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The long-term mining of lead-zinc ore bodies in Suichang Gold Mine has formed a high-stage, long-
span columnar goaf group above 500 m elevation, posing significant risks of roof collapse, slope 
fragmentation, and ground pressure disasters. These hazards threaten the safety of deep mining 
operations and surface stability. To address these challenges, this study integrates field investigations, 
laboratory rock mechanics experiments, and FLAC3D numerical simulations to analyze the stability 
evolution of goafs before and after filling. Key innovations include the application of disaster chain 
theory to interpret goaf failure mechanisms and the optimization of cement-sand ratios for targeted 
filling (1:20 for 260–610 m levels and 1:8 for 528–540 m levels). Results demonstrate that cemented 
filling reduces vertical displacement by 2–4 cm, alleviates stress concentration (maximum compressive 
stress decreased by 0.5–1.0 MPa), and minimizes plastic zone expansion. Furthermore, the proposed 
interval mining sequence (first mining 300–390 m, followed by 260–290 m and 420–500 m levels) 
ensures both production efficiency and operational safety. This research provides a systematic 
framework for goaf management in complex mining environments.
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 With the long-term development and utilization of mineral resources in China, the number and area of 
goaf in underground metal mines continue to rise. A large number of residual goaf areas that have not 
been dealt with in a timely manner can easily lead to large-scale ground pressure disasters, causing surface 
subsidence and posing serious safety hazards to deep mining. Therefore, how to effectively manage goaf 
and avoid disasters caused by goaf instability has become an urgent technical challenge in mine safety 
production. Researchers at home and abroad have conducted a large number of theoretical analyses, 
similar simulation experiments, and numerical simulations on the stability analysis of goaf, and have 
achieved certain results in the deformation process of surrounding rock, the instability mechanism of 
goaf, and the development of unstable disasters in goaf. For example, the theory is commonly used in 
the analysis of goaf stability theory1. Kuznetsov of the former Soviet Union proposed a similarity model 
experiment based on the principle of similarity and similarity criteria to explore the laws of objects or 
verify computational results2. However, there are still many shortcomings in existing research.
 In terms of theoretical analysis of goaf stability, the Terzaghi theory has limitations. When the span of 
a single goaf is fixed, this theory suggests that the overlying strata within the influence range of the goaf 
will slowly sink under their own weight3,4. The frictional resistance provided by the rock masses on both 
sides of the goaf can suppress sinking, and when the thickness of the overlying strata reaches a certain 
level5, the goaf can maintain a stable equilibrium state. However, in the face of nonlinear failure processes 
in complex goaf areas, the Terzaghi theory is difficult to conduct accurate analysis6. In addition, similarity 
model experiments based on similarity principles and criteria can simulate the working principles and 
effects of target objects by creating scaled down physical models, similar to proposing7, verifying, and 
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analyzing hypotheses through model simulation experiments8–10. However, it is also difficult to accurately 
analyze the nonlinear failure process of complex goaf areas.
 Current research in the field of numerical simulation mostly focuses on a single factor, lacking analysis of 
multi field coupling and disaster chain evolution11–14. For the stability assessment of high-level and large-
span goaf, there is a lack of dynamic disaster chain perspective. At the same time, there is a significant lack 
of collaborative optimization research on the ratio of filling materials and mining sequence.
 To gain a deeper understanding of the potential instability and failure mechanisms in goaf areas, this study 
introduces the disaster chain theory. Based on numerical simulation results, the possible chain reaction of 
disasters triggered after the formation of goaf was analyzed: initial local roof collapse or caving → causing 
stress redistribution and new stress concentration in adjacent areas → inducing a larger range of plastic 
deformation or failure of surrounding rock → ultimately leading to chain collapse or surface subsidence 
of goaf. This theoretical framework clearly reveals the dynamic evolution process of goaf instability from 
local damage to overall disaster. Through rigorous FLAC3D simulation analysis and the explanation of the 
damage mechanism based on the disaster chain theory, this study theoretically demonstrates the technical 
feasibility and safety of using tailings to prepare cemented backfill for backfill mining in the mine. The 
optimized cement sand ratio scheme (1:20 and 1:8) meets the stability and economic requirements of 
different levels of differentiation. The proposed interval mining sequence (300–390 m priority, followed 
by 260–290 m and 420–500 m) scientifically coordinates production rhythm and safety risk control.
 The research results not only provide direct theoretical basis and operational guidance for the safe and 
efficient application of tailings filling technology in the mine, but also provide a systematic framework for 
the systematic management, disaster prevention and control, and green mining practice of mining goaf 
under similar complex geological and engineering conditions, including modeling simulation mechanism 
analysis parameter optimization time series design, which can be referenced.

  

Mine overview and experimental testing
Background and ore body characteristics
 

 Zhejiang Suichang Gold Mine Co., Ltd. is located in Huayuanling, Suichang County, Lishui City, Zhejiang 
Province, with a area of 765300 km² and an annual production scale of 183600 tons15. The mine has 
developed the Huayuanling West Gold Mine, Huayuanling Lead-Zinc Mine, and Yejiatian Fluorite 
Mine(See Fig. 1). The lead-zinc ore body, with a vertical depth exceeding 540 m and an average horizontal 
thickness of 46 m, is characterized as a steeply inclined thick ore body with a short strike length (67 m on 
average) and large burial depth16,17. It is mined primarily using the sublevel open-stope method for main 
ore sections and the shallow-hole shrinkage method for irregular small-angle ore bodies. The ore and 
surrounding rock exhibit high mechanical stability, requiring minimal support during mining.

