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Abstract: In order to achieve the safe mining in Sanshandao Gold Mine, five schemes of secure pillar group are designed. Using the 
method of the renormalization group, the failure mechanism of the pillar group is explored, and the safety factor of the pillar system 
is also obtained. The displacement characteristics, stress−strain laws, distribution of plastic zone and damage range of different pillar 
group are analyzed using numerical calculation software FLAC3D. To determine a reasonable pillar group scheme, the pillar stability 
and roof deformation are utilized to evaluate the safety of the pillar group. In addition, the theory of fuzzy comprehensive evaluation 
is adopted to verify the optimal scheme. The pillar group with the lowest roof deformation value is chosen as the optimal plan, which 
renders a factor of safety of 2.06 for the pillar group. According to this scheme, pillars with the width of 10 m are set along the strike 
of undersea deposit with the interval of 50 m. Rib pillars of 15 m in width are set at the location of the exploration line of 127, 151 
and 167. The analysis can be used to provide guidance for optimal design of pillar structures in undersea mining. 
Key words: undersea mining; pillar group scheme; safety factor; numerical simulation; fuzzy comprehensive evaluation 
                                                                                                             

 
 
1 Introduction 
 

Sanshandao Gold Mine is the first large-scale gold 
mine in China implementing undersea mining with the 
production capacity of 15000 t/d. The ore deposit 
thickness is in the range of 14−45 m, and the dip angle is 
from 60° to 75°. Upright and inversion phenomena exist 
in some locations of the ore body. The gold deposit is 
close to the major fault F1, with fault gouge of 5−10 cm 
in thickness. The rock mass of hanging wall is fractured, 
and the joints and fissures in the ore body further 
complicate the mining conditions. 

There are two special features for the deposits of 
undersea mines [1−5]. One characteristic is that the 
deposit is hosted in the seabed, so the corresponding 
mining technique is quite different from underground 
mining on land. The other is that if the deformation of 
seabed is not strictly controlled, water-inrush accidents 
may occur. In order to ensure the safety in mining 
operations, it is necessary to set up a rational pillar group 
to better support the roof and surrounding rocks [6−10]. 
In the undersea mining process, if a pillar is failed, stress 
redistributions will occur in the region where the 

adjacent pillars are located, due to the loss of load 
bearing ability of the failed pillar. This tends to cause the 
deformation and settlement in seabed, and consequently 
leads to the accident with water inrush. Thus, the 
stability of the pillar group is directly related to the safe 
exploitation of undersea deposit [11−15]. Therefore, 
designing the reasonable scheme for ore pillar group 
becomes an important research subject for Sanshandao 
Gold Mine. 

It is understood that the bearing capacity of a pillar 
is proportional to its cross-sectional area: the larger the 
size of the pillar is, the better the stability of the pillar 
becomes. On the other hand, in order to improve the 
economic benefit, the mining loss rate should be 
minimized. Therefore, the pillar size should be as small 
as possible under the premise of safe mining. Because of 
its significance in safe and economical extraction of 
underground ores, mine pillar has been investigated. 
GRIFFITHS et al [16] combined random field theory 
with an elasto-plastic finite element algorithm in the 
Monte Carlo framework to estimate the stability of 
pillars. CAUVIN et al [17] used probabilistic method to 
assess uncertainties in mine pillar stability. PALEI and 
DAS [18] presented a logistic classification model for  
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the prediction of roof fall risks in board and       
pillar workings in coal mines. JAISWAL and 
SHRIVASTVA [19] and MOHAN et al [20] respectively 
established a three-dimensional finite element model for 
the estimation of coal−mass pillar strength with 
calibrated numerical models. LI et al [21] successfully 
determined the thickness of the crown pillar of 
Sanshandao Mine with the help of the FLAC3D software. 
BRADY and BROWN [22] obtained the empirical index 
formula of the relationship between pillar strength and its 
size and geometry. Considering the influence of burial 
depth, ZHAO et al [23] deduced a new formula of pillar 
size using Protodyakonov’s theory. ZHOU et al [24] 
applied statistical and soft computing methods such as 
Fisher discriminant analysis (FDA) and support vector 
machines (SVMs) methodology to determine the pillar 
stability for underground mines. YAO et al [25] studied 
the sensitivity of the pillar stability to its influencing 
factors. LIU et al [26] optimized the stope parameters 
with numerical simulation and chaos optimization 
algorithm. The above researches provide useful 
references for the construction of rational pillar group for 
undersea mining. 

