a consensus that the occurrence of such hazards is con-
tingent upon four core prerequisites: (i) abundant source materials; (ii) conduits capable 
of transmitting water-sand mixtures; (iii) a driving force sufficient to breach the aquifuge; 
and (iv) an accommodation space for the disaster to manifest [16]. Regarding mitigation 
technologies, conventional approaches primarily rely on dewatering coupled with pres-
sure relief and grouting reinforcement. While the dewatering method retains limited ap-
plicability in shallow mining scenarios, it fails to meet the demands of deep excavation. 
As mining depth increases, the drainage volume escalates exponentially, leading not only 
to a surge in operational costs but also to ecological repercussions, such as the disruption 
of regional groundwater systems [17]. As a pivotal technique for strata reinforcement and 
water plugging, the efficacy of grouting technology hinges critically on the precise char-
acterization of slurry diffusion patterns. Particularly within the complex void structures 
of fractured and collapsed bodies, the mechanisms governing slurry migration and diffu-
sion remain incompletely understood [18–20]. Consequently, investigating the mecha-
nisms governing slurry migration and diffusion within the voids of fractured and col-
lapsed bodies, and elucidating the evolution laws of slurry penetration, filling, and con-
solidation under multi-factor coupling effects, holds considerable theoretical value and 
provides practical guidance for optimizing grouting parameters and enhancing the effi-
cacy of strata reinforcement and water inrush control. 

Furthermore, the unexpected exposure of concealed aquifer-bearing structures in 
deep mining, such as undetected faults and karstic erosion channels, often triggers sud-
den, large-scale water and sand inrush. Such unforeseen risks exponentially amplify the 
complexity and difficulty of disaster prevention and control [21–23]. Existing studies in-
dicate that neither conventional water inrush prevention techniques for metal mines nor 
mitigation experience derived from coal mines can be directly adapted to the unique op-
erational contexts of metal mining. The integration of new-generation information tech-
nologies within this domain remains largely exploratory. Notably, there is a paucity of 
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research coupling the characterization of slurry diffusion patterns with the fine-scale de-
lineation of three-dimensional fracture networks. Consequently, the diffusion behavior of 
slurry within stochastic fracture networks has been insufficiently studied, thereby imped-
ing the effective prediction of the continuity and integrity of curtain grouting bodies. In 
view of this, constructing stochastic three-dimensional fracture network models to sys-
tematically analyze the influence of grouting parameters on slurry diffusion patterns—
thereby achieving a synergistic optimization of disaster prevention and on-site remedia-
tion—has emerged as a critical research frontier requiring urgent breakthroughs. 

2. Materials and Methods 
2.1. Case Study 

2.1.1. Engineering Geological Conditions 

The Cuihongshan iron–polymetallic mine is located in Xunke County, Heilongjiang 
Province, China, approximately 240 km southeast of Heihe City and 80 km north of Yi-
chun City. In 2019, a caving-induced water inrush occurred at the northwestern side of an 
old goaf at the 310 m level during the mining operation of the Cuihongshan iron–
polymetallic mine [24,25]. Following the incident, compaction backfilling was imple-
mented to treat the surface subsidence zone. Exploratory drilling revealed that a substan-
tial volume of loose sands, interbedded with minor fluvial gravels, is distributed at depths 
of 110–116 m within the collapse core zone. The disaster mitigation zone is characterized 
by highly active hydrodynamic conditions and extremely complex geological structures; 
consequently, a scientific approach is imperative to achieve the comprehensive remedia-
tion of the collapse and caving masses. The designed horizontal grout curtain has a total 
length of 913.58 m, with 126 grouting holes arranged along the alignment. The average 
hole depth is 122.05 m, resulting in a total drilling footage of 15,377.69 m and a total 
grouted length of approximately 14,072.69 m. Grouting is carried out following the prin-
ciple of stage-wise densification. Each row of grouting holes is constructed in three se-
quences: the Stage I holes are drilled and grouted first, followed by the Stage II holes, and 
finally the Stage III holes, as shown in Figure 1. The total grout volume injected is 1623.41 
m3, with a total cement mass of 934.48 t. The average grout consumption is 1.27 m3/m, and 
the average cement consumption is 0.697 t/m. The maximum grout intake occurred in 
borehole ZK62, where the cumulative grout volume reached 99.886 m3, corresponding to 
8.241 m3/m and 4.633 t/m for unit grout and cement consumptions. These results indicate 
significant heterogeneity in the development of karst fractures and notable variability in 
grout uptake across the formation. 

