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A B S T R A C T 

 

Block caving method is the most suitable underground mining method for metal deposits that have reached their transition depth. The 
stability of the pit floor and slopes of these mines is critical to ensure safety and prevent damage to surface infrastructure. In this paper, the 
process of block caving under the open pit mine is modeled by numerical simulation using Phase 2 software. The effect of undercut depth on 
the caving height and the thickness of the remaining crown pillar under the pit was investigated. The undercut was modeled at 200, 600, and 
1000 meters below the pit floor. The results show that the height of the caving increases with increasing depth of the undercut. The maximum 
cave span also increases with the increment in depth. Also, as the depth increases from 200 to 600 meters, the thickness of the crown pillar 
increases five-fold, whereas by increasing the depth of undercutting from 600 to 1000 meters, the thickness of the crown pillar doubles. In 
addition, the ratio of the crown pillar thickness to the maximum caving span decreases as the depth of undercut increases. At depth of 200 
meters to 600 meters, the mentioned ratio decreases severely; however, for depths between 600 meters and 1000 meters, the ratio decreases 
gradually. 
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1. Introduction 

Globally, the demand for minerals is increasing. Conversely, surface 
resources are declining. Many large and worldwide mines have changed 
their exploitation method from open-pit mining to block caving 
method, as the depth of the pit increases and it becomes uneconomical. 
Among the advantages of the block caving method, we can mention its 
low cost and high production rate; therefore, low-grade deposits can be 
mined using this method [1–4]. 

Block caving mining under an existing open-pit mine can cause the 
instability of the open-pit mine slopes, and excessive settlement in the 
pit floor and ground surface. Therefore, a crown pillar should remain 
under the open-pit floor to control these issues. Numerical modelling, 
physical modelling, and analytical methods have been used to 
investigate the mechanism of the impact of block caving on the stability 
of the upper open-pit mine. A summary of these researches is given in 
Table 1. 

According to Table 1, researchers have conducted prominent studies 
in the prediction of pit subsidence behavior under the influence of block 
caving. However, this is a challenging issue in mining engineering. In 
this paper, the combined effect of the undercut depth and undercutting 
sequence on the thickness of the crown pillar under an existing open-
pit mine, regarding rock mass strength parameters, has been 
investigated. 

2. Block Caving Method 

Figure 1 shows an overview of the block caving method. In this 
method, an undercut is excavated in the entire ore body or in a block 
whose dimensions are almost equal to the dimensions of the ore body 
[15]. After excavation of the undercut, some parts of the caved ore are  

 
 
drawn through the draw point which has been designed in advance to 
provide the necessary space for the collapse of the upper ores. As the 
broken ore continues to be drawn, the host rocks are caved and 
consequently, the ground subsidence  occurs, the primary caving 
propagates upward in the entire deposit [16,17]. The effect of 
mechanical and geometrical parameters, such as joint set number, joint 
spacing, joint inclination angle, joint surface friction angle, and undercut 
depth on the caving span, height of the caving, and rock mass cavability 
were investigated by Alipenhani et al. [18–21] using physical and 
numerical modelling as well as employing Gene Expression 
Programming and Artificial Neural Networks to create heuristic models. 

Some of the main reasons for transitioning open-pit mines into block 
and panel caving mines are [22]: 

• It is not economical to continue open-pit mines. 
• Uncertainty about the stability and safety of the high slopes in open-

pit mines. 
• Harmful environmental effects of the open-pit mines development. 
• Lower operational cost and greater production capacity of block and 

panel caving methods compared to other underground (non-selective) 
mass extraction methods.  

Figure 2 demonstrates the schematic representation of the 
Chuquicamata open-pit mine, in which a block caving mine has been 
implemented below that. 

3. Numerical Modelling 

In this paper, three models were generated and analysed. In the first 
model, the slope height is 200 meters, and the width of the undercut is 
100 meters. The undercut is excavated in 10 steps. The difference 
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Table 1. A brief history of the researches on the impact of underground mining on the stability of upper open-pit mine. 

 
 

 

 
Figure 1. A schematic image of a block caving mine [15]. 

 
 

 
Figure 2. The schematic view of reserves and resources of the Chuquicamata mine 
[15]. 

 

between models is the depth of the undercut and undercut span. 
In the first, second, and third models, the undercut is located at the 

depths of 200, 800, and 1500 meters below the open-pit floor, 
respectively. The maximum undercut span for the first model is 100m 
and for other models, it is 125m. The block caving mining operation 
started when the open-pit mining operation was finished. 

Figure 3 shows the geometry of the first model. The model was 
meshed using a 4-node mesh, as the boundary conditions of the model 
are shown in Figure 3. At the bottom boundary of the model, the 
displacement is fully constrained, and both the left and right sides of the 
model are constrained in the X direction. The model is under the force 
of gravity. The rock mass failure criterion in the numerical model is 
Mohr-Coulomb. The main input parameters used for the rock mass are 
summarized in Table 2. 

 

 
Figure 3. The geometry and boundary conditions of the numerical model. 

4. Results and Discussion 

Figure 4 illustrates the yield zone changes in each stage of 
undercutting in the first model. As it is obvious in the figure, the caving 
initiates in the span of 20 meters, and then it propagates upwards with 
the increase of the undercut span. The caving has not reached the pit 
floor until the undercut span is 90 meters for the depth of 200 meters. 
Therefore, the maximum undercut span can be 90 meters. In this span, 
the thickness of the crown pillar will be 32 meters. 