The purpose of this work is to determine the 
reasonable pillar structure in seabed deposit. The 
mechanical model and the fractal tree model of pillar 
group are established based on the renormalization group 
method [27]. The safety factor of pillar is also obtained. 
In addition, five schemes of secure pillar group are 
proposed, and the stress state of ore pillars, the 
displacement of surrounding rocks and the range of 
plastic zones are analyzed using the numerical 
calculation software FLAC3D. Based on the technical and 
economical indexes of the five schemes, the evaluation 
indexes of each scheme are quantitatively analyzed by 
the method of fuzzy comprehensive evaluation. Finally, a 
reasonable scheme of pillar group is selected. The 
analysis in this work will provide the theoretical basis for 
the undersea mining design in Sanshandao Gold Mine. 
 
2 Numerical model and construction 

schemes of pillar group 
 
2.1 Geometry of numerical model 

The undersea ore body in Sanshandao Gold Mine is 
located between exploration line of 119−159, with the 
thickness of 14−45 m and dip angle of 65°−75° (Fig. 1). 
According to the profiles of exploration line from 115 to 
171 and the geological plans of −165, −200, −240, −280 
and −400 m level, the numerical model of undersea 
mining is established using FLAC3D (Fig. 2). The 
dimension of the model is 700 m along the ore strike, 
500 m in the direction perpendicular to the strike and  
600 m below the sea level in vertical direction. The ore 

body strike, the direction perpendicular to the strike and 
the vertical orientation are defined in the model as X-axis 
direction, Y-axis direction and Z-axis direction, 
respectively. The model consists of six parts: seawater, 
sea mud, bedrock, hanging wall rock, foot wall rock and 
ore body. 
 

 

Fig. 1 Top view of ore body in Sanshandao Gold Mine 

 

 
Fig. 2 Model geometry of undersea mining 

 
The aim of the numerical simulation is to analyze 

the displacement characteristics, stress−strain conditions, 
distribution of plastic zones and damage range of 
different schemes. Mohr−Coulomb constitutive model is 
adopted in the numerical analysis and the following 
boundary conditions are applied in the model: (1) fixed 
X-direction displacement at the left and right boundaries; 
(2) fixed Y-direction displacement at the front and back 
boundaries; (3) fixed all the X, Y and Z direction 
displacements at the bottom; (4) free boundary at the top 
of the model. 

The in-situ stress is composed of gravity stress and 
tectonic stress. The relationships between the values of 
principal stresses and buried depth are obtained by the 
in-situ stress measurement in Sanshandao Gold Mine. 
The FLAC3D uses the general engineering convention of 
compression being negative and tension being positive. 
And the X-axis direction and Y-axis direction stresses in 
the model are deduced by projecting the horizontal 
maximum principal stress and the minimum principal 
stress on the X and Y axes, respectively. The data 
generated by the model are consistent with the actual 
measurement, and the input value of the numerical mode 
can be written as 
 

σX=−28.78+0.0478Z                           (1) 
σY=−10.158+0.0168Z                          (2) 
σZ=−18.98+0.0315Z                           (3) 
 

where σX , σY and σZ are the stresses in X-axis direction, 
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Table 1 Mechanical parameters in numerical simulation 

Material type 
Elastic 

modulus/GPa 

Poisson 

ratio 

Density/

(g·cm−3)

Internal friction 

angle/(°) 

Cohesive 

force/MPa

Tensile 

strength/MPa 

Compressive 

strength/MPa 

Backfill 0.33 0.26 1.86 35.2 0.19 0.12 1.6 

Ore-body 4.51 0.19 2.72 32.6 0.86 1.80 48.0 

Footwall 9.64 0.24 2.76 41.4 0.96 2.34 58.1 

Hanging wall 7.80 0.22 2.72 40.4 0.52 1.60 38.4 

Bedrock 5.00 0.19 2.70     

 

Y-axis direction and Z-axis direction, respectively, MPa; 
Z denotes the depth below sea level, m. 