Figure 1. Site photographs of the horizontal grout curtain construction at the Cuihongshan iron-
polymetallic mine. 
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2.1.2. Hydrogeological Conditions 

The study area is situated in the northern segment of the Yichun–Yanshou geosyn-
clinal fold system, within the eastern part of the Hinggan–Inner Mongolia geosynclinal 
fold region. The crystalline basement comprises metamorphic rocks of the Lower Paleo-
proterozoic Dongfengshan Group, ranging from high greenschist to low amphibolite fa-
cies, while the early sedimentary cover is composed of marine magnesian carbonates of 
the Qianshan Formation, Lower Cambrian Xilin Group. The district is characterized by 
multi-phase granitic intrusions, predominantly of the Middle Caledonian and Indosinian 
epochs, which are the most widespread. Paleozoic strata predominantly occur as xenoliths 
within these plutons, wherein the Qianshan Formation serves as the primary host horizon 
for mineralization. The regional geological framework and lithology govern the formation 
and evolution of the groundwater system, while meteorological, hydrological, and topo-
graphic factors further modulate the prevailing hydrogeological conditions. Groundwater 
in the study area is categorized into bedrock fissure water and Quaternary porous water. 
The former is subdivided into weathering fissure water and karst fissure water. Weather-
ing fissure water exhibits low permeability and poor water abundance, with an aquifer 
thickness of 30–40 m, a single-well yield of less than 10 m3/h, and a hydrochemical type 
dominated by Ca–HCO3 or Ca–Mg–HCO3. Its permeability coefficient ranges from 0.01 to 
0.04 m/d. Karst water strikes in a NE–SW-trending belt across the Cuigang, Hongchuan, 
and Hongqishan areas, as well as sporadic localities, covering an area of approximately 
10 km2. The lithology is dominated by crystalline limestone and dolomitic crystalline lime-
stone. The aquifer thickness ranges from 70 to 120 m (locally up to 160 m), exhibiting high 
water abundance with a single-well yield exceeding 1000 m3/d and a permeability coeffi-
cient of 0.50–1.80 m/d. Quaternary porous water is primarily hosted within the high flood-
plains of the Ku’erbin River valley and its tributaries upstream of the mining area, as well 
as in modern alluvial sandy gravel layers. The valley width ranges from 200 to 1000 m, 
with an aquifer thickness of 10–20 m and a water table depth of 0.5–1.2 m. It is character-
ized by abundant yields, with single-well discharges ranging from 3000 to 5000 m3/d and 
a hydraulic conductivity of 20–50 m/d. The hydrochemical type is predominantly Ca–Na–
HCO3. Recharge is mainly derived from atmospheric precipitation and river leakage, 
while discharge occurs primarily through evaporation and subsurface runoff [26–28]. This 
system vertically infiltrates to replenish bedrock fissure water, thereby indirectly influ-
encing the water inflow environment of the ore deposit. 

2.2. Numerical Simulation Design for Curtain Grouting 

Constructing a stochastic three-dimensional fracture network model that accurately 
captures the structural characteristics of subsurface rock masses constitutes the founda-
tion for subsequent slurry diffusion simulations. In this study, COMSOL Multiphysics 
software (version 5.6) was employed to conduct a finite element simulation of the grouting 
process within three-dimensional fractured rock masses. The Discrete Fracture Network-
3D (DFN-3D) module within this software operates on DFN theory, utilizing stochastic 
distribution functions and geometric parameterization to generate three-dimensional 
fractures. This process culminates in the formation of elliptical planar fracture networks 
that accurately reproduce the random distribution characteristics of fractures within rock 
masses. By solving the coupled partial differential equations governing multi-physics in-
teractions, the software effectively simulates the mechanical and permeability character-
istics of fractured rock masses, the seepage and diffusion behaviors of grout, and the as-
sociated grout solidification reactions. 

In this methodology, the geometric parameters of the fractures—including the coor-
dinates of the centroid, orientation, and size—are defined as random variables. Statistical 
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analysis of field-measured parameters was conducted to determine their underlying prob-
ability distribution functions. Subsequently, Monte Carlo random sampling was em-
ployed to generate a large population of virtual fractures conforming to these specific dis-
tributions, which were then assembled into a three-dimensional Discrete Fracture Net-
work (DFN) model. 

