
Tunnel performance at depth with bolt support 

1.1 Bonded Block Models 

Massive underground mining is becoming ever more prevalent, specifically caving mines at depths 

greater than 1000 m involving very highly stressed environments. Mine development sequencing and 

cave advance affect the re-distribution of induced stresses on mine infrastructure. Support designs 

must consider the excavation instability problems resulting from this loading. Garza-Cruz and Pierce 

(2014) have shown that the discrete element method (DEM) is favorable to continuum approaches for 

representing the spalling and bulking which occur at depth. Discontinuum approaches, such as 3DEC, 

can explicitly represent the initiation and propagation of fractures. DEM models show brittle failure is 

dominant at low confinement while brittle failure and the propagation of tensile fractures is inhibited 

at higher confinement. This mechanism is important for accurate stability assessment and support 

design. 3DEC allows for the construction of synthetic rock samples with zero initial porosity. The model 

consists of a collection of interlocked tetrahedral blocks bonded at their contacts. The tensile strength 

of these contact bonds is heterogeneous. The contacts provide frictional resistance to movement after 

contact bond breakage. The block contacts represent a network of low persistence veins, open 

fractures and intact rock while the blocks themselves represent unveined intact rock. Such models are 

referred to as Bonded Block Models (BBM).  

1.2 Problem Statement 

In this example, a tunnel is to be excavated at depth in a veined rock mass represented by a BBM. Bolt 

support and support pressure are installed after 70% of relaxation. Then, the tunnel is fully relaxed 

and vertically loaded and unloaded to mimic the stress variation induced by the mining sequence. The 

effect bolts have on the damage development and bulking evolution adjacent to the excavation during 

tunnel loading/relaxing due to a cave-like stress cycle is explored.  

1.3 Modeling Procedure 

1.3.1 Geometry 

A tunnel excavation process is simulated in 3DEC using a BBM as shown in Figure 1. To reduce the 

computational time, boundaries are modeled with single elastic blocks (top and bottom). The 

dimensions are 7 m x 15 m x 2.4 m (w x h x d). Symmetry boundary conditions were used at all vertical 

boundaries of the model to simulate an array of parallel tunnels at 14-m intervals (center to center).  

The area of interest close to the tunnel is simulated with a BBM whose average block length is 0.4 

meter. The blocks were generated by first creating large blocks (poly brick) and filling them with 

tetrahedral zones (gen edge).  These zones were then exported as blocks (list zone poly).  All model 

data was cleared (new) and the tetrahedral block assembly was imported.    

1.3.2 Properties 

The BBM sample was embedded in an elastic boundary and material properties were assigned as in 

Table 1.  The Young’s modulus of the elastic boundary is set to match that of the rock mass (10 GPa) 

and Poisson’s ratio was assumed to be 0.25.  The rock mass modulus was determined by performing 

a simple compression test on the BBM material (not shown here).   

The Mohr-Coulomb joint model was used (jmodel model mohr) to enable the assignment of different 

properties to each subcontact.  The BBM tensile strength is populated based on a Gaussian law. It 

means the tensile strength assigned to each contact is randomly picked in a Gaussian distribution.  

Joint tensile strengths are shown for a cross-section in Figure 2. 



 

Figure 1: Model geometry – block groups on the left, a block decomposition 

on the right (elastic boundaries are formed of one block each) 

 

Figure 2: Joint tensile strengths.  Joints with strengths above or below the 

maximum or minimum contours are colored red or blue 

respectively. 

  



Table 1 Elastic Block and Contact Mechanical Properties used in the Model 

Block Properties  

Young’s Modulus  50 GPa 

Poisson’s Ratio 0.25 

Density 2,650 kg/m3 

Contact Properties 

Normal Stiffness 100 GN/m 

Shear Stiffness  50 GN/m 

Friction Angle 35° 

Dilation Angle 10° 

Peak Tensile Strength Variable – from Gaussian distribution 

Mean value=2 MPa 

Residual Tensile Strength 0 

Peak Cohesive Strength 2.5 × tensile strength 

Residual Cohesive Strength 0 

Elastic Boundary Block Properties 

Young’s Modulus 10 GPa 

Poison’s Ratio 0.25 

 

1.3.3 In-situ stress and excavation 

The model is equilibrated under in-situ stress state (σv = 31 MPa, σH = 3σv = 93 MPa, and σh = 1.6σv = 

50 MPa).  

The tunnel 3D excavation is simulated by gradually reducing the initial stress at the boundary of the 

excavation using the command boundary reaction. The deconfinement ratio is controlled at each step 

of the simulation by the fish variable/function bound_his. Complete deconfinement corresponds to 

bound_his=0. Histories are installed close to the excavation to record the convergence of the tunnel 

and at the bottom and top of the model to record the stress load variation. 