According to the rock mechanical test results in 
Sanshandao Gold Mine, the mechanical parameters used 
in the numerical simulation are given in Table 1. In 
addition, the sea water density is set to be 1.01 g/cm³, 
and the densities of gravel and mud in sea floor are set to 
be 1.80 and 1.70 g/cm³, respectively. 
 

2.2 Numerical model of pillar group schemes 
Due to the limitation of actual mining conditions, 

existing development system, mining equipment and 
mining method in Sanshandao Gold Mine, the following 
five schemes of pillar group are proposed. Scheme 1: the 
10 m-wide pillars are set with the interval of 50 m in the 
undersea deposit, with rib pillars of 15 m in width set at 
the location of the exploration line of 127, 151 and 167 
(Fig. 3). Scheme 2: the 10 m-wide pillars are set with the 
interval of 50 m along the ore strike. Scheme 3: the    
10 m-wide pillars are set with the interval of 100 m, and 
the 5 m-wide pillars are set in other regions with interval 
of 50 m. Scheme 4: the 10 m-wide pillars are set with the 
interval of 50 m, and at the locations of the exploration 
line of 127−131, 151−155 and 167−171, with the width 
of the vertical pillars of 50, 50 and 30 m, respectively. 
Scheme 5: the 10 m-wide pillars are set with the interval 
of 100 m, and the 5 m-wide pillars are set in other 
regions with interval of 50 m. In addition, on the 
exploration line of 127−131,151−155 and 167−171, the 
 

 

Fig. 3 Illustration of pillar group in Scheme 1 

widths of three vertical pillars are set to be 50, 50 and  
30 m, respectively. In the five schemes of pillar group, 
the thickness of the roof and the floor is set to be 6 m, 
and the pillars can be exploited by upward drift filling 
mining method after the whole deposit has been 
completely mined. The mining rates of the five schemes 
are 70.34%, 72.19%, 76.87%, 63.23% and 66.03%, 
respectively, where the mining rate of Scheme 3 is the 
highest, and the mining rate of Scheme 4 is the lowest. 
 
3 Theory of renormalization group method 

and fuzzy mathematics method 
 
3.1 Theory of renormalization group method 

During the exploitation of undersea deposits, pillar 
group can form a support structure for the surrounding 
rock, and the load from roof rocks is mainly supported 
by the pillar group. The most important problem is 
whether the stability of the entire pillar group will be 
affected if one pillar is destroyed, or to what level should 
the safety factor of pillar be attained, to guarantee the 
stability of the whole pillar system. To study the failure 
mechanisms of the pillar group in undersea mining, the 
renormalization group method is adopted to analyze the 
force distribution within the pillar group [28,29]. The 
renormalization group method can quantitatively obtain 
the change of the physical quantity by changing the 
observation size. This method can obtain the 
characteristic description of the macroscopic system by 
performing a series of self-similar transformations on the 
basic components of the system. The loading model of 
roof of goaf area is shown in Fig. 4, and the fractal tree 
model of pillar group is shown in Fig. 5. As can be seen 
in the basic model shown in Fig. 5(a), the force F is 
added to the two sides of primary structural unit. If the 
pillar is destroyed on one side of the unit, the force will 
be transferred to the other side of the structural unit, 
which will be subjected to a force of 2F. The three 
hierarchy model on basic model for pillar group can be 
seen in Fig. 5(b), where the top force of the three-level 
structure unit is 8F. 

Assuming that the failure probability of the pillar 
structural unit obeys Weibull distribution: 
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R0(F)=1−exp(−F/F0)                          (4) 
 

where R0 (F) is the failure probability of Level 0; F is the 
load of a single pillar; F0 is the reference strength of a 
single pillar. 
 