(1) Uniform Random Model for Fracture Locations: 

𝑓ሺxሻ = ቐ  1
Xmax − Xmin

, Xmin< x <Xmax

0, else
 (1)

where Xmax and Xmin denote the maximum and minimum bounds of the location param-
eter within the respective dimension, respectively. 

(2) Power-Law Random Model for Fracture Sizes: 

fሺxሻ = α-1
xmin

ቀ x
xmin

ቁ-α 
 (2)

where α denotes the power-law distribution exponent (reflecting the characteristic power-
law decay of the size distribution), and xmin represents the minimum measured fracture 
length. 

(3) Fisher Random Model for Fracture Orientations: 

f (θ)=K sinθ⋅eKcosθeK − e-K  (3)

where θ is the angular deviation, K is the Fisher dispersion coefficient or Fisher constant. 
The probability density function of the Fisher distribution describes the angular de-

viation (θ) from the mean orientation of the elliptical directions. The parameter K, referred 
to as the Fisher dispersion coefficient or Fisher constant, quantifies the degree of concen-
tration of fracture orientations relative to the mean direction. A larger Kvalue indicates a 
more tightly clustered directional distribution. Statistical analysis of borehole-measured 
joints and fractures identified three dominant discontinuity sets, with orientations of 
75°∠70.5°, 44.7°∠73.1°, and 20.4°∠80°. Based on these field-derived data, three correspond-
ing structural plane models were subsequently established. The stochastic three-dimen-
sional fracture network model generated in COMSOL is illustrated in Figure 2. The model 
has dimensions of 20 m in length, 6 m in width, and 15 m in height, and contains a total 
of 240 fractures. It should be noted that while the DFN was generated based on statistically 
calibrated field data, the simulation results presented in this study correspond to a single, 
representative realization containing 240 fractures. The numerical model preserves the 
statistical distributions of fracture geometry (orientation, aperture, density) obtained from 
the field investigation. Although the absolute length scale is reduced, the relative propor-
tions and structural complexity remain consistent with the field conditions. Supplemen-
tary analysis involving 10 additional realizations for selected test cases yielded coefficients 
of variation of 8.7% and 6.2% for diffusion volume, respectively. This indicates that the 
selected realization provides a stable approximation of the fracture network’s transport 
properties, sufficient for identifying the dominant controlling factors within the scope of 
this parametric study. 

The hydraulic boundary condition was defined by a constant injection flux at the 
borehole inlets, corresponding to the specified grouting pressures. All external boundaries 
of the 20 m × 6 m × 15 m domain were set as impermeable walls to simulate the confined 
nature of the collapse mass. The fracture apertures were assumed to be constant to isolate 
the effects of the tested engineering parameters. A mesh independence study was con-
ducted prior to the simulations; the results indicated that a further refinement beyond the 
selected element size changed the calculated diffusion volume by less than 5%, confirming 
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numerical stability. The simulations were considered converged when the relative error 
in the flow continuity equation fell below 10−6. 

 

Figure 2. Stochastic three-dimensional fracture network. 