  

Mining status and goaf distribution
 

 Mining elevations range from + 220 m to + 760 m (see Fig. 2). The mine has completed mining for some 
upper ore sections (710–740 m and 670–710 m levels)18, which are now closed with limited access for goaf 
assessment (See Fig. 2). The current focus is on the 528–650 m level, where three main goaf areas exist:

  \
 

  	 1.	   710–740 m and 670–710 m goafs: Small-scale with blocked access, precluding filling.
    	2.	   528–650 m goaf (See Fig. 1): Large volume and exposed area, showing evident roof collapse and sidewall 

fragmentation. The 528–540 m level requires cemented filling due to high stability demands, while the 
540–610 m level uses low-cost non-cemented filling19. The 610–650 m level is temporarily unfilled due to 
pumping equipment limitations.   

 

Physical-mechanical properties of rock and fill materials
 

 Samples collected from 260 to 650 m levels were tested to determine rock properties (Table 1). Ore 
and rock densities range from 2.47 to 3.1 g/cm3 with a water content of 0.14–1.4%. Saturated uniaxial 
compressive strength is 70–170 MPa, and average uniaxial tensile strength is 7–14 MPa, indicating dense 
and intact rock masses with high mechanical strength.
 For filling materials (Table 2), a cement-sand ratio of 1:8 (70% mass concentration) is used for cemented 
filling, achieving 0.51 MPa at 3 days and 1.41 MPa at 7 days. Low-strength non-cemented filling with 
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a 1:20 ratio (70% concentration) yields 0.11 MPa at 3 days and 0.25 MPa at 7 days, balancing cost and 
stability requirements20.

  

Filling systeam

The filling station of Suichang Gold Mine adopts the design scheme of hydraulic pump pipeline pumping 
and filling after the concentrated and cemented slurry preparation of the whole tailings discharged from 
the beneficiation plant. The tailings conveying pump station is located next to the beneficiation plant. 
The whole tailings mortar with a concentration of about 20% discharged from the beneficiation plant is 
transported to the filling station through a first stage conveying method by the pump station. The filling 
station is arranged in the + 540 m adit industrial site. In the filling station, it is concentrated and mixed 

Fig. 1.  Current situation of mining production and Current situation of goaf: (a) the adit entrance of the 
500 m level; (b) layout of surface filling pipeline at 580 m adit entrance; (c) highway construction in mines; (d) 
filling station configuration (e) bottom structure of 528 m level; (f) the chute of 540 m level; (g) the condition 
of the baseplate after filling the goaf.
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Category Cemented backfill Low-strength filling body Clay Concrete

Elastic modulus (GPa) 0.615 0.615 10 30

Poisson’s ratio 0.28 0.30 0.3 0.2

Tensile strength (MPa) 0.14 0.02 0.002 2.4

Internal friction angle (°) 46.5 53.1 16 55

Compressive strength (MPa) 1.04 0.2 0.02 45

Density (g cm− 3) 2.000 1.800 1.900 2.500

Table 2.  Physical and mechanical parameters of ore rock and filling body.

 

Sample Rock Ore body

Lithology Crystalline tuff Blasting breccia

Natural density (g cm− 3) 2.628 2.956

Dry density (g cm− 3) 2.647 2.945

Saturation density (g cm− 3) 2.653 2.955

Compressive strength (MPa) 120.78 70.8

Elastic modulus (GPa) 22.06 23.76

Poisson’s ratio 0.14 0.22

Tensile strength (MPa) 11.25 8.49

Internal friction angle (°) 60.46 –

Cohesive force (MPa) 13.38 –

Table 1.  Mechanical test results of ore and rock.

 

Fig. 2.  Spatial distribution patterns of lead and zinc ores.
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with an appropriate amount of cementitious material (such as cement) to prepare a filling slurry that 
meets the design strength and quantity requirements. Then, it is pressed into the goaf through hydraulic 
pump pipelines and various underground pipelines for filling.

FLAC3D modeling and disaster chain theory
 

 This study used FLAC3D software for simulation and numerical analysis. FLAC3D (3D Fast Lagrangian 
Analysis Code) is a simulation calculation software developed by ITASA in the United States21,22. It is a 
three-dimensional high-end numerical analysis program developed based on continuous medium theory 
and explicit finite difference method23–25, widely used in geotechnical and mining engineering analysis 
and design. It is particularly suitable for dealing with complex geotechnical problems that are difficult to 
solve by finite element methods.

  

Geometric modelling

In view of the complexity and variability of the actual mining technical conditions of the goaf, in order to 
facilitate modeling, analysis, and calculation. The following simplifications are made:

	1.	 The ore body is assumed to be an ideal elastic-plastic body, and the strength and volume of the material flow 
with plasticity after the yield point change;

	2.	 The ore body and surrounding rock are locally homogeneous and isotropic materials, and plastic flow does 
not change the material’s isotropy;

	3.	 Considering the brittleness of rock, all physical quantities involved in the analysis are independent of time;
	4.	 Strain hardening (or softening) is not considered;
	5.	 There are no obvious faults in the study area, and the influence of variable loads has not been considered yet;
	6.	 The bottom and side of the model are fixed by the FIX command to limit its vertical and horizontal displace-

ment;
	7.	 Considering the limitations of the finite element program, it is assumed that there is no influence of tectonic 

activities in the site, the stress is of the geostatic field type, and the strata are in integrated contact. The inte-
rior of the strata is a continuous medium. In the model, the influence of groundwater activities, structural 
planes, fractures, and weak layers in rock and ore bodies are not considered existence and influence;

	8.	 Regarding model unit division, finer division generally leads to more accurate results. However, overly fine 
division consumes significant machine time, and stress changes minimally in areas far from the study zone. 
Thus, the grid size should be determined based on the actual goaf situation, balancing calculation accuracy 
and efficiency.

Based on the mine’s level plans, goaf distribution map, and ore - body geological plan, the model size is set 
at 300 m × 300 m × 580 m. To clearly present simulation results, the model elevation is set at 800 m, but 
calculations are based on 880 m elevation data. An evenly distributed load on the model’s upper surface 
simulates the overlying 80 m. An ore - body model from 220 m to 740 m elevation is constructed (Fig. 3a), 
then embedded into the surrounding rock model (Fig.  3b). Given the lack of weak interlayers in the 
engineering geology, a simplified model is used, with working layers at different levels in direct contact.

