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Abstract This research investigates the influence of
rock joint dip angle and spacing on the performance
of arched roof tunnels. A sensitivity analysis was
conducted using Rocscience RS2 software, enabling
the evaluation of stress distribution and rock mass
deformation. The analysis involved the identifica-
tion of specific reference points on the tunnel’s back,
walls, and floor to assess stress state, deformation,
and the extent of plastic damage zones near the tun-
nel’s perimeter, in relation to the minimum embed-
ment length of the primary rock support. The results
revealed distinct stress patterns within the tunnel
system. Tensile-induced stresses were minimal along
the tunnel walls, while high compressive-induced
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stresses were observed around the tunnel’s back/roof
and floor. Additionally, substantial rock deformation
was observed at the tunnel’s periphery, as evidenced
by measurements taken at the reference points. Nota-
bly, an increase in the dip angle of the joints resulted
in reduced displacement, suggesting a potential strat-
egy for mitigating deformation. Furthermore, the
research highlighted the crucial role of joint spacing
in ensuring tunnel stability. Decreasing joint spac-
ing was found to impact tunnel stability significantly
adversely, underscoring the importance of carefully
considering joint spacing during the design and con-
struction phases of arched roof tunnels. The analysis
was validated by comparing the numerical modeling
results with readings obtained from Multi-Points
Borehole Extensometers (MPBXSs) installed in the
tunnel walls and roof. The comparison revealed vari-
ations of 16% at the tunnel’s right wall, 11% at the
tunnel’s left wall, and 12% at the tunnel roof.

Keywords Numerical modelling - Joint dip angle -
Joint spacing - Stability of arched roof tunnels

Abbreviations

WCR Wall convergence ratio

A, Wall closure

w The initial opening width
RSR  Roof sag ratio

Ag Roof deflection

H Initial opening vertical span

FHR  Floor heave ratio
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A Floor lift up.

H Initial opening vertical span
o, Post-opening stress
o0 In-situ (Pre) stress

SF Strength factor
UCS  Uniaxial compressive strength
SCF  Stress concentration factor

1 Introduction

Tunnels are among the most essential geotechnical
structures of modern societies. They serve several
functions, for example, irrigation, sanitary drainage,
transportation, and power transmission; thus, it is
crucial that tunnels are stable during their service life
(Dong et al. 2020; Wang et al. 2019; Wu et al. 2021;
Zaid 2021; Zhang and Yang 2019).

The performance of underground tunnels is
strongly impacted by many elements, such as rock
mass quality (Zhou and Yang 2021), the presence of
discontinuities and their characteristics (e.g., dip/dip
direction or orientation, spacing, length, roughness,
and interconnectivity), tunnel geometry (e.g., shape
and size), stress state, and depth below surface (Panji
et al. 2016; Eman et al. 2013; Madkour 2012).

Many parameters strongly affect the durability of
underground tunnels, such as the characteristics of
the surrounding rock mass matrix (Aksoy et al. 2020;
Chen et al. 2019), attributes of associated rock dis-
continuities (roughness, length, orientation, and inter-
connectivity) (Kim et al. 2020), stress environment
(stress ratio, seismicity) (Lukic et al. 2020), and depth
below surface (Ghorbani et al. 2015, Wasantha 2015b,
Kulatilake et al. 2013, Yu et al. 2011). Joints are usu-
ally spaced and may have the same dip/dip direction,
that is, they occur in parallel groups or classes; there-
fore, the rock mass will be divided into blocks (Jia
and Tang 2008, Jaeger 1979). The stress state gains
importance at greater depths. In an elevated stress
environment, the resilience of underground struc-
tures is governed by the generated stresses and rock
discontinuities that are concurrent or mirrored to the
tunnel periphery (Abdellah et al. 2014; Martin et al.
1999). The stability of underground tunnels can be
analyzed using rational, practical (e.g. experimental),
or computation methods (Zhang et al. 2020). Rational
or mathematical methods apply formulae to calcu-
late the stress distribution and rock mass distortion or
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deformity around elementary openings (e.g., rounded,
rectangular, elliptical) (Lee et al. 2020). These meth-
ods were first derived by Kirsch (1898), Brady (1977)
Brady and Lorig (1988), and Ladanyi (1974). A
straightforward mathematical model based on Bray’s
elastic solution has been proposed and presented by
Chinaei et al. (2021).

