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Abstract

Various structural discontinuities, which form a discrete fracture network, play a significant role in the
failure conditions and stability of the rock masses around underground excavations. Several continuum
numerical methods have been used to study the stability of underground excavations in jointed rock masses
but only few of them can take into account the influence of the pre-existing natural fractures. In this work,
the pre-existing fractures are explicitly modeled as a Discrete Fracture Network (DFN) model, which is fully
coupled with the FEM modeling for stability analysis of support systems in a diversion tunnel at the Rudbar
Lorestan dam site. Hence, at first, using the surveyed data in the diversion tunnel and an estimation of the
suitable probability distribution function on geometric characteristics of the existing joint sets in this region,
the 3D DFN model was simulated using the stochastic discrete fracture networks generator program, DFN-
FRAC®. In the second step, a coupled 2D Finite Element Method and the prepared stochastic model were
used for analysis of existent (based on technical reports) recommended support systems. The objective here
is to grasp the role of the fracture networks on the results of the tunnel stability analysis using FEM modeling
and also to compare the results with those obtained through stability analysis without considering the effect
of fractures.
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1. Introduction
Excavation of an underground tunnel in a
discontinuous rock mass can lead to deformation

main issue in rock mass modelling is to attain a
precise 3D description of rock mass structures

and stress redistribution. Most naturally occurring
discontinuous rock masses comprise intact rock
interspaced with different types of discontinuities.
Such discontinuities include fissures, fractures,
faults, bedding planes, shear zones, and dykes.
The existence and behavior of discontinuities in a
rock mass will influence the mechanical behavior
of the discontinuous rock mass. Rock fractures are
by far the most common discontinuity
encountered in rock masses [1].

The first step in the study of the mechanical
behavior of underground excavations in fractured
rock masses is to design a geometrical model of
joint networks based on the geometrical data
obtained from the earth [2]. In other words, the

through the collected data [3]. However, there will
always be some random variations in the
geometric properties of fractures such as dip, dip
direction, spacing, and persistence by virtue of
rock mass heterogeneous nature. Therefore, it is
necessary to describe the ordered properties
stochastically and to use in rock mass modeling
[4]. The 3D stochastic fracture network modeling
technique represents the most optimal choice for
simulating the probability nature of fracture
geometric properties.

The next step in the study of the mechanical
behavior is to analyze the stress around an
underground excavation using the prepared
geometrical model. In general, either the
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discontinuum or the equivalent continuum stress
analysis method has been used to incorporate the
influence of fractures in stability or failure
analysis of underground excavations in fractured
rock masses [5].

Typically, in an industry project, the equivalent
environment is used for modeling the jointed rock
mass, and the direct impact of the joint sets is not
considered. This simplification can lead to some
errors. In this paper, for the first time, the 2D
finite element software PHASE® Version 8.005
(that is able to model joints with a limited size) is
used to assess the role of joints in the underground
space stability. Also, in this work, in order to
avoid any simplification, the DFN modeling is
used to model the joint sets network. The
modeling method presented in this paper can be
considered as one of the first models of the
FEM-DFN couple.

The purpose of this work was to evaluate the
geotechnical behavior around the diversion tunnel
in the Rudbar Lorestan dam site by considering
the effect of fractures using a continuum model

and the following software packages: (a)
stochastic fracture networks generator code
DFN-FRAC®® [6, 7] that forms finite size

fractures in 3-D with geometrical features that are
described stochastically. Using this code and the
surveyed data in the diversion tunnel, the 3D
geometrical-stochastical model of fracture
networks (3D-DFN model) was prepared; and (b)
commercial software based on the finite element
method, PHASE”.

2. Literature review

The important steps involved in rock mass
analysis are to present a precise definition of the
discontinuities network (creating a geometrical
model) and to evaluate its stability.