 
Fig. 4 Loading model for roof and goaf 

 

 

Fig. 5 Fractal tree model for pillar failure 

 
In this structure, the failure probability of both the 

primary unit and the whole three-level unit can be 
obtained using the same method. Then, the result can be 
generalized to the failure probability relationship 
between Level Rn+1 and Level Rn: 
 

2
1 (3 2 )n n nR R R                              (5) 

 

where Rn+1 is the failure probability of Level n+1; Rn is 
the failure probability of Level n. 

To study the relationship between Rn+1 and Rn,   
Eq. (5) is written as follows: 
 

f(x)=x2(3−2x)                                (6) 
 

Setting f(x)=x, then x=x2 (3−2x) is a cubic equation. 
By solving this equation, three solutions are obtained 
within the range of 0≤x≤1, which are respectively x1=0, 
x2=0.5 and x3=1. Iteration results of Eq. (5) show that 
x2=0.5 is a critical point. If the failure probability is less 
than 0.5, Rn will approach 0 in the iterative process, and 
the system will be stable (as shown in Fig. 6). If the 
damage probability is higher than 0.5, Rn will approach  
1, and the system tends to be destroyed. 

According to the critical point R0=0.5 (Eq. (6)), the 
value of F/F0 is obtained to be 0.693. Supposing K to be 
the safety factor of a single pillar, then K is expressed as 
K=F0/F. Therefore, to maintain the stability of the pillar 
group during undersea mining, the safety factor of each 
pillar should be higher than 1.44. 
 
3.2 Theory of fuzzy mathematics method 

The choice of mining scheme is a complicated 
decision-making process involving multiple factors and 

 

 
Fig. 6 Iteration expressions between Rn+1 and Rn 
 
objectives [30]. However, conventional mining method is 
determined only by a single or several influencing 
factors that are intuitively evaluated, which involves 
many experiential factors. Fuzzy mathematics provides a 
theoretical basis for the fuzzy concept, fuzzy reasoning, 
fuzzy judgment and fuzzy decision digitization and 
quantification which can only be described qualitatively 
in complex system design process. But the weight of 
complex index system is selected through the subjective 
review of experts, with a certain degree of subjectivity. 
Analytic hierarchy process (AHP) can systematize the 
various factors of complex system problems by dividing 
the orderly levels of interlinkages, and quantify the 
relative importance of each level according to the 
judgment of certain objective reality. Thus, the weight of 
the relative importance of all the elements of each   
level is determined according to the mathematical 
method. 

The combination of AHP and fuzzy mathematics 
theory is applied to the evaluation of the pillar group 
schemes. The comprehensive evaluation index system of 
each scheme is established, and the weight of each factor 
is objectively determined by analytic hierarchy process. 
Then, the fuzzy comprehensive evaluation is established 
according to fuzzy mathematics theory, in order to 
determine the optimal pillar group scheme. 
 
4 Numerical simulation analysis and scheme 

optimization of pillar group in undersea 
mining 

 
4.1 Results of numerical simulation 

Cemented fill mining method is applied in 
Sanshandao Gold Mine, which means that the mining 
goaf is backfilled in time. According to the 
characteristics of this mining method, the numerical 
simulation is performed to analyze the stress state of the 
pillar group, the maximum displacement of the roof rock 
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and the distribution of plastic zone in the pillar group. 
4.1.1 Stress analysis of pillar group 

The stress distribution in the five schemes of pillar 
group is analyzed, where the maximum tensile stress and 
the maximum compressive stress in the pillar group are 
obtained. Taking Scheme 1 as an example, the cloud 
picture of the maximum principal stress and minimum 
principal stress in the pillar group are shown in Fig. 7 
and Fig. 8, respectively. 
 