Practical or graphical approaches, such as the
stability graph method (Mitri et al. 2011), use
historicaldataand in order to estimate the appro-
priate support structure, apply a rock mass clas-
sification scheme. Computation or computer-
assisted techniques are effective instruments
for dealing with geometries that are very com-
plex. They can be used to evaluate tunnel sta-
bility at the prefeasibility stage of a pro-
ject to decide the optimal position of the tun-
nel as well as after construction (Berisavljevi¢ et al.
2015, Soren and Budi 2014, Rasouli et al. 2011,
Hammah et al. 2005, Potts 1999, Brinkgreve and
Bakker 1991). Several studies have shown that com-
puter-assisted method has been successfully applied
to examine: the effectiveness of rock support mounted
in a jointed rock mass (Li et al. 2021); the rock mass
deformation around tunnels (Everling 1964; Good-
man 1972); the impact of discontinuities on tunnel
stability (Jeon et al. 2004); the impact of rock discon-
tinuities on the functionality of underground openings
using discontinuous deformation analysis (Yeung and
Leong 1997); the effect of fault parameters on tunnel
stability using two-dimensional discrete element code
(Hao 2005); and the influence of rock joint dimension
and orientation on tunnel stability (Jiang et al. 2006).
Stress variation along the tunnel periphery based
on joint dip angle and boundary conditions have
been investigated by Tonon and Amadei (Tonon and
Amadei 2003). A constitutive model for jointed rock
masses to address the elasto-plastic behaviour of the
orthotropic tunnel structure by mixing strains from
joint sets and intact rock masses has been proposed
by Wang and Huang (Wang and Huang 2009). Tunnel
stability has also been studied using the Discrete Ele-
ment Method (DEM) using block size and shape as
factors (Fan et al. 2021). A uniform joint model and
an inhomogeneous plastic function are used to inves-
tigate tunnel construction safety in the elasto-plastic
range (Maghous et al. 2008). The objectives of this
study can be summarized in the following two points:
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1. Investigate the impact of variable rock joint ori-
entation and spacing on the stability of an arched
roof tunnel using a computational tool: This
study aims to utilize a computational tool to ana-
lyze how different orientations and spacings of
rock joints affect the stability of an arched roof
tunnel. The focus is on evaluating the stress state
within the tunnel, determining the depth of dam-
aged zones surrounding the tunnel, and assessing
the displacement of the disturbed rock matrix.

2. Utilize various failure assessment metrics and
establish thresholds for evaluation: The paper
employs multiple failure assessment metrics,
including wall convergence/closure ratio, roof
deflection and floor uplift ratios, induced stress,
strength factor, strength concentration factor, and
spread of damage zones. The study establishes
specific thresholds for these evaluation measures,
serving as a framework to assess the computa-
tional results and determine the stability of the
tunnel under different rock joint conditions.

2 Stability Evaluation Criteria

The choice of rock failure evaluation criteria in finite
element codes is influenced by several factors, includ-
ing the availability of built-in functions, the specific
application, the purpose of the study, and the desired
level of conservativity. Available built-in functions
should be assessed for their compatibility and repre-
sentation of rock behavior and failure mechanisms.
The application and purpose of the study guide the
selection of appropriate failure criteria, considering
the specific engineering context. The conservativ-
ity of results is important to strike a balance between
safety and accuracy. Validation through compari-
sons with field observations or empirical data helps
ensure the reliability of chosen criteria. Consideration
of dominant failure modes, such as brittle fracture or
shear failure, aids in selecting criteria that effectively
capture those modes. To make an informed choice,
consulting literature, experts, and code documenta-
tion is recommended. Careful assessment of these
factors ensures the appropriate selection of rock fail-
ure evaluation criteria in finite element analysis.

The rock deformation criteria include the displace-
ment or translation of the tunnel’s walls, deflection ratio
of the tunnel’s crown or back, and up lifting ratio of

the tunnel’s floor. The stress state criteria include the
induced stress, strength factor (i.e., resilience of rock
mass relative to induced stress), and stress concentra-
tion (i.e., locations of high and low stresses) around
the tunnel boundary. The yield-based criterion is used
to determine the length of rock mass damaged or col-
lapsed zones and compare them with the embedment
length of primary rock support (Qiu et al. 2020).

2.1 Wall Convergence Ratio (WCR)

The WCR is the ratio of wall closure with the initial
width of the tunnel as expressed in the following Equa-
tion (Zhang and Mitri 2008; Sainoki and Mitri 2014;
Abdellah 2015b):

A
WCR = <i) x 100 1)
w

where A, is the difference between the initial
width, w, and the width after deformation,w,, where
(A, =w- wl). The stability of the tunnel would be
considered ineffective if the WCR surpasses 1.5%
(Abdellah 2015a; Wang et al. 2018; Heidarzadeh

etal. 2021).