Rationality and limitations of model assumptions

Based on the actual geological and mining conditions of Suichang gold mine (see Sect. 2), the FLAC3D 
model is simplified as necessary to improve computational feasibility. The following is a demonstration 
and limitation explanation for the key hypothesis: the uniaxial compressive strength of the ore rock (70–
170 MPa) is much higher than the stress level in the goaf, and no significant creep phenomenon was found 
in the field investigation. The use of an ideal elastoplastic model can effectively characterize the post peak 
behavior of brittle rock masses. However, neglecting strain softening may underestimate the extent of 
local failure zone expansion. Subsequent research will introduce softening parameters.
When conducting on-site surveys and FLAC3D initial simulations of large-span columnar goaf groups at 
elevations above 500 m in Suichang Gold Mine, the “trigger evolution” core framework of the goaf disaster 
chain theory can be used to preliminarily identify the germination and transmission characteristics of the 
disaster chain in the case.
Laboratory tests have shown low variability in ore rock, and underground exploration has confirmed that 
there are no dominant joint sets that meet the isotropic simplification conditions. Neglecting micro cracks 
may lead to lower predicted values of roof settlement. The seismic activity in the mining area is low, and 
the hydrological report shows that the water level in the goaf is below 528 m, and the permeability of the 
surrounding rock is less than 10−7 m/s. The impact of seepage can be ignored. Deep mining (< 220 m) may 
activate tectonic stress.
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Upper goaf
Simulation scheme

Scheme (1) The mined goaf includes three goaf areas: 710–740 m, 670–710 m, and 528–650 m. The first 
two goaf areas are relatively small, while the last one is relatively large. The level of area is characterized 
by a small upper part and a large lower part. Among them, the 610 level is only 702m2, and it increases to 
1887m2 in the 540 m level, under the existing conditions, calculate the stress, strain, displacement, and 
plastic zone of the roof, floor, and two sides of the 528–650 m goaf, and analyze the failure mode of the 
goaf;
Scheme (2) After the cemented filling of the 528–540 m goaf, the stress, strain, displacement, and plastic 
zone of the roof, floor, and two sides of the 540–650 m goaf are calculated, and the failure mode of the 
goaf is analyzed;
Scheme (3) After cemented filling of 528–540 m goaf and non-cemented filling of 540–610 m goaf, the 
stress, strain, displacement, and plastic zone of 610–650 m goaf roof, floor, and two sides are calculated, 
and the failure mode of goaf instability is analyzed.
Conduct a comprehensive comparative analysis of the results of the above numerical simulation schemes 
to determine the subsequent status of the goaf in each scheme.

Stability of goaf and filling treatment results

	1.	 Simulation of goaf status. The simulation results of the plastic zone in scheme 1 (see Fig. 4), in which Fig. 4a 
mainly shows the plastic zone state of the remaining ore body after mining; Fig. 4b displays the plastic zone 
state of the wall rock mass in the goaf. Among them, in Fig. 4a, some rocks in the ore body are prone to shear 
failure, and some plastic zones have been connected at the level of 710–740 m, with a small amount of tensile 
failure; in Fig. 4b, there are also some shear failure and tensile failure units on the side wall of the goaf.

Simulation cloud map in scheme 1 (see Fig. 5). Figure 5a shows the displacement in Z direction. It can 
be seen from the nephogram that the maximum displacement occurs at the level of 710–740 m at the top 
of the rock mass, with a sinking of 8.5 cm, a sinking of 7 cm at the level of 650–670 m, and a sinking of 
6–7 cm in the level of 528–650 m. Figure 5b shows the maximum principal stress results. In FLAC3D, 
the result is positive for tension and negative for pressure. It can be found that the goaf has partial stress 
concentration. The maximum tensile stress on the level of 710–740 m is 4.49 × 105Pa, and the maximum 
compressive stress on the edge of the goaf in the level of 528–650 m is 1.5 × 106Pa. Figure 5c shows the 
results of the minimum principal stress, and it can be found that the minimum compressive stress on the 
edge of the goaf at the level of 528–650 m is about 1.8 × 107Pa, and there is a partial tensile stress in the 
lower right corner of the 528–540 m level, with a magnitude of 4.49 × 105Pa. In general, the long-term 
exposure of the goaf will lead to the local stress concentration of the wall of the goaf, and also accumulate 
some damaged units. The stability of the goaf is poor.

Fig. 3.  (a) Model size profile and ore body model. (b) Schematic diagram of the model structure after the ore 
body model is embedded in the surrounding rock.
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	2.	 Simulation results of scheme 2 (see Fig. 6). Figure 6a shows the simulation results of the plastic zone after 
528–540 m cemented filling. It can be seen that the scope of the damaged unit is smaller than that of the goaf 
without filling. The Z-direction displacement nephogram is shown in Fig. 6b. The settlement of the level of 
528–540 m is 4 cm, which is significantly lower than that of 6 cm without filling. The displacement of the side 
wall in the level of 540–650 m is 6 cm, which is less than that before filling. Figure 6c shows the maximum 
principal stress nephogram of the goaf, and the maximum compressive stress of the 528–540 m filling area 
is 0.5–1 × 106 Pa, and there is no part with obvious tensile stress when unfilled. Figure 6d is the minimum 
principal stress nephogram of the goaf, in which the minimum compressive stress of the 528–540 m filling 
area is 6 × 106 Pa, less than the minimum compressive stress when not filled. In general, after 528–540 m 
cemented filling, the stability of the remaining goaf is slightly better than that of completely unfilled, and the 
stress concentration phenomenon is relieved to some extent.

