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 A B S T R A C T 

To run an underground mine effectively and safely, it is important to have a 
good understanding of the geotechnical behaviour around the underground 
excavations made in the mine. The stability of an underground drivage is 
influenced by many factors, primarily the in-situ stress, depth of drivage, 
orientation of discontinuities, intensity of jointing, groundwater, rock mass 
quality, shape and size of the drivage etc. This study is a continuation of 
stability analyses and support design of drivage, based on numerical methods. 
Generally rock bolt type support is used in underground excavation, to provide 
stability of the excavation. Using the information available on lithology, the 
orientation of discontinuities, in situ stress measurements, physical and 
mechanical properties of intact rock, discontinuities and, a three-dimensional 
numerical model was built by using the 3DEC software package to simulate a 
drivage excavation under in-situ stress condition. Numerical results have 
revealed that the total volume of failed blocks has reduced to 81.01%, 87.73%, 
92.09%in case of 3 bolt support,4 bolt support,5 bolt support system with 
compare to no support system respectively. The greatest limitation in 
numerical modelling is the reliability of the input parameters. Hence, a 
parameter study on rock properties and field stress to be carried out properly. 
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1. INTRODUCTION 
 
Tunnels are designed and constructed for 
Underground traffic, Water supply, and 
drainage, Excavation of minerals and fuel such 
as coal, iron, gold, etc., Military purposes like 
an underground fortification, Underground 
power plant, warehouse, Subways, and 
expressways [1]. 

In nature, most of the rock masses contain 
discontinuities. Such discontinuities include 
fissures, fractures, joints, faults, bedding planes, 
shear zones, and dikes. During, tunnel 
construction, rock discontinuities significantly 
affect the behavior of a rock mass around it. In 
underground excavations, discontinuities play a 
significant role in the deformation and stability of 
the rock mass around a tunnel [2]. 
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Excavation of an underground tunnel in a mine 
can lead to deformation and stress 
redistribution. A good understanding of the 
geotechnical behavior through a stress 
analysis around a tunnel excavation helps one 
to design a proper support system and to 
ensure exploitation of the mine efficiently and 
safely [3]. In general, either the rock mass 
classification systems or discontinues or 
equivalent continuum method has been used 
to incorporate the influence of joints in rock 
mass mechanical behavior in evaluating the 
stability in underground excavations in 
jointed rock masses. Out of these three 
methods, discontinues stress analysis 
methods have the best capability of capturing 
the directional effects arising on deformability 
and stability from various orientations of 
discontinuity sets. [4, 5] Also, it has the 
capability of simulating large displacements 
and rotations that can occur with 
discontinuous rock masses [2, 6]. 
 
These following parameters to be responsible 
for the stability of underground excavations. 
(a) The height of rock cover; (b) span of the 
excavation; (c) intensity of jointing like the 
number of joint sets, mean spacing; (d) 
orientation of discontinuities; (e) shear 
strength of discontinuities; (f) strength of 
intact rock; and (g) groundwater conditions. 
The orientation of the discontinuities is 
critical to the failure modes of underground 
structures. The high in-situ stress is another 
unfavorable factor that may be encountered in 
underground problems. [7] It may cause large 
deformations and failure around the tunnels. 
Additionally, the configuration of the tunnel 
system, i.e., the distance between adjacent 
tunnels, heading directions of the tunnels, 
tunnel dimensions, also has great influences 
on the stability of surrounding rock masses 
[8]. 
 
For an underground mine, the development 
drifts are used to extract and transport the ore 
from the mining area. The safety of these 
tunnels plays essential roles in the economy 
and sustainability of the mine. Understanding 
the rock mass behavior around the tunnels is 
critical to select the supports, arrange the 
suitable construction sequences, and finally, 
help to avoid unnecessary disasters [9]. 

Supports is one of the most significant factors 
which should be considered during 
construction and long-term stability of the 
tunnel. There are two systems which applied to 
the support measurements of tunneling are 
rock reinforcement and rock support. Rock 
reinforcement is used to improve the strength 
and deformation behavior of the rock mass [7, 
10] The reinforcement consists of steel bars 
such as bolts or cables which provides the 
additional strength to rock mass. 
 
The primary objective of this study is to assess 
the Stability of the drivage in hard rock using 
discrete element method. The sub-objectives 
to meet the principal purpose are as follow:- 
(1) To quantify the effect of explicitly modeling 
the stress redistribution during the stand-up 
time between excavation and support (2) To 
assess the performance and adequacy of the 
support systems in the context of drivage 
stability (3) To maximum vertical 
displacement analysis concerning different 
roof bolt pattern and advancement.  
 