2.2 Sag ratio of the Roof/Back (RSR)

The RSR is calculated as the proportion of roof deflec-
tion, Ag to the initial vertical span of the opening, H,

as given in the following Eq. (Zhang and Mitri 2008;
Edelbro 2010):

RSR = As 100
(3):

The functioning of the tunnel would be deemed
unworkable if the RSR crossed 0.5% (Abdellah 2015b;
Nguyen et al. 2021; Olufe 2021).

2.3 Heave Ratio of the Floor (FHR)
The FHR is the ratio of floor lift up, A“,, to the verti-

cal span of the tunnel opening, as given in the following
Equation:

FHR A 100
=(—=)x
< I ) 3)
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For the context of this research, it is presumed that
the tunnel’s safety is viewed inadequate if the FHR
is above 0.5% (Zhang and Mitri 2008; Abdellah et al.
2018; Wasantha et al. 2021).

2.4 Induced Stress

The differential stress is the difference between
the tunnel stress before and after it has been driven
(Abdellah et al. 2014). If this stress goes beyond the
resilience of the rock matrix surrounding the tun-
nel, it will collapse. The stress induced determines
the difference between in-situ (virgin) stress, oY, and
the resulting stress, o}, as indicated in the following
Equation:

Induced stress = o, — ¢° “4)

2.5 Strength Factor (SF)

The SF is the ratio of the laboratory intact rock com-
pressive strength, UCS, to post-opening stress, o, as
presented in the following Equation:

_ucs
o

SF (5)

2.6 Factor of Stress Concentration (SCF)

The SCF is the ratio of generated stress, o, to the pre-
mining stress, 6” as given in the following Equation
(Zhang and Mitri 2008):
01

SCF = e 6)

The magnitude of SCF indicates the location and
type of stress concentration. The stability of tunnel
is considered unsatisfactory if o¢; > o, (i.e., SCF
exceeds 1.0).

2.7 Extent of Yield/Damage Zones

Damage zones, also referred to as rock failure or
yielding zones. Such zones indicate specific regions
within a rock mass where significant deformations,
fractures, or failure mechanisms have occurred. These
zones indicate areas of compromised structural integ-
rity and reduced strength within the rock mass. They
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can be defined through a combination of approaches.
One common method involves analyzing the behavior
of the rock mass and identifying regions where signif-
icant deformations or failure mechanisms occur. This
can be accomplished through field observations, mon-
itoring data, or numerical simulations, which help
identify areas exhibiting excessive displacements,
deformations, or strains. Additionally, geological and
geotechnical observations play a crucial role in defin-
ing damage zones. These observations consider indi-
cators such as fracturing, joint separation, spalling, or
shear zones, which provide evidence of localized fail-
ure or yielding. Rock mass rating systems, such as the
Rock Mass Rating (RMR) or the Geological Strength
Index (GSI), can further assist in assessing stabil-
ity and identifying potential damage zones based on
parameters like rock strength, joint conditions, and
groundwater. Laboratory testing of rock samples
collected from suspected damage zones, including
uniaxial compressive strength, tensile strength, and
shear strength tests, helps quantify the rock’s resist-
ance to failure and confirms the presence of damage
zones. Lastly, numerical modeling techniques, such
as finite element analysis or distinct element method
simulations, provide insights into the behavior of the
rock mass by considering its properties, joint char-
acteristics, and loading conditions, allowing for the
identification and delineation of damage zones. The
integration of these approaches allows engineers and
geologists to define damage zones accurately, lead-
ing to informed decisions on mitigation measures and
design considerations to enhance the stability and
safety of both the rock mass and any structures within
it.

The yield-based function is a standard criterion for
evaluation which exists in most codes of finite-ele-
ments. When a rock is compressed outside its deform-
able capacity, it yields. The yielding measures up the
depth of plastic regions into the rock matrix around
the tunnel’s periphery to the least anchorage length
of the installed rock support remaining in fresh/
undisturbed rock mass. A rule of thumb is being used
herein, whereby the shear strength of resin grouted
rock rebar can sustain 1-ton of axial load per 1-inch
anchorage length of the bolt (Abdellah 2014). Thus,
the minimum anchorage length is estimated as 2.5 cm
per ton (1 in/ton) of the rock bolt tensile strength
(Abdellah et al. 2011). For a rock bolt with 12 tons of
tensile capacity, the anchorage limit is 30 cm (12 in).
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The stability of the tunnel is thus deemed inadequate
for a 180 cm long rock bolt that is mounted, when the
extent of failure zones goes beyond 150 cm. Alterna-
tively, the bolt anchorage length left in the fresh rock
mass becomes insufficient (i.e., embedment length is
less than 30 cm) (Abdellah and Mitri 2016; Sinha and
Chugh 2018).