In the practical construction of curtain grouting projects, a single row or multiple 
rows of grout holes are typically arranged at certain intervals, followed by sequential 
grouting performed either individually or in groups. For the grouting experiment within 
the 3D fracture network, a single row of three grout holes was deployed. An L16(44) or-
thogonal experimental design was adopted, investigating four factors: grouting pressure 
(A), hole spacing (B), initial grout viscosity (C), and hydrostatic pressure (D). Each factor 
was assigned four levels, which were determined based on practical engineering experi-
ence. The grouting design employed a cement grout. The initial viscosity of this grout is 
governed by the water–cement ratio, ambient temperature, and the slurry mix proportion. 
A higher viscosity results in greater seepage resistance, thereby increasing the difficulty 
of grout diffusion. Four cement grout with distinct initial viscosities (0.08, 0.10, 0.12, and 
0.14 Pa·s) were selected as the injection slurries for this study. In accordance with the spec-
ifications of the mine curtain grouting design, a baseline hole spacing of 5 m was estab-
lished. Accordingly, four distinct hole spacings (3 m, 4 m, 5 m, and 6 m) were selected for 
the comparative study. The design hole depth was set at 180 m, and four levels of hydro-
static pressure were selected for the experiments: 0.4 MPa, 0.6 MPa, 0.8 MPa, and 1.0 MPa. 
The grouting pressure for the mine curtain grouting must exceed the hydrostatic pressure, 
with specific values stipulated by the code to range from 1.6 to 3.0 times the magnitude of 
the hydrostatic pressure. These regulatory provisions, synthesized from extensive engi-
neering practices and experimental data, are designed to ensure the impermeability effec-
tiveness of the curtain and overall engineering safety. In practical applications, consider-
ing the relatively high viscosity and substantial flow resistance of the grout, the injection 
pressure must be moderately elevated to ensure adequate diffusion. Consequently, four 
specific pressure levels were selected for the experiments: 2 MPa, 3 MPa, 4 MPa, and 5 
MPa. The factor levels and the orthogonal experimental design matrix are presented in 
Tables 1 and 2, respectively. Following the orthogonal array outlined in Table 2, a three-
dimensional fracture network model was established, and 16 sets of simulated grouting 
tests were subsequently conducted on this model. Each simulation was run for a duration 
of 30 min, and the final effective diffusion volume of the grout was extracted for analysis. 
It should be noted that cement grout typically exhibits time-dependent rheological behav-
ior due to progressive gelation. In this study, given the relatively short injection duration 
(30 min), the grout was simplified as a Newtonian fluid with a constant dynamic viscosity. 
The relationship between shear stress (τ) and shear rate (γ) is expressed as τ = µγ, where 
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µ is the initial apparent viscosity of the grout, set as 0.08, 0.10, 0.12, and 0.14 Pa·s, corre-
sponding to different mix proportions. Although this simplification neglects the gradual 
viscosity build-up during gelation, it is acceptable for analyzing the macroscopic diffusion 
range and overlap characteristics under varied engineering parameters [29–31]. The im-
plementation of this rheological model was achieved via the Fluid Properties interface in 
COMSOL, where the viscosity was defined as a constant material parameter for each sim-
ulation case. 

Table 1. Values of factors in orthogonal tests for grouting in 3D fracture networks. 

Factors 
Factor A: Grouting Pressure 

(MPa) 
Factor B: Hole Spacing 

(m) 
Factor C: Initial Grout 

Viscosity (Pa·s) 
Factor D: Hydrostatic 

Pressure (MPa) 
Level 1 2 (A1) 3 (B1) 0.08 (C1) 0.4 (D1) 
Level 2 3 (A2) 4 (B2) 0.10 (C2) 0.6 (D2) 
Level 3 4 (A3) 5 (B3) 0.12 (C3) 0.8 (D3) 
Level 4 5 (A4) 6 (B4) 0.14 (C4) 1.0 (D4) 

Table 2. Orthogonal test table for grouting in 3D fracture networks. 

Test No. Factor Levels 
Factor A: Grouting 

Pressure (MPa) 
Factor B: Hole Spacing 

(m) 

Factor C: Initial 
Grout Viscosity 

(Pa·s) 

Factor D: Hydro-
static Pressure 

(MPa) 
1 A1B1C1D1 2 3 0.08 0.4 
2 A1B2C2D2 2 4 0.1 0.6 
3 A1B3C3D3 2 5 0.12 0.8 
4 A1B4C4D4 2 6 0.14 1 
5 A2B1C2D3 3 3 0.1 0.8 
6 A2B2C1D4 3 4 0.08 1 
7 A2B3C4D1 3 5 0.14 0.4 
8 A2B4C3D2 3 6 0.12 0.6 
9 A3B1C3D4 4 3 0.12 1 

10 A3B2C4D3 4 4 0.14 0.8 
11 A3B3C1D2 4 5 0.08 0.6 
12 A3B4C2D1 4 6 0.1 0.4 
13 A4B1C4D2 5 3 0.14 0.6 
14 A4B2C3D1 5 4 0.12 0.4 
15 A4B3C2D4 5 5 0.1 1 
16 A4B4C1D3 5 6 0.08 0.8 