Stochastic models of fracture networks show the
heterogeneous nature of the fractured rock
masses, considering the fracture network as
discrete elements in space with geometrical
features that are described stochastically [8]. The
geologic stochastic models developed at MIT can
be considered as the initial models prepared in this
field. Its wider application to rock engineering
was promoted in the 1980s by the works of
several research groups [2, 9-11]. Further research
works were carried out on basic fracturing
processes to develop a hierarchical fracture
geometry model and to simulate fluid flow and
slope stability analysis [12-16]. In the recent
years, the 2D and 3D stochastic models have been
developed to examine the effects of considering or
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not considering the correlation between
distributions of fracture apertures and fracture
trace lengths on the hydro-mechanical behavior of
fractured rocks [17-19].

On the other hand, several numerical methods
have been used to perform stress analyses and to
evaluate stability of underground excavations in
fractured rock masses by incorporating
discontinuities. Yoshida and Horii [20] have
developed a micromechanics-based continuum
model of a fractured rock mass and applied it
using the finite element method to analyze the
stability of underground excavations. Sitharam et
al. [21] and Sitharam and Latha [22] have
represented fractured rock mass as an equivalent
continuum using an empirical approach and
incorporating the effects of joints through a joint
factor, and then have investigated the stability of
caverns using the finite element method and the
finite difference method, respectively. Torano et
al. [23] have used the finite element method with
a simplified form of discontinuities to perform
stability analysis of mine roadway tunnels. Zhu et
al. [24] have performed 3D finite element analysis
to study the effects of rock mass parameters, rock
support systems, and different excavation
scenarios on tunnel stability. Basarir [25] has
evaluated the performance of a proposed rock
support system for a diversion tunnel in a dam site
using a 2D finite element analysis. Genis et al.
[26] have examined the performance of a
proposed rock support system for a road way
tunnel using a 2D finite element analysis. The
necessary rock mass geomechanical parameters
for this study have been estimated by means of
rock mass classification systems. Cai [27] has
studied the influence of stress path on tunnel
excavation response using FLAC™ and PHASE®
(based on the finite element technique). Coggan et
al. [28] have studied the effect of weak immediate
roof lithology on coal mine roadway stability
using PHASE?, EXAMINE®®, and FLAC?. Wu
and Kulatilake [5] have studied the deformation
and stability around a diversion tunnel using an
equivalent continuum technique and a 3D fracture
network having infinite size fractures.

Although the distinct element method that is
based upon discontinuum modeling techniques are
better suited than the finite element method that is
based upon the continuum theory to perform
discontinuum analysis of  underground
excavations in fractured rock masses, in many
cases, in the industry, and in some cases,
researchers have used the finite element software
and the continuum analysis method to incorporate
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the effect of fractures in underground excavation
stability evaluations. The main purpose of this
article was to alert for the use of such stability
analysis, especially in the industry. Therefore, In
order to have the models that have the closest
similarities to the conventional models used in the
industry, the software used in this project was also
PHASE’. In this way, the difference between the
results of jointed models and equivalent models in
the stability analyzes could be expressed more
definitively and in absolute terms.

However, none of the aforementioned
underground excavation applications were
considered as a 3D stochastic fracture network, as
the most optimal choice for simulating the
probability nature of fractured rock mass in
conjunction with a continuum stress analysis that
is capable of incorporating the finite size fractures
explicitly. In this work, the continuum approach
considering the finite size fractures was performed
using a 3D DFN model including finite size
fractures to investigate the stability around the
selected diversion tunnel and to make a
comparison with the results obtained through the
continuum approach without considering the
fracture network.

3. Location and geology of Lorestan Rudbar
dam

The project was performed in the Lorestan Rudbar
dam and hydropower plant in the Lorestan
province, 100 km far from the southern boundary
of Aligudarz and in the way of Rudbar River

(Figure 1). The area under study was located
across northern Zagros, which was limited to
Zagros folded belt from SW and to Zagros main
reverse fault and Sanandaj-Sirjan zone from NE.
Topographically, the average height of this area
was about 1750 m, and it had a cold and
mountainous weather.