 
2. NUMERICAL MODELING 
 
The procedures adopted in modeling the tunnels 
are presented in this chapter. This begins with 
the process of creating a block, the boundary 
conditions, assigning in-situ stresses, joints and 
interface properties and discretization.  
 
2.1 Model creation 
 
The numerical model space is a polyhedron of 
dimensions 55 m along the tunnel length and a 
55 m X 55 m square across the tunnel’s cross-
sectional profile. Note that the orientation of the 
coordinate system is presented at the bottom-
left corner of Fig. 1. The tunnel axis (and 
maximum principal stress direction) is the z-
axis, and the vertical axis is the y-axis. (G.F. 
Napa-garcia et.al, 2018) The minimum principal 
stress represents in the direction of the x axis. 
The orientation of the maximum principal 
stress is the actual spatial in the drivage/mine. 
Furthermore, the x-axis in the numerical model 
is set-up to go from x=-25 m to x=30 m, the y-
axis ranges from y=-25 m to y=30 m, and the z 
axis ranges from z=-25 m to z=30 m and the 
centre of the block is x=2.5, y= 2.5, z= 2.5 [12]. 
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Fig. 1. Set-up numerical model with model dimension 
and without any joint. 

 
To ensure that the model boundary is not 
influenced by the tunnel boundaries, the model 
dimensions have been carefully selected such 
that they are at least five times larger than the 
tunnel width in any direction from the tunnel. 
Three joint sets are introduced with their dip 
angles, dip directions and spacing in this model 
as shown in table 1. Fig. 3 shows the 
incorporated joint sets in 3 D block [13]. 
 
Table 1. Three joint sets with their orientation. 

Sr.no. Dip angle 

(in degree) 

Dip direction 
(in degree) 

Spacing 
(in m.) 

No. of 
Joints 

1 70 270 1.5 80 

2 35 40 1.5 50 

3 60 130 2.0 50 

 
2.2 Stereo-net view of three joint sets 
 
The trend characteristics of the joints (dip/dip 
direction) were measured by scanline method. 
In this study, we take three joint sets but in 
actual field case may be several numbers of 
joint sets present in the rock mass. These joint 
sets analyzed by DIPS software 
(RocScience,2010a) to get the dominant joint 
sets in the rock mass as shown in Fig. 2 [14]. 

 

(a) 

 

 

(b) 

Fig. 2. (a) stereo-net view of three joint set with their 
dip and dip direction (b) intersection points view of 
these joint sets by dips software. 

 

 
Fig. 3. Set-up 3-D block model with three joint sets.  
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2.3 Three Dimensional drivage Modelling  
 
The in-situ stresses in the model have been 
assigned in each zone based on the vertical 
stress at 500 m, the stress gradient as dictated 
by gravity and the stress ratios. The boundary 
conditions in the model have been selected as a 
combination of stress and velocity constraints 
to ensure model stability and physical 
accuracy. The computational time increases 
with the number of discontinuities present in 
the model. To reduce the computational time, 
the length of the model in the z-direction is 
limited to 20 m as shown in fig 4. The physical 
and mechanical properties of the rock mass, 
joint(discontinuity) and bolt are in table 2, 
table 3 [14]. 

 

 
Fig. 4. A 3-D block model with dimensions of drivage 

 
The model base has been fixed in the vertical 
direction, and vertical stress equal to overburden 
stress has been placed at y = 30 m (13.5 MPa). The 
four faces of the polyhedron have corresponding 
principal stresses and increasing stress gradients 
with depth. Fig. 5 shows the boundary conditions 
in the model in 2-dimensions 
 
These three joint sets are assigned in this model 
with their dip angle and dip directions, which is 
measured by scale line method [15]. 
 
2.4 Material Properties 
 
The physical and mechanical properties of rock 
and joints selected to represent lithology and to 
perform stress-deformation analysis are shown 
in Table 3 and table 4. The 3DEC has several built-
in material behavior models.  

Table 2. Mechanical property values of rock block in 
the numerical model. 

Rock properties Values 

Young’ modulus (GPa) 50 

Poisson ratio 0.2 

Density (kg/m3) 2700 

Stiffness (GPa/m) 27.778 

Shear modulus (GPa) 20.833 

 
Table 3. Mechanical property values of joints in the 
numerical model. 