3. Results 
The diffusion behavior of the grout within the stochastic 3D fracture network exhibits 

pronounced non-uniformity and multi-factor coupling effects, wherein grouting pressure 
plays a particularly prominent role in controlling the diffusion range. To visually eluci-
date the distribution patterns of the effective grout diffusion volume under varying injec-
tion pressures, the 16 experimental tests were categorized into four groups based on the 
pressure levels (2, 3, 4, and 5 MPa). The effective diffusion volume here represents the 
total volume. Point-line graphs were subsequently plotted using the extracted 30 min ef-
fective diffusion volume data, as illustrated in Figures 3–6. Under identical grouting pres-
sure conditions, the effective diffusion volume decreases as the initial grout viscosity in-
creases. For instance, in the 4 MPa test group, the effective diffusion volume decreased as 
the grout viscosity increased. Analysis of the effective diffusion volume under various 
grouting pressures indicates a significant positive correlation between the injection pres-
sure and the grout diffusion volume. For instance, in the 2 MPa test group, the effective 
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diffusion volume at 30 min ranged from 18.02 to 105.43 m3. In contrast, for the 5 MPa 
group, the volume ranged from 72.59 to 227.38 m3, indicating a substantial overall increase 
in the grout spread. 

 

Figure 3. Distribution of the effective grout diffusion volume under a 2 MPa injection pressure. 

 

Figure 4. Distribution of the effective grout diffusion volume under a 3 MPa injection pressure. 

 

Figure 5. Distribution of the effective grout diffusion volume under a 4 MPa injection pressure. 
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Figure 6. Distribution of the effective grout diffusion volume under a 5 MPa injection pressure. 

Figures 7–10 illustrate the effective diffusion morphology of the grout within the sto-
chastic 3D fracture network, based on the 16 sets of orthogonal experiments. The spatial 
distribution of the grout fill fraction is visually represented via a color map, where red-to-
yellow regions correspond to highly filled, effective diffusion zones, while blue-to-white 
areas indicate low-fill diffusion regions. By comparing the diffusion contours across dif-
ferent test groups, the extent of grout spreading and interconnectivity under the coupled 
effects of grouting pressure, hole spacing, and grout viscosity can be systematically ana-
lyzed. Under low-pressure conditions (Figure 7), grout diffusion is confined by the local 
fracture network connectivity, with filling predominantly restricted to the vicinity of the 
injection boreholes, forming isolated pods. Consequently, distal fractures remain largely 
unfilled. With increasing grouting pressure, the enhanced kinetic energy of the grout en-
ables it to overcome greater viscous resistance, significantly extending the diffusion range 
and markedly improving the continuity of high-fill regions (warm tones). Under high-
pressure conditions (Figure 10), the grout demonstrates exceptional diffusivity, with the 
affected zone encompassing nearly the entire fracture network model and forming exten-
sive, continuous filling domains (Figure 10d). This confirms the decisive role of high in-
jection pressure in establishing a competent impermeable curtain. 

It is noteworthy that the dominance of grouting pressure is not merely a statistical 
inference but a physically evident phenomenon. The 30 min effective diffusion volume 
exhibits an order-of-magnitude increase (from 18.02–105.43 m3 to 72.59–227.38 m3) as pres-
sure rises from 2 MPa to 5 MPa. In contrast, variations in initial viscosity or hole spacing 
result in relatively marginal changes within the same pressure cohort. In addition, the 
range analysis (R value) results for the effective slurry diffusion volume reveal that the 
primary-secondary order of the influencing factors is: grouting pressure > slurry viscosity > 
borehole spacing > hydrostatic pressure. This quantitative disparity underscores that, 
within the context of deep horizontal curtain grouting, the energy input from pressure is 
the primary determinant governing the transition from discontinuous filling to full-net-
work connectivity, thereby validating its role as the dominant controlling factor. 
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Figure 7. Morphology of the grout diffusion zone under a 2 MPa injection pressure. 

 

Figure 8. Morphology of the grout diffusion zone under a 3 MPa injection pressure. 
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Figure 9. Morphology of the grout diffusion zone under a 4 MPa injection pressure. 

 

Figure 10. Morphology of the grout diffusion zone under a 5 MPa injection pressure. 
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4. Discussion 
4.1. Model Validation 

To verify the reliability of the 3D DFN-COMSOL grouting model, the simulation re-
sults were quantitatively compared with field monitoring data from the Cuihongshan 
iron–polymetallic mine. First, the simulated average grout consumption was 2.1 m3/m per 
borehole, which closely matches the field-measured average unit grout intake of 2.0 m3/m, 
corresponding to an average fracture porosity of 20% in the collapsed rock mass [32]. Sec-
ond, the simulated post-grouting equivalent Lugeon value was reduced to below 10 Lu, 
consistent with packer test results from site inspection boreholes, confirming that the 
grout overlap effectively sealed the dominant flow channels. Third, the simulated reduc-
tion in water inflow reached approximately 71%, agreeing well with the observed de-
crease in mine discharge from 12,498 m3/d to 3600 m3/d after curtain grouting [32]. These 
comparisons demonstrate that the proposed stochastic DFN model, combined with the 
overlap-rate indicator, can reasonably reproduce the grout diffusion behavior and hy-
draulic sealing performance under real field conditions, thereby supporting its applicabil-
ity for engineering practice. 