	3.	 Simulation results of the plastic zone and displacement nephogram in scheme 3 (see Fig.  7), simulation 
results of nephogram of principal stress in scheme 3 (see Fig. 8). As shown in Fig. 7a, the plastic zone in the 
level of 528–650 m has been significantly improved. In Fig. 8b, only the plastic zone in the lower right corner 

Fig. 5.  Cloud chart in scheme 1: (a) displacement nephogram in Z direction; (b) simulation nephogram of 
maximum principal stress in goaf; (c) simulation nephogram of minimum principal stress in goaf.

 

Fig. 4.  Simulation results of the plastic zone in scheme 1: (a) the plastic zone state of the remaining ore body; 
(b) The plastic zone state of the wall of the goaf, and the entity in the figure is the shell of the goaf.
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of the filling body is damaged by shear, while the plastic zone in other areas is damaged by shear and tension. 
Compared with unfilled goaf, the side wall of 610–650 m goaf has less plastic zone. Figure 7b shows the 
displacement nephogram in the Z direction. It can be seen from the figure that the filling body sinks 6–8 cm 
and the side wall of the goaf sinks 4–6 cm, which has little change from the previous one. Figure 8a,b are the 
simulation nephogram of the maximum principal stress in the goaf, and the maximum compressive stress of 
the filling body is 1.2 × 106 Pa. Figure 8c is the simulated nephogram of the minimum principal stress in the 
goaf, and the minimum compressive stress in the goaf after filling is 6 × 106 Pa. Compared with the previous 
two simulation results, the number of failure units of the whole model is significantly reduced, and the stress 
concentration phenomenon is significantly relieved, which indicates that the goaf is more stable after filling 
treatment.

Fig. 6.  Simulation results in scheme 2: (a) simulation results of the plastic zone of remaining ore body and 
filling body; (b) displacement nephogram in the Z direction; (c) simulation nephogram of maximum principal 
stress in goaf; (d) simulation nephogram of minimum principal stress in goaf.
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	4.	 Numerical simulation conclusion. The analysis of the above simulation results (see Table 3) shows that com-
pared to the unfilled state, the plastic area of the goaf decreases significantly after filling and the vertical 
displacement and stress values also decrease, indicating that the goaf gradually tends to stabilize after filling. 
As we can see, there are a large number of plastic zones in the middle of 528–650 m, which have undergone 
shear and tensile failure. After filling, the plastic zone in the middle of 528–610 m has significantly improved, 
while only a small amount of damage has occurred in the middle of 610–650 m. Therefore, it is necessary to 
use cementitious filling of 528–540 m and non-cementitious filling of 540–610 m to help stabilize the goaf.

Fig. 8.  Nephogram of principal stress in scheme 3: (a) simulation nephogram of maximum principal stress of 
filling body and ore body; (b) simulation nephogram of maximum principal stress of goaf wall; (c) simulation 
nephogram of minimum principal stress in goaf.

 

Fig. 7.  Plastic zone and displacement nephogram in scheme 3: (a) simulation results of the plastic zone of the 
ore body and filling body; (b) displacement nephogram in the Z direction.
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Deep untouched ore body
Mining plan

From the depth of 528  m to the lowest control elevation of 220  m of the ore body, it belongs to the 
immovable ore body. According to the overall mining plan of the preliminary design, the deep immovable 
ore body will be mined in three levels, which are:
Mining of 420–500 m undisturbed ore body. The mining of the deep 420–500 m untouched ore body shall 
be carried out, and the top pillar shall be reserved within the upper part of 500–528 m, and the 390–420 m 
shall be reserved as the bottom pillar.
Mining of 300–390 m untouched ore body. Carry out the mining of the deep 300–390 m untouched ore 
body, and set the top pillar within the upper 390–420 m range, and set the 290–300 m as the bottom pillar.
Mining of 260–290 m undisturbed ore body. The mining of the deep 260–290 m untouched ore body shall 
be carried out, and the top pillar shall be reserved in the upper 290–300 m range, and the lower scale and 
lower grade 220–260 m ore body shall be reserved as the bottom pillar.

Simulation scheme

Based on the occurrence condition of the goaf above the level of 528 m and the goaf treatment plan, 
combined with the overall mining plan of the deep untouched ore body, the numerical simulation plan 
for the stability analysis of the deep untouched ore body is set as follows:

	1.	 The most dangerous situation. Under the conditions of 260–290 m goaf, 300–390 m goaf, and 420–500 m 
goaf without filling, the upper and deep goaf are the largest and the estimated safety conditions are the worst. 
Calculate the stress, strain, displacement, and plastic zone of the roof, floor, and sides of the goaf, and analyze 
the failure mode of the goaf.

	2.	 Secondary hazardous situation. Under the conditions of 260–290 m goaf and 420–500 m goaf without filling, 
the 300–390 m goaf will be mined and non-cemented filling will be carried out, which is the estimated sec-
ondary dangerous situation. Calculate the stress, strain, displacement, and plastic zone of the roof, floor, and 
sides of the goaf, and analyze the failure mode of the goaf.

	3.	 Safer situation. In the case of 300–390 m goaf, the 260–290 m and 420–500 m goaf shall be filled without ce-
mentation. It is estimated that the goaf is relatively safe at this time. Calculate the stress, strain, displacement, 
and plastic zone of the roof, floor, and sides of the goaf, and analyze the failure mode of the goaf.

	4.	 The safest situation. In the case of 260–290 m goaf, 300–390 m goaf, 420–500 m goaf, and all non-cemented 
filling, the hidden safety hazard in the goaf can be eliminated and the mining safety is good. Calculate the 
stress, strain, displacement, and plastic zone of the roof, floor, and sides of the goaf, and analyze the failure 
mode of the goaf.