In the area under study, the most important
exposed units were limestone-dolomite formations
of the Dalan and Seruk belonging to the Permian
period, Hormoz and Mila formations with shale
and marl lithology belonging to Cambrian period,
and Groo formation with marl-limestone and marl
belonging to Cretaceous period and Bakhtiary
formation, which were made up of conglomerate
belonging to Pliocene period. Reverse or thrust
faults, which were the main tectonic factors in the
area, made the rocks appear folded. The faults had
a great variety due to being located along Zagros.
The overall trend of the area geological structure
was from N130E to N140E called Zagros trend.

Rock masses surrounding the dam site were
mainly composed of carbonaceous with a specific
gravity of 2.7 g/em’. They had low porosity and
also bedding. The thickness of the layers varied
from thin layers to the thick ones.

From the perspective of rock quality designation
(RQD), according to the exploratory drillings,
rock mass did not have the desired conditions, and
the average of RQD showed a mid to low quality.
Furthermore, based on RMR ranking, the quality
of rock mass was measured to be mid [29].
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Figure 1. Location of Lorestan Roodbar dam.

487



Noroozi et al./ Journal of Mining & Environment, Vol.9, No.2, 2018

4. 3D stochastic fracture networks modeling of
studied area

The first step in the underground structure
analysis was to design a geometrical model of
rock masses. In this section, a 3D
geometrical-stochastical model of fracture
networks around the diversion tunnel in the dam
site was prepared.

4.1. Field studies

The first stage of the geometrical modeling
process is to collect discontinuity data for
statistical analysis. Geometrical features of the
fracture are normally determined by surveying the
fractures along the rock surface through linear or
window survey methods [30]. In this work, the
scanline mapping technique was used. The
scanline sampling technique involves measuring
all the fractures that intersect a scanline along its
length. In this technique, a clean, approximately
planar rock face is selected that is large relative to
the size and spacing of discontinuities. As a rough
guide, the sample zone should contain between
150 and 350 fractures, about 50% of which should

Figure 2. Diversion tunnel, rock exposure, and surveying line.

488

have at least one end visible. The surveyed line
has a tape length of 20 to 30 m, and is stabilized
by two nails along the exposure with the steepest
dip [12].

In order to have an perspective of the type of
termination of the fracture trace length in the
exposure, let the numbers belonging to the three
types of traces be p, m, and n for joints with both
ends of the trace censored, one end of trace
censored, and both ends of the trace observable,
respectively. Then the values for Ry, R;, and R,
are defined as follow [31]:

R°=%+m+n)
R, =%p+m+n)
R, =%p+m+n)

@)

The diversion tunnel entrance, the surveying line,
and the rock exposure that are located exactly
above and along the tunnel axis are shown in
Figure 2. In Table 1, a summary of the surveyed
fractures is presented.

Rock exposure
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Table 1. Summary of surveyed joints.

Termination type (%)

Mean trace length (m) R R R
2 1 0

Number of joints Rock type

2.02 71 26 3

177 Dolomite-Limestone

4.2. Statistical analysis of surveyed fracture
geometrical features

The appropriate data required for statistical
studies can be obtained by discriminating each set
and specifying its related features such as dip, dip
direction, spacing, and persistence.

4.2.1. Fracture orientation distribution

Mapping of joint dips and directions were
conducted in the field. Joint orientations were
processed utilizing the commercially available

S

software DIPS 5.103 based on the equal-area
stereographic projection, and the major joint sets
were distinguished for dolomite-limestone (Figure
3). It has been shown that the dip direction
follows a uniform distribution, and the dip angle
follows the Fischer distribution [12, 32]. In this
work, these distributions were used for joint
orientations. Fischer constant for each joint set
was obtained using the Dips software (Table 2).