4.2. Overlap Rate 

In practical grouting engineering, the complexity of geological conditions and the 
lack of visual access constrain direct observation of the grout diffusion process. Conse-
quently, indirect indicators—such as grouting time, pressure, grout take, and variations 
in water inrush volume—must serve as the primary criteria for determining grouting ter-
mination. However, these indicators only provide a macro-level reflection of the construc-
tion status and fail to precisely characterize the actual diffusion behavior and interconnec-
tivity of the grout within the fracture network. While the core objectives of grouting engi-
neering are surrounding rock reinforcement and curtain water blocking, the COMSOL 
numerical simulations enable direct visualization of the grout diffusion scope, morphol-
ogy, and inter-borehole connectivity by adjusting the model transparency and transmis-
sivity. In contrast to conventional indirect evaluation metrics, the interconnection rate di-
rectly quantifies the degree of grout overlap within the fracture network, offering a precise 
reflection of sealing efficacy. Consequently, this rate should be adopted as a core indicator 
for assessing grouting performance. 

The overlap rate (ηV) refers to the degree to which the diffusion ranges of adjacent 
grouting holes overlap and connect with each other in the direction of the designed cur-
tain thickness [33]. When the diffusion zone of the grout between two grouting holes fully 
overlaps or overlaps, the overlap rate is high, the curtain continuity is good, and it is con-
ducive to forming a reliable anti-seepage system. On the contrary, if the diffusion range 
of the slurry is insufficient and there are unfilled gaps or weak areas between the holes, 
the overlap rate will be low, resulting in discontinuous curtains, which may cause prob-
lems such as leakage, water inrush, or decreased stability of the surrounding rock. The 
classification of overlapping effect levels is shown in Table 3 [34–37]. The formula for cal-
culating the overlap rate (ηV) is: 

η௏=
Vl

Vd
×100% (4)

where is the average overlapping volume of the effective diffusion zone between two 
pores, and is the average effective diffusion volume of a single pore. 
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Table 3. Classification of overlap rate. 

Levels ηV Overlapping Effect 
1 30% ≤ ηV very good 
2 25% ≤ ηV < 30% good 
3 15% ≤ ηV < 25% general 
4 10% ≤ηV < 15% poor 
5 5% ≤ ηV < 10% very poor 
6 ηV < 5% failure 

Extract the effective diffusion volume of the final slurry and the overlapping volume 
of the effective diffusion zone between the two grouting holes, calculate the overlap rate 
of each test group according to formula (4), and evaluate the overlap effect according to 
Table 3. The calculation results and overlap effects are shown in Table 4. 

Table 4. Orthogonal test of grouting overlapping ratio and lap joint effectiveness. 

Test No. Factor Levels Vl (m3) Vd (m3) ηV Overlapping Effect 
1 A1B1C1D1 4.49 35.14 12.79% poor 
2 A1B2C2D2 3.23 16.54 19.55% general 
3 A1B3C3D3 2.05 8.73 23.51% general 
4 A1B4C4D4 0.00 6.01 0.00% failure 
5 A2B1C2D3 4.72 24.12 19.58% general 
6 A2B2C1D4 3.48 46.66 7.45% very poor 
7 A2B3C4D1 3.17 14.38 22.05% general 
8 A2B4C3D2 1.95 18.83 10.36% poor 
9 A3B1C3D4 4.76 21.84 21.79% general 

10 A3B2C4D3 3.33 19.09 17.42% general 
11 A3B3C1D2 5.75 66.21 8.68% very poor 
12 A3B4C2D1 4.01 37.93 10.57% poor 
13 A4B1C4D2 4.66 24.20 19.27% general 
14 A4B2C3D1 3.44 36.81 9.34% very poor 
15 A4B3C2D4 1.25 42.38 2.95% failure 
16 A4B4C1D3 1.36 75.79 1.79% failure 