Joint set properties Values 

Friction angle (phi) (0) 28 

Cohesion,C (MPa) 0 

Tensile strength (MPa) 0 

Normal stiffness JKn (GPa/m) 10 

Shear stiffness JKs (GPa/m) 2 

 

 
Fig. 5. Boundary conditions used in the numerical 
modelling. 

 
2.5 Rock mass properties 
 
There are different types of rocks in an area 
because of their different rock formation and 
their time duration. Thus, physical properties of 
rocks are varied in depth but in this study, we 
assume that rock has uniform properties.  
 
For the Mohr-Coulomb plasticity model, the 
required properties are as : density, bulk 
modulus, shear modulus, friction angle, cohesion, 
dilation angle and tensile strength. 
 
If any of these properties are not assigned, their 
values are set to zero by default. For both the 
elastic and Mohr-Coulomb models, density, bulk 
modulus, and shear modulus must be assigned 
positive values for 3DEC to execute. 
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2.6 Triaxial test 
 
Several specimens are tested at varying confining 
stresses to determine the shear strength 
parameters, the cohesion (c) and the angle of 
internal friction, moslty known as friction angle 
(φ). If data from several tests, carried out on 
different samples upto failure is available, then 
these results of the tests on each sample are 
plotted on a graph with the shear stress on the y-
axis, and the normal confining stress on the x-axis 
and a series of Mohr circles can be plotted. It is 
convenient to show only the upper half of the 
Mohr circle. A line tangential to the Mohr circles 
can be drawn and is called the Mohr-Coulomb 
failure envelope as shown in fig 6. The y-intercept 
of the failure envelope which fits the test results 
is the cohesion, and the slope of the line or curve 
is the friction angle [9]. 
 

 
Fig. 6. The Mohr-Coulomb failure envelope. 

 
The Mohr-Coulomb failure criterion can be 
written as the equation (1) for the line that 
represents the failure envelope. The general 
equation is 

Ʈ = c + σ.tan(φ)    (1) 

Whereas: 
 
Ʈ = shear stress on the failure plane  
c =cohesion   
σ = normal stress on the failure plane 
φ =angle of internal friction 
  
The failure criterion can be expressed in terms of 
the relationship between the principal stresses. 
From the geometry of the Mohr circle [9], 
 

 
Rearranging, 

 (2) 
whereas  

 
 
The Bulk modulus(K), and shear modulus (G), are 
related to Young’s modulus(E), and Poisson’s 
ratio(ν), is given by the equation (3) and equation 
(4): 

K=
E

3(1 −2𝜈)
    (3) 

 

G =
E

2(1 + 𝜈)
    (4) 

 
2.7 In-situ stress 
 
The underground geological Rock mass has a 
different kind of the stress depending on the 
overburden, geological structures, geological 
location and type of the rocks, etc. All kind of stress 
plays a significant role in the stability of the 
underground excavated structures. The 
weathering, irregular topography, residual 
stresses, erosion, and melting of the land ice are 
more influencing factors in the virgin state of the 
stress at shallow depth rather than greater depth. 
The ratio between horizontal and vertical stress is 
greater at greater depth rather than shallow [16]. 
 
The rock excavation at shallow depth may lead to 
more problems due to the presence of the 
horizontal or absence of the horizontal stress 
(Amadei and Stephansson, 1997). The stress in the 
rock can be considered as virgin and induced stress 
as a disturbance in the rock mass due to excavation. 
σv, σh, and σH are the virgin stress in the rock mass 
and can be considered by following relations [16]. 
 

σv = ρ.g.h     (5) 
 

σH= k.σv= 
𝑣

1−𝑣
𝜎𝑣    (6) 

 
2.8 Excavation sequence 
 
Underground excavation in the rock mass is 
based on rock strength, i.e either rocks are soft or 
hard. If the rock formation is soft, generally 
Drilling and blasting method, TBM etc are used 
for excavation of rock but if the formation of the 
rock is hard, only drilling and blasting method is 
used for excavation of rock. 
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In the drilling and blasting method, excavation is 
done in a cyclic manner i.e. drilling-blasting-
mucking and installation of adequate support. But 
support installation after each cycle of excavation is 
time consuming and at the same time, its increases 
the cost of operation. Thus, support installation 
might be done after two or more cycle of excavation. 
It will depend on the rock mass behaviour around 
the drivage or underground excavation. 
 