Fisher
Concentrations

% of total per 1.0 % area
0.00 ~ 1.00 %

1.00 ~ 2.00 %

2.00 ~ 3.00 %
3.00 ~ 4.00 %
4.00 ~ 5.00 %
5.00 ~ 6.00 %
6.00 ~ 7.00 %
7.00 ~ 8.00 %
8.00 ~ 9.00 %
9.00 ~ 10.00 %

No Bias Correction
Max. Conc. = 7.8743%

Equal Angle
Lower Hemisphere
177 Poles
177 Entries

Figure 3. Separation of joint sets in Schmidt network.

Table 2. Geometrical parameters of surveyed joint sets.

Length distribution parameters

Joint set Fisher Intensit Scale Location
orientation constant P (m'l))l, Distribution arameter aram:a ter Mean Standard
(Dip/DDir) (K) 32 function P (6) P w Deviation
1(56/141) 9.9 0.25 lognormal o =0.937 p=0.121 2.42 2.51
2 (52/320) 16.3 0.08 Gamma a=0.726 B=3.334 1.81 2.16

4.2.2. Fracture intensity

Totally, volumetric fracture intensity (square
meters/cubic meters), P;,, is obtained from the
surveyed surface fracture intensity (meter/square
meters), P,;. Zhang and Einstein [15] have
proposed the following equation to calculate P;;:

_ N E(A)

Py == (2)

where N7 is the total number of sampled
discontinuities, £ (4) is the mean discontinuity
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area, and V is the unit volume (here considered 1
m).

Here, the number of fractures was counted by one
square meter framework with ten square
centimetres meshed networks (Figure 4). The
fractures crossing each meshed line were counted
and the total number of counted fractures in one
square meter framework was defined as the
surface fracture intensity [33]. Through the use of
the field measurements and using Equation 2, the
amounts of P3, were calculated separately for each
fracture set (Table 2).
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Figure

4.2.3. Spacing distribution

Based on the field measurements, spacing
distribution of the discontinuities for different
types of sedimentary, igneous, and metamorphic
rocks can be modelled with negative exponential
probability density distribution function [9, 32].
Furthermore, Priest [12] has proved that if the

Goodness of Fit

3
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Z2 —
= 3
1 B
B
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(@)

fracture locations are random, the probability
density distribution function of the fracture
spacing would be negative exponential. Therefore,
in this work, negative exponential distribution was
used for spacing.

4.2.4. Persistence distribution

Fracture trace length, which is a result of the
fracture coincidence with the exposure surface,
indicates the expansion of fracture plane. Since
direct surveying of the discontinuities inside the
rock is impossible, there are a few studies
regarding the 3D fracture surveying [34].
Therefore, practically, it is supposed that the 3D
fracture measurements have statistical features
similar to the results obtained from the 2D
surveying [18]. Usually, for distribution of
fracture trace length, three functions of negative
exponential [9, 13, 35, 36], lognormal [12, 15,
37], and Gamma [12, 15] are used, which can be
obtained from the 2D fracture surveying.

In this work, three Goodness of Fit (GOF) tests,
the Kolmogorov-Smirnov test, the
Anderson-Darling test, and the Chi-Squared test
were used to evaluate the probability distribution
of the rock fracture trace length. Regarding the
previous investigations, the GOF test statistics
were calculated for lognormal, Gamma, and
exponential distribution functions separately. The
results of the GOF test statistic values are shown
in Figure 5. The features of fitted distribution
functions of the fractures length in each fracture
set are presented in Table 2.

Goodness °£ Fit
on

2.5 o

Tests Statistic

K-S A-D Ch-S

m Lognormal ™ Exponential =~ Gamma

(b)

Figure 5. Comparison views of GOF test statistic values for (a) Joint set No. 1 (b) Joint set No. 2.
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4.3. Model building

In stochastic modeling, the general approach is to
treat locations, orientation, persistence (size), and
other properties of the fractures as random
variables with inferred probability distributions.