Mining stability and non-cemented filling results

	1.	 Simulation results of the plastic zone and displacement nephogram in the most dangerous situation (see 
Fig. 9), simulation nephogram results of the main stress in the most dangerous situation (see Fig. 10). It can 
be seen from Fig. 9a that the plastic zone of the side wall of the goaf in the level of 220–500 m is mainly dam-
aged by shear; Fig. 9b shows that the plastic zone of the ore body is mainly damaged by shear and tension; 
Fig. 9c shows that the plastic zone at the top of the goaf in the level of 500 m has been penetrated, indicating 
that the roof of the goaf may fall, and relevant measures need to be taken to reduce the possibility of risk. 
The Z-direction displacement nephogram is shown in Fig. 9d. It can be found that the displacement around 
the level of 260–290 m of the goaf is 2 cm, the displacement of 300–390 m of the goaf is 4 cm, and the dis-
placement of 420–500 m of the goaf is 6 cm. See Fig. 10a,b for the maximum principal stress nephogram of 
the goaf. It can be seen from the figure that the maximum compressive stress of the side wall of each goaf is 
3 × 106 Pa, the maximum principal stress at the center of the ore body rock is tensile stress, which is 1.5 × 106 
Pa, pressure stress is mainly distributed around the rock, the maximum is 2.5 × 106 Pa. Figure 10c,d are the 
minimum principal stress nephogram, and the minimum compressive stress on the side of each goaf in the 
figure is 7.5 × 106 Pa, the minimum compressive stress of the ore body in the level of 220–260 m is 1.75 × 107 

Scheme Plastic zone
Displacement in the 
Z direction (cm)

Principal stress (MPa)

Maximum Minimum

Goaf Filling and ore body Goaf

Scheme 1 More

710–740 m − 8.5 710–740 m 0.45

– 528–650 m − 18650–670 m − 7 528–650 m − 1.5

528–650 m − 7 ~ − 6 528–540 m 0.45

Scheme 2 Less
540–650 m − 6

528–540 m − 0.5 ~ 1 – 528–540 m − 6
528–540 m − 4

Scheme 3 Seldom 528–610 m − 8 ~ − 6 – − 1.2 670–740 m − 6

Table 3.  Simulation analysis results of the upper goaf.
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Pa, the minimum principal stress of other ore bodies is also tensile stress in the center, compressive stress 
around, and the minimum principal stress is 2.5 × 106 Pa and 1 × 107 Pa. There are many plastic zones in the 
whole model of this scheme, even some parts have been connected, and the empty zone is in an unstable 
state.

	2.	 Simulation results of secondary hazardous situation (see Fig. 11). The simulation results of the plastic zone 
after 300–390 m non-cemented filling are shown in Fig. 11a, and the number of damaged units is slightly 
lower than the most dangerous situation. Figure 11b shows the displacement nephogram in the Z direction. 
The subsidence displacement of the goaf in the levels of 260–290 m and 420–500 m is 2.5 cm. Figure 11c 
shows the maximum principal stress nephogram of the goaf, and the maximum compressive stress of the 
goaf at the level of 260–290 m is 2 × 106 Pa. Figure 11d shows the minimum principal stress nephogram of the 

Fig. 9.  Simulation results of the plastic zone and displacement nephogram in the most dangerous situation: (a) 
overall plastic zone state; (b) plastic zone state of the remaining ore body; (c) the plastic zone state of the roof 
of the goaf in the level of 420–500 m; (d) displacement nephogram in the Z direction.
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goaf, and the minimum compressive stress of the goaf at the level of 260–290 m is 2 × 106 Pa. The stability of 
the unfilled empty area of the overall model is slightly better than the most dangerous situation, but it is still 
in an unstable state.

	3.	 Simulation results of safer situations (see Fig. 12). The simulation results of the plastic zone are shown in 
Fig. 12a. It can be seen from the figure that there are few damage units in the area of the filled void, and there 
are many damage units in the wall of the unfilled void. Figure 12b shows the displacement nephogram in the 
Z direction, and the maximum displacement of the side subsidence of the goaf at the level of 300–390 m is 
2.5 cm. Figure 12c shows the maximum principal stress nephogram of the goaf, and the maximum compres-
sive stress of the side wall of the goaf at the level of 300–390 m is 2 × 106 Pa. Figure 12d shows the minimum 

Fig. 10.  Simulation nephogram of the main stress in the most dangerous situation: (a) simulation nephogram 
of overall maximum principal stress; (b) simulation nephogram of the maximum principal stress of the 
remaining ore body in the goaf; (c) overall minimum principal stress simulation nephogram; (d) simulation 
nephogram of minimum principal stress of the remaining ore body in the goaf.
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principal stress nephogram of the goaf, and the minimum compressive stress of the side of the goaf at the 
level of 300–390 m is 2.5 × 107 Pa. The goaf filling in this scheme plays a good supporting role for the sur-
rounding goaf, but the stability of the unfilled goaf is still poor.

	4.	 Simulation results of the safest situation (see Fig. 13). Figure 13a shows the simulation of the plastic zone 
with all non-cemented filling. It can be found that no damaged unit is found below 528 m, which indicates 
that the hidden danger of instability is eliminated after filling in the goaf, and the goaf is in a safe and stable 
state. Figure 13b shows the displacement nephogram in the Z direction, and the subsidence displacement of 
the level of 260–290 m is 2 cm. Figure 13c is the simulated nephogram of the maximum principal stress in the 
goaf. The maximum compressive stress of the filling body occurs at the level of 260–290 m, which is 4 × 106 

Fig. 11.  Simulation results of the secondary hazardous situation: (a) simulation results of the plastic zone; (b) 
displacement nephogram in the Z direction; (c) simulation nephogram of maximum principal stress in goaf; 
(d) simulation nephogram of minimum principal stress in goaf.
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Pa. Figure 13d shows the minimum principal stress nephogram of the goaf. The minimum compressive stress 
of the filling body occurs at the level of 260–290 m, which is about 1.5 × 107 Pa.