 
Fig. 7 Maximum principal stress in Scheme 1 

 

 

Fig. 8 Minimum principal stress in Scheme 1 

 

The calculating results show that, from Scheme 1 to 
Scheme 5, the average values of maximum compressive 
stress at the region of pillar are 23.33, 25.83, 29.17, 
20.42 and 22.08 MPa, respectively, and the average 
values of minimum tensile stress at the region of pillar 
are 0.78, 0.78, 1.00, 0.50 and 0.50 MPa, respectively. 
The strength of the pillar is 48 MPa, and the safety 
factors of pillars from Scheme 1 to Scheme 5 are 
calculated to be 2.06, 1.86, 1.64, 2.35 and 2.17, 
respectively. The safety factor in each pillar scheme is 
higher than 1.44, so the stability of the pillar group can 
be guaranteed. 

According to the numerical simulation results, the 
larger the cross-sectional area of pillar is, the smaller the 
compressive stress in the pillar group becomes. With a 
larger cross-sectional area, the safety factor of the pillar 
group is also higher. In other words, the reasonable size 
of pillar will be beneficial in the improvement of the 

stress distribution of the whole mining area. On the other 
hand, if the cross section of pillar is too large, the mining 
recovery will reduce, and the corresponding ore loss will 
increase. 
4.1.2 Maximum displacement analysis on roof strata 

Fourteen observation points are set with a certain 
distance between each other in the model, as shown in 
Fig. 9. The displacement of the roof strata can be 
obtained from each observation point, and the control 
effect of each scheme on the settlement of roof strata can 
also be analyzed. The maximum displacement of the roof 
strata in each scheme is obtained with the vector diagram 
of global displacement, which can reflect the control 
effect of the pillar group on the global displacement. 
Taking Scheme 1 as an example, the position of 
observation points and displacement conditions are 
shown in Fig. 9, and the vector diagram of global 
displacement is shown in Fig. 10. 

 

 

Fig. 9 Displacement in ore body and observation points 

 

 

Fig. 10 Vector diagram of global displacement 

 

According to the calculation results, the vertical 
displacement at each observation point is shown in   
Fig. 11. The maximum vertical settlements of roof strata 
from Scheme 1 to Scheme 5 are 1.72, 1.73, 1.98, 1.76 
and 1.88 cm, respectively, and the maximum 
displacements are 2.62, 3.00, 3.63, 2.93 and 3.20 cm, 
respectively. The results show that Scheme 1 is the best 
for the displacement control of the roof strata (the 
smallest maximum displacement), followed by Scheme  
4, Scheme 2, Scheme 5 and Scheme 3. 
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Fig. 11 Vertical settlement curves of roof strata in different 

schemes 

 
4.1.3 Distribution of plastic zones in pillar group 

The distributions of plastic zones with different 
pillar group schemes are shown in Fig. 12. Shear failure 
of backfill has been observed in all 5 schemes, due to the 
low strength of the backfill material. It is also observed 
that the common failure mode for roofs is tensile failure, 
while the pillars generally undergo shear failure. In   
Fig. 12, both tensile failure and shear failure have    
the state of “-n”, which means the zone is in the failure 

currently, and the state of “-p”, which means the zone 
has failed in the past, but currently the stresses fall below 
the yield surface. Thus, both failure states can provide 
information about damage regions through the 
calculation process of the numerical model. 

It is seen in Fig. 12 that, small parts of plastic zones 
of pillar group exist in Scheme 1, and most of the pillar 
failure mode is in shear-p failure. The size of plastic 
zones of pillar group in Scheme 2 is larger: some of the 
pillars at exploration line 119 and 115 are in the state of 
shear failure (-n), and the rest plastic zones have also 
experienced the state of shear failure (-p). The size of 
plastic zones of pillar group in Scheme 3 is the largest: 
most of the pillars at the exploration line 115, 119 and 
131 are in the state of shear failure (-n), and most of the 
rest pillars have also failed in shear (-p). In Scheme 4 
and Scheme 5, the size of plastic zones on the large-sized 
pillars is relatively small, and the size of plastic zones on 
the remaining pillars is large. Most plastic zones have 
failed in shear (-p), and a few pillars at exploration line 
119 and 115 are in the state of shear failure (-n). Fewer 
yielding zones are observed at roofs in Scheme 1 than 
other schemes, which is also in agreement with the roof 
settlement data shown in Fig. 11. This indicates that the 
roof is more stable in Scheme 1. It is also observed that 
the size of plastic zones in Scheme 1 is smaller than that 

 

 

Fig. 12 Plastic zone distributions of pillar group in different schemes: (a) Scheme 1; (b) Scheme 2; (c) Scheme 3; (d) Scheme 4;    

(e) Scheme 5 
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in other schemes. 
 