Also, the displacement and strain contours in the last stage of 
undercutting are shown in Figure 5. This figure also shows that in order 
to ensure the stability of the pit, the crown pillar should remain at the  

Model type References Purpose and application 

Empirical Woo et al. [5] Using an empirical method to investigate and describe open-pit subsidence associated with block caving mining 

Physical 
modelling 

Ren et al. [6] Physical modelling to predict the expansion of the caving zone caused by the underground caving method 

Yang et al. [7] 
3D physical modelling to investigate the effects of joint sets on the open-pit floor subsidence mechanism and comparing 
the results with numerical simulation 

Numerical 
modelling 

Flores and Karzulovic 
[8] 

An open-pit floor subsidence analysis related to open-pit block caving interaction using FLAC2D numerical simulation 
software and a limit equilibrium technique 

Eberhardt et al. [9] Analysis of cave-induced slope deformations using FLAC2D and UDEC. The modelling approach, as well as the 
geometry of the discontinuity network, can affect the magnitude and shape of the subsidence profile. 

Elmo et al. [10] Modelling open-pit block caving interaction using FEM/DEM-DFN methods 

Beck et al. [11] Using ABAQUS software to analyze the interaction between open-pit mines and block caving through plastic energy 
and strain 

Xu et al. [12] 
Using numerical modelling with 3DEC software to predict damage extension of Yanqianshan iron mine's pit slope 
caused by underground mining 

Svarttjern et al. [13] A numerical modelling by using PFC2D to analyze the footwall damage in Kiirunavaara mine caused by subsurface 
caving 

Tegachouang et al. [14] Analysis of the effects of the underground block caving mining on the stability of an adjacent open-pit mine 
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Figure 4. Yield zone in different stages of undercutting. 

 
bottom of the pit with a thickness of 78 and 60 meters, respectively. By 
considering displacement and strain criteria, a conservative estimate for 
the thickness of the crown pillar will be obtained. Accordingly, a 
significant amount of ore will not be recovered. Therefore, the shear and 
tensile failure criterion is more suitable for this purpose. 

 

Table 2. Input material parameters are used in numerical modelling [22]. 

Parameter 
UCS 

 (Intact Rock) 

Mohr-Coulomb Rock Mass Parameters 

C ϕ σt σcm Em 

Unit MPa MPa degree MPa MPa GPa 

Value 102 5.18 35.42 0.2 21.9 14.22 

Figure 6 shows the changes in the shape of the yielded zone and the 
displacement contour at the maximum caving span before the caving 
reaches the pit floor. In this span, the thickness of the crown pillar will 
be 160 meters. In other words, the maximum usable span at a depth of 
600 meters is equal to 125 meters. If the width of the span is larger than 
this value, the caving will reach the pit floor. 

Figure 7 shows the changes in the shape of the yielded area and the 
displacement contour for the undercut at the depth of 1000 meters. At 
this depth, the maximum applicable caving span is equal to 135 meters. 
More than that, failure will happen in the pit floor. The thickness of the 
crown pillar, in this case, is 330 meters. 

Figure 8 to Figure 10 depict the changes in crown pillar thickness, 
caving height, and the ratio of undercut span to crown pillar thickness 
in terms of depth, respectively. As it can be observed, with the increase 

  
Span = 10m Span = 20m 

  
Span = 30m Span = 40m 

  
Span = 50m Span = 60m 

  
Span = 70m Span = 80m 

  
Span = 90m Span = 100m 

 1 
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in depth, the height of caving and the thickness of the crown pillar 
increase. With an increase in depth, the magnitude of in-situ stresses and 
consequently the induced stresses and the height of the caving zone 
increase. Also, for a slight change in the undercut span, a significant 
increase in the height of the caving zone will occur. Therefore, as the 
thickness of the crown pillar increases, the undercut span's ratio to the 
crown pillar's thickness decreases. At first, this decrease in the ratio has 
a steep slope, and then it becomes more gradual. 

 

 
(a) 

 
(b) 

Figure 5. a) Displacement contours, and b) strain contours for the span of 100m at 
the depth of 200m 

 

 
(a) 

 
(b) 

Figure 6. a) Yield zone contours, and b) displacement contours for the span of 
125m at the depth of 600m. 

 
(a) 

 
(b) 

Figure 7. a) Yield zone contours, and b) displacement contours for the span of 
125m at the depth of 1000m. 

 

 
Figure 8. The diagram of crown pillar thickness based on the undercut depth. 

 

 
Figure 9. The diagram of Undercut span to crown pillar thickness ratio based on 
the undercut depth. 

5. Conclusions 

The knowledge of the crown pillar thickness between the pit bottom 
and the crown of the cave back has an impact on the stability analysis of 
the open-pit mine and calculation of the minable deposit from 
underground mine and cavability studies. Since this paper used 
numerical modelling to investigate the caving behavior under an  
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Figure 10. The diagram of caving height based on the undercut depth. 

 
existing open-pit mine, the results are as follows: 

(1) Numerical modelling showed that with an increase in the 
undercut depth, the magnitude of induced stresses on the top of the 
undercut increases. Stress concentration above the undercut causes 
yielding and consequently caving. The caving propagates upwards to the 
bottom of the pit. 

(2) Controlling the width of the undercut span will prevent damage 
to the pit floor and instability in the floor and walls. On the other hand, 
to maximize the recovery, the undercut span should increase as much as 
possible. 

(3) The height of the caving zone and the crown pillar thickness have 
a linear relationship with the undercut depth and increase with the 
increase in the undercut depth. For instance, with an increase in the 
undercut depth from 200 meters to 1000 meters, the crown pillar 
thickness and the caving zone height have increased by 281 meters and 
755 meters, respectively. 

(4) There is a logarithmic relationship between undercut depth and 
the ratio of undercut span to crown pillar thickness. As the undercut 
depth increases from 200 to 1000 meters, the ratio decreases by about 
86%. In other words, with the increase in depth, the required thickness 
of the crown pillar increases. 
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