	5.	 Numerical simulation conclusion. Through the analysis of the above simulation results (see Table 4), it can be 
found that after each step of filling, the hidden dangers in the goaf can be eliminated in sequence, ultimately 
reaching a stable state without plastic zones. Among them, there are a large number of plastic zones in the 
goaf of the 220–500 m middle section without filling, and the 500 m middle has already been connected. 
After treatment, no plastic zone is found below the 528 m middle. With the continuous filling of the goaf, the 
displacement of settlement and the maximum and minimum principal stresses suffered by the goaf decrease 
to varying degrees, proving that the goaf has achieved its own stability after being filled with filling material, 
and its safety has significantly improved, fully demonstrating the necessity of filling the goaf.

Fig. 12.  Simulation results of the safer situation: (a) the simulation results of the plastic zone; (b) the 
displacement nephogram in the Z direction; (c) the maximum principal stress nephogram of the goaf; (d) the 
minimum principal stress nephogram of the goaf.
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Discussion
Mining plan with deep untouching the ore body

From the depth of 528 m to the lowest control elevation of 220 m of the ore body, it belongs to the non-
moving ore body. According to the overall mining plan of the preliminary design, the deep non-moving 
ore body will be divided into three levels: 420–500 m, 300–390 m, and 260–290 m for mining, and the 
500–528 m, 390–420 m, 290–300 m and 220–260 m ore bodies will be reserved as pillars.
According to the overall plan of mining by levels in the preliminary design of the mine, combined with 
the production capacity requirements of the lead-zinc ore level and the layout of the development system, 
there are four mining methods for the deep untouched ore body:

Fig. 13.  Simulation results of the safest situation: (a) the simulation of the plastic zone with all non-cemented 
filling; (b) the displacement nephogram in the Z direction; (c) the maximum principal stress nephogram of the 
goaf; (d) the minimum principal stress nephogram of the goaf.
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Interval mining plan 1 (mining scheme 1). First of all, mining 300–390  m untouched ore body, after 
mining, uses the non-cemented filling process to dispose of the goaf and eliminate the safety hazards of 
the goaf. Secondly, the 290–300 m range of the ore body is reserved as the bottom pillar, and the 390–
420 m range of the ore body is reserved as the top pillar. Finally, the 260–290 m and 420–500 m untouched 
ore bodies shall be mined at the same time. After mining, the non-cemented filling process shall be used 
to dispose of the goaf to eliminate the safety hazards of the goaf.
Interval mining plan 2 (mining scheme 2). First of all, the 260–290 m and 420–500 m untouched ore 
bodies should be mined at the same time. After mining, the goaf should be treated with a non-cemented 
filling process to eliminate the safety hazards of the goaf. Secondly, the 290–300 m range of the ore body is 
reserved as the bottom pillar, and the 390–420 m range of the ore body is reserved as the top pillar. Finally, 
mining 300–390 m untouched ore body, after mining, uses the non-cemented filling process to dispose of 
the goaf and eliminate the safety hazards of the goaf.
Downward mining (mining scheme 3). First of all, mining 420–500 m untouched ore body, after mining, 
use the non-cemented filling process to dispose of the goaf and eliminate the safety hazards of the goaf; 
Secondly, the ore body within the range of 390–420 m shall be reserved as the top pillar, and the 300–
390 m untouched ore body shall be mined. After the mining is completed, the goaf shall be disposed of 
by the non-cemented filling process to eliminate the safety hazards of the goaf. Finally, the 290–300 m 
range of the ore body is reserved as the top pillar, and the 260–290 m untouched ore body is mined. After 
mining, the non-cemented filling process is used to dispose of the goaf and eliminate the safety hazards 
of the goaf.
Upward mining (mining scheme 4). First of all, mining 260–290 m untouched ore body, after mining, 
use the non-cemented filling process to dispose of the goaf and eliminate the safety hazards of the goaf. 
Secondly, the 290–300  m range of the ore body is reserved as the bottom pillar, and the 300–390  m 
untouched ore body is mined. After mining, the non-cemented filling process is used to dispose of the 
goaf to eliminate the safety hazards of the goaf. Finally, the 390–420 m range of the ore body is reserved 
as the bottom pillar, and the 420–500 m untouched ore body is mined. After mining, the non-cemented 
filling process is used to dispose of the goaf to eliminate the safety hazards of the goaf.

Optimization of mining sequence
 

 Scheme (1) Advantages: relatively large production capacity and relatively good safety of mining 
operation. Since the 300–390 m untouched ore body is mined first, the scale and reserves of this part of 
the ore body are relatively large, and relatively stable productivity can be formed at the initial stage. At 
the same time, because the 390–528 m ore body is temporarily set as the pillar, and the upper 528–610 
m existing goaf has little disturbance to the 300–390 m untouched ore body mining, the safety of mining 
operation can also be effectively guaranteed.
 Disadvantages: There are certain requirements for the construction organization, especially after the 
mining of 300–390 m untouched ore body and before the mining of 420–500 m untouched ore body, 
the filling and treatment of the upper 528–610 m existing goaf should be completed as soon as possible.
 Scheme (2) Advantages: large production capacity. Since the 260–290 m untouched ore body and 420–
500 m untouched ore body can be mined at the same time, a large production capacity can be formed 
at the initial stage. At the same time, because the 290–420 m ore body is used as the isolation layer, the 
mutual interference between the upper and lower levels is also small.
 Disadvantages: it is difficult to guarantee the safety of mining operations. Due to the large scale of the 
existing goaf at the upper part of 528–610 m, the goaf has certain potential safety hazards, and the filling 
treatment needs at least 1–2 years. Therefore, when this mining scheme is used to mine 420–500 m of the 
unmoved ore body, the goaf is very easy to disturb the mining of the lower unmoved ore body, resulting 
in certain potential safety hazards.
 Scheme (3) Advantages: relatively large production capacity. Since the 420–500 m untouched ore body 
is mined first, the scale and reserves of this part of the ore body are relatively large, and a relatively stable 

Scheme Plastic zone
Displacement in the Z direction 
(cm)

Principal stress (MPa)

Maximum Minimum

The most dangerous More − 9.07 ~ + 15

420–500 m − 6

− 6.11 ~ + 1.76 − 23.2 ~ + 3.72300–390 m − 4

260–290 m − 2

Secondary hazardous Medium − 20.4 ~ + 15.3
420–500 m − 2.5

− 6.19 ~ + 1.55 − 44.38 ~ + 10.51
260–290 m − 2.5

Safer Less − 8.96 ~ + 21.01 300–390 m − 2.5 − 5.81 ~ + 2.38 − 38.94 ~ + 8.42

The safest Seldom − 8.77 ~ + 15.52 260–290 m − 2 − 5.49 ~ + 0.81 − 17.20 ~ + 2.74

Table 4.  Numerical simulation results of deep undisturbed ore bodies.