4.2 Scheme optimization of pillar group 

Due to the fact that the above five schemes of pillar 
group have their own merits and flaws, some of the 
evaluation indexes have the characteristics of fuzziness, 
randomness and unpredictability. Therefore, the fuzzy 
comprehensive evaluation method is adopted to convert 
various fuzzy or subjective factors into data. Thus, the 
evaluation indexes of each scheme can be quantitatively 
analyzed, and accordingly the optimal pillar group 
scheme can be selected. 

(1) Synthetic evaluation indexes 
By analyzing the above researching results, seven 

indexes are selected (as given in Table 2), which are 
divided into qualitative and quantitative indexes. The 
mean maximum tensile stress, mean maximum 
compressive stress, maximum displacement and mining 
rate are chosen as quantitative indexes, and the range of 
plastic zones, suitability of the scheme and difficulty 
degree of the implementation are chosen as qualitative 
indexes. 

(2) Membership degree of quantitative indicators 
If there are n schemes and m indicators in every 

scheme, the characteristic value matrix can be written as 
follows: 
 

11 12 1

21 22 2

1 1

[ ]

n

n
ij

m m mn

y y y

y y y
y

y y y

 
 
  
 
 
 

Y




   


               (7) 

 

where i=1, 2, …, m, and j=1, 2, …, n. In the matrix of 
the study, n=5 and m=7. 

The calculating methods of relative membership 
degree are described as follows: 

If the maximum value is optimum index, the 
following equation for normalization is used: 
 

γij=yij/yi,max                                                     (8) 

 

If the minimum value is optimum index, the 
following equation for normalization is used: 
 

γij=1−yij/yi,max                                                  (9) 
 

There are four quantitative indexes and three 
qualitative indexes in the above five schemes. According 
to the parameters of the quantitative indicators (given in 
Table 2), the eigenvector matrix is normalized as 
follows: 
 

1 4

0.64 0.64 0.50 0.57 1

0.88 0.86 0.70 1 0.93

1 0.87 0.72 0.90 0.82

0.92 0.94 1 0.82 0.86



 
 
 
 
 
 

R  

 

 (3) Membership degree of qualitative indicators 
According to the qualitative indexes (given in Table 

2), the membership degree of qualitative indicators is 
obtained by checking the mood operators and 
quantitative scales. The vector of the relative 
membership degree of the plastic zones, the scheme 
suitability and the difficulty degree of the 
implementation are R5=[0.92, 0.52, 0.14, 1, 0.21], R6= 
[0.87, 0.67, 0.18, 1, 0.33] and R7=[0.45, 0.31, 0.22, 1, 
0.59], respectively. 

(4) Optimal selection of pillar group scheme 
Using AHP, the weight matrix of seven indexes can 

be obtained, and the maximum eigenvalue is calculated 
as λmax=7. The consistency check for the judgment matrix 
can be performed by following equations: 
 

C=I/R                                     (10) 
 

I=(λmax−n)/(n−1)                             (11) 
 

where C is the consistency ratio; I is the consistency 
index; R is the mean random consistency index; n is the 
order of the judgment matrix. 