Now a days, generally rock bolt type support is used 
in underground excavation, to provide stability of 
the excavation [17]. There are several different 
types of reinforcement considered to operate 
effectively in a range of ground conditions. One type 
is represented by a reinforcing bar or bolts fully 
encapsulated in a strong, stiff resin or grout. This 
system is considered by the comparatively large 
axial resistance to extensions that can be developed 
over a relatively short length of the shank of the 
rock bolt and by the high resistance to shear that 
can be developed by an element penetrating a 
sliping joint. The second type of reinforcement 
system, represented by cement-grouted cables or 
tendons, offers little resistance to joint shear, and 
development of full-axial load may require 
deformation of the grout over a substantial length 
of the reinforcing element. These two types of 
reinforcement are identified, respectively, as local 
reinforcement and global (or spatially-extensive) 
reinforcement. These two rock reinforcement 
systems have been incorporated into 3DEC. To 
support the excavation, here we use local 
reinforcement type (reinforcing bar or bolts fully 
encapsulated) support. 
 

2.9 Support design 
 

Various types of supports are installed to 
stabilize the underground excavation for long 
time use of this excavation as transport to men 
and material in the mining industry. Now a days, 
Rock bolt reinforcement is a most common 
support system in the mining indusrty. In this 
project work, we are using three different bolt 
patterns as a support system as shown in Fig 7.  
  

 
Fig. 7 (a) 3 Bolts support pattern with 1 m spacing (b) 
4 Bolts support pattern with 1 m spacing (c) 5 Bolts 
support pattern with 1 m spacing. 

2.10 Bolt properties 
 
The local reinforcement elements used in 3DEC 
require the following input parameters: 

(1) axial stiffness [force/length] 

(2) ultimate axial capacity [force] 

(3) 1/2 active length [length] 

(4) extensional failure strain (default = 1010)  

(5) shear failure strain (default = 1010) 
 
The value for 1/2 the active length can also be 
back-calculated from experimental testing. 
 
The following theoretical expression may be used 
to estimate the axial stiffness, Ka, for fully-
bonded solid reinforcing elements: 
 

Ka = π k d1     (7) 
 
Where, d1 = reinforcement diameter 
 

k = [ 21 Gg Eb / (d2 / d1 − 1)]1/2 
 
The ultimate axial capacity of the 
reinforcement depends on a number of factors, 
including the strength of the reinforcing 
element, bond strength, hole roughness, grout 
strength, rock strength and hole diameter. In 
the absence of results of physical tests, 
empirical relations may be used to estimate the 
ultimate anchorage strength, Pult. One such 
relation for the design of cement-grouted 
reinforcement is given by Littlejohn and Bruce 
(1975): 
 

Pult = 0.1 σc π d2 L    (8) 
 
Where, σc = uniaxial compressive strength of 
massive rocks (100% core recovery) up to a 
maximum value of 42 MPa, assuming that the 
compressive strength of the cement grout is 
equal to or greater than 42 MPa. 
 
2.11 Probability of stability analysis 
 
Analysis of drivage is based on the total volume 
of blocks which is falling or displacing beyond a 
certain limit with different support pattern and 
various bolt length. Initialy, calaculate the volume 
of displacing blocks around the drivage at 
without any support. Now, to design the support 
these three parameters are considered. 

(a) (b)                                                 (c)
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a) Bolt length (in m.) 

b) Number of bolts per section 

c) Excavation advancement (in m.) 
 
Take all possible combination with the help of 
permutation, and combination theory. These all 
results are analysed according to failure 
percentage of rack mass. 
 
Failure probability calculated by the probability 
formula which is given here; 
 

Probability =
number of favorable outcomes

number of  possibl outcomes
 

 
The probability of an event always lies in the 
range of 0 to 1 (0% to 100%). 
 
3. RESULT AND DISCUSSION 
 
This study explores the stress relaxation and 
support stability quantification in terms of 
maximum displacement of blocks in the y-direction 
with and without support. The maximum velocity 
of blocks in the y-direction is also compared with 
different bolt support combinations.  
 
3.1 Validating the input applied to the basic model 
 
All the plots for this section are given on the plane 
perpendicular to the tunnel axis at z = 0. For each 
numerical analysis, it is important to check whether 
the unbalanced force reaches zero (whether the 
equilibrium has attained) before obtaining any 
plots. The distribution of xx-stress and yy-stress 
and the maximum compressive principal stress 
vector distributions are shown in fig. 8 [18]. 
 

  
Fig. 8. (a) xx-stress distribution (in MPa) at zero steps, 
(b) yy-stress distribution (in MPa) at zero steps, (c) 
Maximum compressive principal stress vector 
distribution (in MPa) at zero steps.  