In order to model the fracture network, the
fractures are grouped in fracture sets, which are
identified from the statistics of the measured data
and the geologic history of the region. The model
building starts with generation of fracture set
planes. Each set is modeled separately, and the
final simulation is the simple combination of all
independently simulated sets. In this method,
fracture production inside the model continues
until the number of fractures crossing the borehole
or surveying surface is reproduced. The fracture
intensity is controlled in the model through direct
comparison of the observed and stimulated
fractures. In this work, for stochastic fracture
network modeling, a computer code written in
C++ called DEN-FRAC? [6, 7] was used.

In the DFN-FRAC’™ program, a fracture set is
characterized by the following five parameters:

a) Fractures center location;

b) Probability density function (PDF) of
variation of fracture plane orientations including
uniform, partial uniform, and Fisher;

c¢) Mean orientation of fracture set;

d) Fracture intensity;

e) PDF of wvariation of fracture plane
persistence including lognormal, Gamma, and
exponential distribution functions.

In the current version of the DFN-FRAC®
program, the fractures are convex polygonal
planar objects of discontinuous rock, randomly
oriented and located in 3D spaces. The presented
model incorporates the Poisson plane and line
stochastic processes. A fracture set is generated by

applying a sequence of four stochastic processes
in space:

- First process: Create a homogeneous
Poisson network of planes in space.

- Second process: Sub-divide each plane
into a fractured region and its complementary
region of intact rock by a homogeneous Poisson
line network.

- Third process: Mark created polygons in
previous step based on shape and size.

- Fourth process: Shift the polygons, which
have been marked as fractured in the vicinity of
their original position randomly.

It should be noticed that the fracture system
including the fracture sets is generated by
reiteration of the presented processes. The
DFN-FRAC’® program produces fracture sets
with specific variations in shape and size based on
some stochastic processes. Therefore, a more
realistic representation of the natural rock fracture
systems is provided. In this model, only polygons
with shapes similar to the shapes of natural
fractures remain. A polygon has a suitable shape,
and is considered as a fracture if it has the
following conditions: a) the polygon has at least
four vertices; b) all angles are at least 60 degrees;
c¢) the polygon elongation is not more than the
permitted value. A polygon is retained with
probability P = 1.0 if it has an appropriate shape,
and discarded otherwise. More details related to
the DFN-FRAC’ program can be found in
references [6] and [7].

In Figure 6, simulation of the stochastic discrete
fracture networks of the diversion tunnel of
Lorestan Rudbar dam is shown based on the
geometrical parameters presented in Table 2 and
the use of the DFN-FRAC™ program. This
simulated fracture network shows 15953 fractures
in an area with 80x80x100 cubic meters size.

(@)
Figure 6. Simulated stochastical joint network of right wall of Rudbar Lorestan dam: a) 3D joint system; b)
vertical trace outcrop; c) horizontal trace outcrop.
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(b)

(c)
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5. Tunnel stability and support analysis

The next step in the investigation of the
mechanical behavior of underground structure is
to analyze the stability of rock masses around an
underground excavation. A reliable stability
analysis and prediction of the support capacity are
some of the most difficult tasks in rock
engineering. In this section, first, the actual
engineering geological conditions and the
installed  rock  supports are  described.
Subsequently, the stability analyses are carried out
for the tunnel by taking into account the stochastic
fracture networks, rock mass parameters, and
maximum expected ground water pressure after
impoundment.

5.1. Estimation of rock mass properties

The rock mass geomechanical properties of the
studied area were determined by laboratory testing
on the intact rock samples. The rock mass
properties such as Hoek—Brown constants,
deformation modulus (E..s), and uniaxial
compressive strength (G.m.ss) were calculated by
means of the RocLab software (Table 3) [38].