The value of R is selected according to Table 3. 
C can be obtained by calculation (C=I/R=0<0.1), 

which meets the consistency check. By using the root  
 
Table 2 Evaluation indexes of pillar group schemes 

Project Scheme 1 Scheme 2 Scheme 3 Scheme 4 Scheme 5 

Mean maximum tensile tress/MPa 0.78 0.78 1 0.88 0.5 

Mean maximum Compressive stress/MPa 23.33 25.83 29.17 20.42 22.08 

Maximum displacement/cm 2.62 3.00 3.63 2.93 3.20 

Mining recovery rate/% 70.34 72.19 76.87 63.23 66.03 

Range of plastic zone Slight Obvious Significant Slight Slight 

Suitability of scheme Good General General Good General 

Difficulty degree of implementation Easy Easy Difficult Easy General 

 

Table 3 Values of mean random consistency index R 

n 1 2 3 4 5 6 7 8 9 

R 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45  
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method, the weight vector ω can be obtained as ω= 
[0.112, 0.092, 0.238, 0.268, 0.231, 0.031, 0.028]. 

The weighted average model is adopted to evaluate 
the above five schemes. The subordinated vector can be 
calculated to be S=[0.89, 0.76, 0.60, 0.87, 0.70]. 
According to the principle of maximum membership 
degree, the larger the value of S is, the better the scheme 
becomes. The results show that Scheme 1 (10 m-wide 
pillars along the strike of undersea deposit with the 
interval of 50 m, with 15 m-wide rib pillars at the 
exploration line of 127, 151 and 167) is the best scheme, 
followed by Scheme 4, Scheme 2, Scheme 5 and  
Scheme 3. 
 
5 Conclusions 
 

1) To ensure the mining safety in Sanshandao Gold 
Mine, five pillar group schemes are proposed, and the 
failure models of pillar group are established using the 
renormalization group method. The failure mechanisms 
of the pillar group are also explored. The results show 
that the bearing stress in the pillar should not exceed 
69.3% of its compressive strength, which means, to 
ensure the overall stability of the pillar group, the safety 
factor of each pillar should be higher than 1.44. 

2) According to the actual mining conditions in 
Sanshandao Gold Mine, five numerical models of pillar 
group schemes are established. The stress variation 
characteristics, distributions of the plastic zones of the 
pillar group, and the settlement of the roof strata are 
investigated. The results show that reasonable 
cross-sectional area of pillar will be beneficial in the 
improvement of the stress distribution in the whole 
mining area. 

3) The analysis shows that the roof settlement is the 
lowest in Scheme 1, and the corresponding factor of 
safety for the pillars is 2.06. In addition, considering the 
multi-factorial nature in the optimal mining process, 
fuzzy comprehensive evaluation method is used to 
compare these five schemes. The result indicates that 
Scheme 1 is the optimal scheme for the pillar group, 
which is in agreement with the analysis of roof 
deformation and safety factor of pillar group. In this  
case, 10 m-wide pillars are set along the strike of 
undersea deposit with the interval of 50 m, with 15 
m-wide rib pillars at the exploration line of 127, 151 and 
167. The results in this work can help to guide the design 
of the optimal pillar group structure for undersea mines. 
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金属矿海底开采合理矿柱框架构建 
 

刘志祥，骆 天，李 响，李夕兵，怀 震，王少锋 

 

中南大学 资源与安全工程学院，长沙 410083 

 

摘  要：为实现三山岛金矿海底矿床的安全开采，设计 5 种保安矿柱留设方案。利用重整化群方法，探索矿柱群

的破坏机理，得出保证海底开采的矿柱安全系数。通过 FLAC3D数值模拟，对 5 种矿柱框架构建方案进行计算，

分析不同矿柱框架留设方案的位移特征、应力−应变演化规律、塑性区分布及破坏范围。对顶板沉降及矿柱的安

全系数进行评价，从而选出合理的矿柱框架方案。此外，利用模糊综合评判法对所选矿柱框架构建方案进行验证。

所选定的最佳方案的矿柱安全系数为 2.06，并且顶板位移量最小。此方案沿矿体走向每隔 50 m 设置 10 m 间柱，

在 127、151 和 167 勘探线设置 15 m 间柱。本研究对海底开采矿柱结构的优化设计具有指导意义。 

关键词：海底开采；矿柱架构；安全系数；数值模拟；模糊综合评判法 
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