 

Scientific Reports |        (2025) 15:43033 16| https://doi.org/10.1038/s41598-025-24224-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


production capacity can be formed at the initial stage. At the same time, the downward mining scheme 
requires that the existing development system in the old upper part be fully utilized as the return air 
channel, which is conducive to reducing the development and mining preparation quantities.
 Disadvantages: it is difficult to guarantee the safety of mining operations. Due to the large scale of the 
existing goaf at the upper part of 528–610 m, the goaf has certain potential safety hazards, and the filling 
treatment needs at least 1–2 years. Therefore, when the downward mining scheme is adopted to first mine 
the 420–500 m untouched ore body, the goaf is very easy to disturb the mining of the lower untouched ore 
body, resulting in certain potential safety hazards.
 Scheme (4) Advantages: good mining safety. Because the upward mining method is adopted to first mine 
260–290 m of undeveloped ore body, which is far away from the existing 528–650 m mined-out area, 
the mined-out area has little disturbance to the mining of deep undeveloped ore body, and the safety of 
mining operation can be effectively guaranteed. When the ore body is mined to 420–500 m, the existing 
goaf at the upper part of 528–610 m has been basically filled and treated, which can also effectively ensure 
the safety of mining operations.
 Disadvantages: production capacity is relatively limited. Because the 260–290 m untouched ore body 
is mined first, the scale and reserves of this part of the ore body are relatively small, and the stability of 
production capacity cannot be guaranteed at the initial stage. At the same time, the upward mining scheme 
requires that the filling and treatment of the goaf should be completed after the mining is completed 
before the mining of the previous orebody can be carried out. Therefore, the length of the filling and 
treatment period of the goaf will also have a certain impact on the production capacity.
 To sum up, according to the overall plan of mining by levels in the preliminary design of the mine, 
combined with the production capacity requirements of the lead-zinc ore level and the layout of the 
development system, it is recommended to adopt the mining scheme 1 for the deep untouched ore body 
(that is, first mining 300–390 m untouched ore body by filling method, then mining 260–290 m untouched 
ore body and 420–500 m untouched ore body by filling method), with relatively large production capacity 
The outstanding advantages of relatively good safety of mining operation26,27.
 Through the comparison of the advantages and disadvantages, it can’t be explained that mining scheme 
1 is the optimal scheme, and the roof subsidence will occur during the mining process. By analyzing the 
size of the roof subsidence displacement28 (see Fig. 14), which scheme is the best can be further explained. 
The monitoring points are arranged on the roof of 500 m level (p1), 390 m level (p2), and 290 m level 
(p3), the three roof models are all top views. Respectively, the monitoring is carried out according to the 
mining plan of each scheme, these three points only change the size of the Z-axis, and the X and Y-axis 
coordinates are both 150. It can be seen that the maximum displacement of mining scheme 2 and mining 
scheme 3 is more than 20 cm, and the settlement displacement of interval mining scheme 1 and mining 

Fig. 14.  Displacement monitoring of roof subsidence: (a) the roof displacement of mining scheme 1; (b) 
the roof displacement of mining scheme 2; (c) the roof displacement of mining scheme 3; (d) the roof 
displacement of mining scheme 4.

 

Scientific Reports |        (2025) 15:43033 17| https://doi.org/10.1038/s41598-025-24224-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


scheme 4 is very small. The maximum settlement displacement is located on the roof of a 500 m level, and 
the value is about 8 cm. In order to achieve the mine production capacity, mining scheme 1 is still selected 
as the optimal scheme.

  

Chain theory of goaf disaster
 

 The goaf at the level of 670–740 m in Suichang Gold Mine has been affected by the geological and 
geomechanical setting for a long time. The superposition of physical fields such as stress field, seepage 
field, temperature field, and chemical field will cause changes in the parameters of each field29, which will 
cause a response to the goaf state and feedback to the geological and geomechanical setting. This process 
is accompanied by the exchange of material and energy until the structure of the goaf becomes unstable, 
forming a dynamic and open complex disaster system.
 The traditional model cannot explain why the stability improvement (62%) at the 610–650 m level after 
filling the 528–540 m level goaf (Scheme 2) far exceeds the single filling effect (theoretical value of 35%). 
However, this model reveals through the “hub radiation” mechanism that the filling body changes the 
stress field distribution, increasing the triggering threshold of adjacent areas by 2.3 times.
 This study proposes a “dynamic threshold matrix” and establishes a quantitative relationship between 
different mining depths (220–740 m) and corresponding stability thresholds through orthogonal 
simulation experiments. By coupling the energy release degree with the volume of the plastic zone, it was 
found that when the energy release degree exceeds 0.6 and the volume of the plastic zone accounts for 
30%, cross horizontal disaster transmission will occur (such as the impact of a 710 m goaf on a 528 m 
level). The accuracy of this criterion has been verified by on-site monitoring to be 89%. The filling scheme 
optimized based on disaster chain theory (using a 1:8 ratio for 528–540 m) has increased the success rate 
of disaster chain blockage by 28% compared to traditional schemes, and reduced filling costs by 15% 
(parameter optimization of low-strength filling bodies in Table 2).
 A single factor will not cause instability and disaster in the goaf, and only under the coupling of multiple 
factors will instability occur, which is a complex nonlinear process30. These influencing factors have 
different levels and levels of convergence, and the number decreases with the aggregation of branches. If 
the degree of stress aggregation increases sharply, it will lead to the instability and damage of the goaf31. 
It is difficult to fully describe the instability process of goaf with a single disaster chain. Based on various 
analyses, the chain type of instability disaster in goaf has been drawn. (see Figs. 15, 16, 17).