The values selected to represent fracture
mechanical properties in the numerical model are

shown in Table 4. The friction angles of the
discontinuities were estimated by taking into
account their actual surface properties (degree of
roughness (Jr) and weathering (Ja)) based on the
approach suggested by Barton (2002). Regarding
the joints and faults, a conservative estimation for
friction angle (¢ = 27°) with no cohesive strength
was taken into account for the stability analysis
[38]. Fractures were considered to be open and
smooth with no filling material. Accordingly,
cohesion was set to zero for the fractures [38].

5.2. Installed rock supports in tunnel

The planned and installed rock support measures
accordingly in terms of different rock mass
classification systems and based on the finite
element method (without considering fractures)
are included in the following items:

-20 cm reinforced shotcrete in the area above
spring line;

-70 cm reinforced shotcrete in the area below
spring line.

Characteristics of the support measures are shown
in Table 5.

Table 3. Estimated geomechanical parameters for studied area [38].

Property

Value

Lithology
Material type
GSI (average)
Cohesion (MPa)
Friction angle (deg.)
Tensile strength (MPa)
UCS (MPa)

Modulus of deformation (MPa)

Global strength (MPa)
Possion ratio
my constant
s constant
a constant

Dilation parameter (deg.)

m,, constant (residual)
s constant (residual)

Rock unit weight (kN/m?)

Broken dolomitic limestone
elasto-plastic
30
0.296
36
0.014
0.430
1581
2.60
0.32
0.74
0.0004
0.522
0
0.37
0.0002
27

Table 4. Mechanical property values of joints [38].

Property Value
Friction angle (deg.) 27
Cohesion (MPa) 0

Table 5. Mechanical characteristics of support measures [38].

Property

Value

Young’s modulus (GPa)
Poisson’s ratio
Compressive strength (MPa)
Tensile strength (MPa)
Unit weight (kN/m®)

24
0.2
24
2.4
24
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5.3. Numerical analysis

In order to verify the installed support, a 2D
hybrid element model, called Finite Element
Program PHASE’ Version 8.005 [39], was used in
the numerical analysis conducted here in, since
the program has been specially designed to handle
a wide range of mining and civil engineering
problems in a wuser friendly way. The
Hoek—Brown failure criterion was used to identify
elements undergoing yielding and the plastic
zones of rock masses in the vicinity of tunnel
perimeter. Plastic post-failure strength parameters
were used in this analysis, and residual parameters
were assumed as half of the peak strength
parameters.

A horseshoe shaped tunnel with a 7 m span and 10
m height was excavated at a maximum depth of
100 m below surface. Vertical stress (c,) is a
function of overburden. In situ stress for the finite
element model was considered as hydrostatic. It is
to be noted that for modeling the in-situ stresses,
the actual ground elevation was considered in the
model. The ground water head above the tunnel
after impounding was around 37-60 m. In the
stability analysis, the maximum water head of 60
m was considered, which 1is reasonably
conservative. In the FEM analysis, the seismic
load was considered by taking into account the
horizontal and vertical values of 0.2 g and 0.08 g,
respectively [38]. The vertical trace coordination
of generated fractures using DFN model (Figure
6-b) were employed for numerical analysis. The
properties of rock mass, fractures, and shotcrete
lining assumed in this analysis were all obtained
from the values given in Tables 3, 4, and 5,
respectively. The outer model boundary was set at
a distance of 3 times the tunnel radius.

For considering fractures and not considering
fracture cases, the size of plastic zones, yielded
elements, and maximum total displacements at
wall, roof, and floor of the tunnel are shown in
Figure 7. It should be remembered that PHASE” is
a small strain finite element program, and thus it
cannot accommodate the very large strains.
Therefore, when Figure 7 is examined, it is more
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important to consider the extent of plastic zone
and yielded elements rather than the magnitude of
the displacements.