3.2 Stress redistribution after excavation of 
drivage  

 

When an opening is excavated in this rock, the 
stress field is locally disrupted, and a new set of 
stress is induced in the rock surrounding the 
opening. This is because rock, which previously 
contained stresses, has been removed and the 
load must be redistributed. 
  

 
Fig. 9. Stress re-distribution after excavation (a) xx-
stress (in MPa), (b) yy-stress (in MPa), (c) Maximum 
compressive principal stress vector (in MPa). 
 

The re distribution of xx-stress and yy-stress and 
the maximum compressive principal stress 
vector distributions are shown in fig. 9, similar 
scenario is observed by [16]. 
 

3.3 Effect of rock support system on 
displacement around the drivage 

 

Fig. 11 compares the X-displacement around the 
drivage for discontinuum analysis between 
without and with rock support systems. Fig. 12 
compares the vertical displacement around the 
drivage for discontinuum analysis between 
without and with rock support systems. Both 
figures clearly show that the displacements have 
reduced by applying the rock support system. As 
clearly shown in fig. 10, Less number of blocks (in 
terms of volume) are falling with support system 
(3 bolts, 5 bolts) as compare to no rock support 
system at 30000 steps. 
 

 
Fig. 10. View of blocks fall (a) without support at 
30,000 steps, (b) three bolt support at 30,000 steps, 
(c) five bolt support at 30,000 steps. 

(a) (b)

(c) 

(a) (b)

(c) 

(a) (b)                                                             (c)
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The instability is also indicated by the vertical-
displacement history plot in Figure 11 (a) With 
no support case and (b) with support at 30000 
steps. In these histories, clearly shows that the 
maximum vertical displacement is being constant 
after a certain displacement in rock support 
condition but the maximum displacement is 
increasing continuously in no support condition. 
In other words, we can say blocks are stable after 
installation of rock support. 
 

 
Fig. 11. (a) Graph between vertical displacement v/s 
time at without support. 

 

 
Fig. 11. (b) Graph between vertical displacement v/s 
time at with support. 
 
Table 4. Comparison between different cases on total 
volume of roof fall (m3) around the drivage. 

Sr.no. 
Support 

Yes/No 

No. of 
bolts  

(in a row) 

Bolt 
spacing 

(m.) 

Total 
volume of 
roof fall 

(m3) 

1. No - - 180.37 

2. Yes 3 1 34.25 

3. Yes 4 1 22.13 

4. Yes 5 1 14.26 

 
Fig 12 (a) Maximum unbalance force v/s time at 
without support. 

 

 
Fig. 12. (b) Maximum unbalance force v/s time at with 
support. 

 
4. CONCLUSIONS 
 
This study lays out numerical modeling studies 
performed on a rectangularly shaped drivage, 
driven in hard rock strata. Accurate 3-
dimensional distinct element numerical models 
have been created using available data on the 
state of stress in the region and geological 
considerations, joint and intact rock properties 
drivage dimensions and support properties. The 
created numerical models have been tested and 
validated for correctness of applied input 
parameters. To establishes following analysis, 
with respect to various support system used to 
increase the stability of drivage in hard rock 
strata are as follow: 

1) The relative total volume of roof fall (m3) has 
reduced to 81.01% in case of 3 bolt support 
system with compare to no support system. 

2) The relative total volume of roof fall (m3) has 
reduced to 87.73% in case of 4 bolt support 
system with compare to no support system. 
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3) The relative total volume of roof fall (m3) has 
reduced to 92.09% in case of 5 bolt support 
system with compare to no support system. 

 
It has been found that the drivage undergo higher 
deformations and have larger fractured zones in 
the absence of supports and had the lowest 
overall deformation and size of fractured zones in 
the presence of supports in the roof. It has been 
found that the drivage undergo higher 
deformations and have larger fractured zones in 
the absence of supports and had the lowest 
overall deformation and size of fractured zones in 
the presence of supports in the roof. 
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List of abbreviations 
 
ρ = the density of the rock mass (kg/m3) 

g = the gravity acceleration (m/s2) 

h = the depth below ground surface (m) 

σH = horizontal stress, 

k = the stress ratio, 

ν = Poisson’s ratio, for most rock types ν value ranging from 0.15 to 0.35 

Gg = grout shear modulus 

Eb = Young’s modulus of reinforcement material 

d1 = reinforcement diameter 

d2 = hole diameter. 

σc = uniaxial compressive strength of massive rocks 

L = bond length 

K = Bulk modulus 

G = Shear modulus  

E = Young’s modulus for rock 
 
 
 
 
 