  
  

 The failure of the pillar and roof is an intuitive manifestation of instability32, which can be manifested 
as initial creep stage, steady-state creep stage, and accelerated creep stage33. For a large area of the goaf 
group, it is a continuous repetition of the instability and disaster process of a single goaf. Its deformation 
has obvious nonlinear characteristics and is always accompanied by energy accumulation and dissipation, 
the law of deformation, and energy evolution over time (see Fig. 18). During the process of instability 

Fig. 15.  Cyclic chain of instability and disaster in goaf.
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and disaster in the goaf, energy presents a ‘rise and fall’ pattern. The wave-like increase in the figure 
shows that AB represents the stage of energy accumulation, BC represents the stage of energy release, 
and the shaded area represents the degree of energy release. The energy in each stage accumulates with 
the increase of stress and deformation. DE represents the initial deformation stage, EF represents the 
isokinetic deformation stage, FG represents the accelerated deformation stage, and G point represents 
the occurrence of damage, J and ɛ represent the maximum energy and strain accumulated in each goaf. 
When the goaf is damaged, the deformation increases sharply, and energy begins to be released Reaching 
relative equilibrium34,35. Each stage presents similar patterns of change, but as a single goaf continues 
to be destroyed, the rate of energy accumulation and final value gradually increases, and energy release 
becomes increasingly intense. The deformation also exhibits a similar development pattern.
 The current goaf at 670–740 m level has entered the collapse stage, while the energy release rate at 528–610 
m level is controlled below 0.3 after filling, which verifies the engineering applicability of the theoretical 
model. Continuous monitoring of the stress accumulation rate at the 610–650 m level is required in the 
future, and emergency filling should be initiated when it reaches 0.8 MPa/month.

  

So far, the goaf at the level of 670–740 m has been damaged, and filling treatment is being carried out 
at the level of 528–610 m. The stability of some goaf areas has been improved, and there have been no 

Fig. 17.  Goaf instability and disaster incubation chain.

 

Fig. 16.  Roof pillar instability chain in goaf.
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phenomena such as fragmentation or roof falls in the roadway. The stability of all filled areas remains to 
be observed in the future.

Conclusions

	1.	 The numerical simulation analysis of the upper ore body is carried out by Flac3D. The results show that after 
the cemented filling of the goaf at the level of 528–540 m, the scope of the damaged unit in the plastic zone is 
smaller than that without filling, the subsidence displacement of the level of 528–540 m is reduced by 2 cm, 
and the maximum compressive stress is reduced by 0.5 ~ 1 × 106 Pa, the minimum compressive stress of the 
side wall is reduced by 1.2 × 107 Pa, and there is no obvious tensile stress phenomenon, and the stability of 
the remaining goaf is slightly better than that of completely unfilled; After continuing the non-cemented fill-
ing in the level of 540–610 m, only a very small range of plastic failure units appeared. The filling body sank 
6 ~ 8 cm, and the side wall of the goaf sank 4–6 cm, with little change from the previous one. The maximum 
compressive stress of the filling body is 1.2 × 106 Pa, minimum compressive stress is about 6 × 106 Pa, the 
ring-breaking unit of the model as a whole is significantly reduced, which alleviates the stress concentration 
phenomenon, which indicates that the goaf is more stable after filling treatment.

	2.	 The numerical simulation analysis of the deep untouched ore body is carried out by Flac3D. The results show 
that after the non-cemented filling of the level of 300–390 m, the subsidence displacement of the level of 
420–00 m is reduced by 4 cm, and the maximum compressive stress of the goaf at the level of 260–90 m is 
reduced by 1 × 106 Pa, minimum compressive stress reduced by 5.5 × 106 Pa, the stable state is slightly better 
than that without filling; after non-cemented filling of 260–290 m and 420–500 m levels, there are few dam-
age units in the filled goaf, and the subsidence displacement of the side wall of the goaf of 300–390 m level of 
is reduced by 1.5 cm, and the maximum compressive stress is reduced by 1 × 106 Pa; after all non-cemented 
filling, there is basically no damage unit below the level of 528 m. It shows that the goaf has achieved its own 
stability after being filled with the filling body, and its safety has been significantly improved.

	3.	 Through the comparative analysis of advantages and disadvantages and the overall mining plan, mining 
scheme 1(interval mining plan 1) has the outstanding advantages of relatively large production capacity 

Fig. 18.  Evolution law of deformation and energy with the instability of goaf.
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and relatively good mining safety. At the same time, monitoring the settlement displacement of the roof 
in different schemes, the maximum displacement of the roof in scheme 1 and scheme 4 is about 8 cm, and 
the maximum displacement of the roof in scheme 2 and scheme 3 is about 20 cm. Based on comprehensive 
analysis, scheme 1 is still the best mining scheme, and adopting non cemented filling treatment scheme.

	4.	 This study clearly elaborates on three theoretical innovations: firstly, a disaster chain model for goaf based on 
the “trigger evolution result” framework, which compensates for the insufficient accuracy of traditional qual-
itative descriptions; The second is the proposed “dynamic threshold matrix”, which realizes the quantitative 
expression of multi field coupling triggering conditions; The third is to verify the adaptability of the “interval 
mining + graded filling” scheme in the treatment of high-level and large-span goaf, providing a theoretical 
paradigm for similar projects.

	5.	 The current model does not take into account the impact of time effects on the creep stage. In the future, 
the warning threshold can be optimized by combining acoustic emission monitoring technology; Suggest 
exploring real-time coupling methods between drone aerial survey and FLAC3D simulation to improve the 
timeliness of dynamic management of goaf clusters.
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