In order to obtain tunnel stability, based on
stability analysis assuming continuum media
(without considering fractures), 200 mm thick
reinforced shotcrete in the area above spring line
and 700 mm thick reinforced shotcrete in the area
below spring line were applied [38]. Acceptable
maximum total displacements and yielded
elements are shown in Figure 7-a. As it can be
seen in Figure 7-b, after adding fractures into the
model, the extent of plastic zone and yielded
elements suggest that there would be a stability
problem for tunnel. Therefore, the use of an
additional support was found to be necessary for
tunnel, so as to minimize the yielded elements and
to reduce the size of total displacements.
Consequently, 300 mm thick reinforced shotcrete
in the area above spring line and 800 mm thick
reinforced shotcrete in the area below spring line
were used as support elements. After new support
installation, not only the number of yielded
elements but also the maximum total
displacements decreased, as shown in Figure 7-c.
This indicates that the applied support systems
were adequate to obtain tunnel stability.

The number of yielded elements and maximum
total displacements obtained from PHASE® FEM
analysis with and without considering fracture
cases are presented in Table 6.

For more explanation, the principle stresses and
the strength factor distribution around tunnel, and
also axial force, bending moment, and shear force
in reinforced shotcrete are shown in Figure 8. As
shown in this figure, after adding fractures into
the model, the values of forces and moment in
reinforced shotcrete increased. In the following,
after new support installation, these values are
reduced to some initial values.

The values of stresses around tunnel and
minimum and maximum forces in reinforced
shotcrete obtained by the PHASE®* FEM analysis
for with and without considering fracture cases
are presented in Table 7.
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Figure 7. Displacement behavior (displayed dis. equal to 100 times actual dis.) and extent of plastic zone before
and after adding joints.

Table 6. Number of yielded elements and maximum total displacements before and after considering joints.

Before considering After considering After installing additional 10

Parameter Location joints joints cm shotcrete

Roof 7.00e-003 9.00e-003 4.80e-003
Total displacement (m) Wall 4.90e-003 9.00e-003 3.00e-003
Floor 1.26e-002 4.50e-002 1.08e-003

Number of yielded

- 106 343 25
elements
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Figure 8. Principle stress distribution around tunnel and distribution of forces in reinforced shotcrete before and
after adding joints.

Table 7. Values of stresses around tunnel and forces in reinforced shotcrete before and after considering joints.

After installing additional 10

Parameter Before considering joints  After considering joints
cm shotcrete
Strength Factor 1.26 0.95 1.58
Sigma 1 (MPa) 3.15 4.25 3.25
Sigma 3 (MPa) 1.00 0.60 1.40
Axial Force (MN) 3.2574 8.2792 3.5379
Bending Moment (MN.m) 0.5812 1.042 0.2403
Shear Force (MN) 1.3591 2.2329 1.4744
6. Conclusions mass in conjunction with a continuum stress
In this work, the stability assessment and the analysis, which is capable of incorporating the
design of the diversion tunnel constructed in the finite size fracture explicitly in order to check the
Rudbar Lorestan dam site (Iran) was investigated. validity of the previous existent tunnel support
The main goal was consideration of the 3D systems in the mode of existing the effect of joints
stochastic fracture network as the best choice for in stability analysis. For this purpose, 3D
simulating the probability nature of fractured rock geometrical-stochastical model of joint network
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around the selected diversion tunnel was prepared
through the use of the DFN-FRAC’” developed
code. Using statistical studies on the geometrical
features of the existing joint sets at the studied
area, the required inputs for the computer code
were provided. For numerical analysis, the finite
element software PHASE® was used to determine
the plastic zones and deformations developed
around the rock mass surrounding the tunnel. As
well as the principle stresses and the strength
factor distribution around tunnel, axial force,
bending moment, and shear force in reinforced
shotcrete were specified. According to the results
obtained, there were some stability problems for
tunnel by considering the effect of joints. For the
selected tunnel, coverage of old tunnel support
units with an about 10 cm shotcrete application
was determined to be sufficient, providing a long
term stability. After considering these additional
support elements, the numerical analysis showed
that there was a considerable decrease in both the
number of yielded elements and the size of total
displacements around the tunnel.
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