1.3.4 Support 

The deconfinement is ‘paused’ at 70% of relaxation to install support pressure and cable support.  

This corresponds to an installation at around 1 tunnel radius behind the face of the tunnel.  A 

support pressure of 0.1 MPa is applied to the tunnel surface. The cable elements are used to 

simulate rebars and partly debonded cables with faceplates.  Properties are given in Table 2.  Note 

that two of the rebars lie on the plane of symmetry so the area and yield strength for these cables 

are divided by two. The bolt configuration is shown in Figure 3.  After application of support pressure 

(and possibly cable support) the reaction forces are reduced to 0. 

 

 



Table 2 Bolt Properties used in the Model 

 Rebar 

(mat 1) 

Cable (mat 2) Unit 

area 
Cross-sectional area of 
cable. 

201e-6 201e-6 m2 

emod 
Elastic Young’s 
modulus for cable. 

1.4e11 1.4e11 Pa 

yield 
Tensile yield strength 
of the cable. 

180e3 200e3 N 

strain_limit 
Strain limit for axial 
rupture of the cable.  

0.2 0.2 - 

kbond Stiffness of the grout. 3e8 3e7 N/m/m 

sbond 
Cohesive capacity of 
the grout. 

2.8e5 
2.3e5 

(=10 in unbonded section) 
N/m 

seg Number of segments. 10 20 m 

 

 

Figure 3:  A 2D section of bolts in the model.  There are two layers of bolts 

in the y direction 1.2 m apart. Blue (1) corresponds to rebars, 

green (11) to rebars on the plane of symmetry, red (2) to bonded 

sections of cable and light blue (12) to unbonded section of cable. 

 

1.3.5 Tunnel loading 

The final state of this simulation (100% deconfined tunnel) is subjected to a generic caving-induced 

stress path simulating a loading/unloading cycle. The loading/unloading phases increase/decrease 

the vertical stress by about 10 MPa. 



1.3.6 Monitoring and Fragments 

Displacement and stress histories are monitored at several points around the tunnel.  In addition, 

fragment configurations are calculated for each save state.  A fragment is a contiguous set of blocks 

where each pair of blocks is connected by at least one intact subcontact.  Fragment calculations are 

performed using the command fragment compute.  Fragments can then be plotted by issuing the 

command fragment fillgroup, which will assign different block group names to each fragment.  The 

fragments can then be easily visualized by plotting the block groups.   

1.4 Results 

Figure 4 and Figure 5 show the contour of displacement and joint opening greater than 8 mm at the 

end of the loading cycle when the tunnel is only supported by support pressure (Figure 4) and when 

bolts are also installed (Figure 5). The presence of the bolts reduces the displacements and cracking 

slightly. 

Figure 6 and Figure 7 show the histories of horizontal and vertical displacement when the tunnel is 

only supported by support pressure and when bolts are also installed. Maximum displacements in the 

roof are reduced by about 20% when bolts are installed.   

Bolt axial forces for one row of bolts are shown in Figure 8.  This plot shows some yielding of the bolts 

and in fact complete rupture of the partially bonded cable at the roof crest.   

Finally, the fragments that form during the excavation, loading and unloading of the bolted tunnel are 

shown in Figure 9.   

  



 

Figure 4 Displacement and joint opening at the end of the loading cycle 

when it is supported by support pressure only 

 

Figure 5 Displacement and joint opening at the end of the loading cycle 

when it is supported by support pressure and bolts 



 

Figure 6 Displacement when supported by support pressure only 

 

Figure 7 Displacement supported by support pressure and bolts 



 

Figure 8 Axial forces and failure states for the cables and rebars. 

 

Figure 9 Fragments at the end of the loading cycle in the model with cable 

support. 
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