Based on the overlap rate data from 16 orthogonal experiments, it can be seen that 
there is a significant difference in the diffusion and overlap effects of the slurry in the 
random three-dimensional fracture network. Based on the aforementioned background, 
the diffusion behavior of slurry in a random three-dimensional fracture network exhibits 
significant spatial heterogeneity, which is mainly attributed to the random distribution 
characteristics of natural fracture geometry (attitude, aperture, roughness) [38–41]. In this 
heterogeneous medium, grouting pressure is not a single driving force, but plays the role 
of a “path selector”. Under high pressure conditions, the slurry tends to undergo viscous 
fingering and channeling along dominant fracture channels, resulting in significant ani-
sotropy in the diffusion range and the formation of complex tree like or vein like networks, 
rather than ideal uniform ellipsoids. This dynamic evolution process dominated by pres-
sure results in extremely uneven filling of the slurry in space: some areas have blind spots 
due to obstructed pressure transmission, while others experience excessive diffusion due 
to excessive pressure. Therefore, a deep understanding of the coupling mechanism be-
tween pressure field and fracture network structure is the key to revealing this spatial 
heterogeneity diffusion law. 
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4.3. Limitations and Future Research 

Although the proposed overlap rate indicator effectively evaluates curtain continuity 
under various engineering parameters, several simplifications should be acknowledged. 
In this study, the cement grout was treated as a Newtonian fluid with constant viscosity, 
and the fracture network was assumed to be mechanically stable during grouting. These 
assumptions neglect the coupled effects of time-dependent rheological evolution, temper-
ature variation, and in situ stress on slurry diffusion behavior. In particular, the gelation-
induced viscosity buildup, thermal effects on fluid properties, and stress-dependent frac-
ture aperture changes may significantly influence the filling pattern and sealing efficiency. 
Future research should incorporate multiphysics coupling, including time-varying rheol-
ogy, temperature fields, and hydro-mechanical interactions, to better represent the com-
plex slurry diffusion mechanisms within deep fractured rock masses. In addition, future 
studies should also transcend these parametric constraints by exploring intensified injec-
tion regimes and optimized borehole arrays to align numerical outcomes with the rigor-
ous field standards required for a “very good” sealing performance. Simulation analysis 
on the scale of actual engineering projects is also an important direction. Such efforts are 
essential to bridge the gap between laboratory-scale simulations and the stringent de-
mands of full-scale deep mine construction. 

5. Conclusions 
This study takes Cuihongshan Iron Mine as the geological background, aiming at the 

difficult problem of predicting the effective diffusion range of slurry in curtain grouting 
of deep mines. By constructing a random three-dimensional fracture network model, an 
L16 (44) orthogonal experiment was designed, and the influence of grouting parameters on 
the overlapping effect of slurry was systematically explored. The main conclusions are as 
follows: 

(1) A significant positive correlation exists between injection pressure and effective dif-
fusion volume: when pressure increases from 2 MPa to 5 MPa, the 30 min effective 
diffusion volume rises from a range of 18.02~105.43 m3 to 72.59~227.38 m3. High pres-
sure also enables slurry to overcome viscous resistance and fracture network con-
straints, expanding diffusion to cover nearly the entire model domain and forming 
continuous, high-fill zones critical for reliable impermeable curtains. 

(2) Within the same grouting pressure group, effective diffusion volume decreases pro-
gressively as viscosity increases from 0.08 Pa·s to 0.14 Pa·s. Higher viscosity amplifies 
seepage resistance, restricts slurry migration along fracture pathways, and reduces 
inter-borehole overlap rates—for example, the overlap rate drops from 12.79% to 0% 
under 2 MPa pressure when viscosity increases from 0.08 Pa·s to 0.14 Pa·s, shifting 
the overlapping effect from “poor” to “failure”. 

(3) Unlike indirect measures such as grouting pressure or grout take, the overlap rate 
quantitatively characterizes the connectivity of slurry-filled zones between adjacent 
boreholes, directly reflecting the continuity of the anti-seepage curtain. Simulation 
results show that overlap rates vary widely (0%~23.51%) across test groups, and only 
cases with overlap rates ≥30% can achieve a “very good” sealing effect, providing a 
targeted quantitative basis for optimizing grouting parameter combinations in deep 
metal mine horizontal curtain construction. 
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