3 Modelling set up

A set of models was created using RS2, a two-dimen-
sional elastoplastic finite element commercial and
research software by Rocscience Inc. (2016). RS2D
employs the FEM to discretize the analysis domain
into finite elements, allowing for the solution of the
governing equations at discrete points. The reference
tunnel is located 50 m below surface where the asso-
ciated rock joints dip at an angle of 30° and the stress
ratio is 2.13 (Fig. 1a). As shown in Fig. 1a, the study
zone comprises of slate and limestone rock mass. The
tunnel opening is driven into limestone rock mass and
measures 5 m by 5 m with a gently arched back. The
X- and Y-directions of the external boundary of the
model are set to have zero displacement, meaning that
it is fixed and cannot move or deform in these direc-
tions. This external boundary has a box-like shape,
and it is expanded by a factor of ten times the size
of the tunnel opening. To minimize the influence of
boundaries on the numerical model results, it is cru-
cial to ensure an adequate distance between the lateral
boundary and the lower bound of the model from the
top. Analysis of displacement and stress contours in
the finite element software indicates that the chosen
distance is indeed sufficient (Maleki and Nabizadeh
2021; Maleki and Mir Mohammad Hosseini 2022;
Maleki et al. 2023).

In the numerical model shown in Fig. 1, there
is an assumption of a continuous structural plane
between slate and limestone, despite potential incon-
sistencies with the actual geological conditions.
This assumption serves several purposes. Firstly,
it simplifies the analysis process by making it com-
putationally feasible, allowing for a more manage-
able simulation. While it may overlook the intricate
geological complexities, it still provides valuable
insights into the overall behavior and response of the
rock mass. Secondly, the assumption can serve as an
initial approximation for preliminary investigations,

enabling researchers to grasp the rock mass’s initial
response before considering more intricate geological
features. It helps evaluate the baseline behavior and
explore general trends or phenomena related to rock
mass stability. Thirdly, the assumption can be part of
a sensitivity analysis to assess the influence of dif-
ferent factors on the model’s results. By assuming a
continuous structural plane, the study can examine
the impact of other parameters, such as joint spac-
ing, stress distribution, or material properties, on rock
mass stability. This analysis provides insights into the
relative importance of different factors in the over-
all assessment. Lastly, feasibility and resource con-
straints play a role in this assumption. Field investi-
gations and obtaining detailed geological data can be
challenging, time-consuming, and costly. In situations
where resources or logistical constraints are limited,
assumptions are made to strike a balance between
available resources and study objectives, acknowledg-
ing that capturing every geological feature accurately
may not be possible under such circumstances.

The tunnel primary support system uses Grade
60, 19 mm (3/4 inch) resin grouted rebars 1.8 m (6
ft) long in the walls and in the back. All nodes on the
exterior perimeter are given a fixed, zero displace-
ment boundary condition when the mesh is gener-
ated. The triangular “pin” symbols that are observed
at each node of the exterior boundary show this. The
gravity field stress is applied where the stress block
reflects the in-plane horizontal/vertical stress ratio,
which in this study is 2.13, ground surface elevation
is 50 m and unit weight of overburden is 0.0255 MN/
m®. The mean values of slate and limestone rock
masses are used in the model. The analysis will be
set up, with the first stage consisting of tunnel exca-
vation. Table 1 lists the two factors are being con-
sidered; joint dip angles and joint spacing: A set of
models with varied joint dip angles of 0°, 15°, 30°,
45°, 60°, 75°, and 90°, joint spacing of 5 m, stress
ratio of 2.13, and depth of 50 m below surface were
built to explore the influence of joint orientation on
tunnel stability. A set of models with joint spacing of
0.5 m, 1.5 m, 3.5 m, and 5 m, joint dip angle of 30°,
stress ratio of 2.13, and depth of 50 m below surface
have also been built to study the impact of joint spac-
ing on tunnel stability. Table 2 gives the mechanical
properties of the rock mass and rock joints adopted
in this parametric stability analysis. These val-
ues were selected from a case study that depicts the
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«Fig. 1 a Geometry, dimensions, and boundary conditions of
an arched roof reference tunnel, b The relationship between
the number of nodes on the external boundary and the result-
ing vertical (top) and horizontal (bottom) displacements in the
mesh sensitivity analysis

Saint Martin La Porte access adit, which runs along
the Lyon-Turin Base Tunnel (Barla 2012). The study
of numerical computation was performed using the
Mohr-Coulomb failure criterion. Contact stiffness
determines the stiffness of the interaction between the
rock joint surfaces and the surrounding rock mass.
The friction coefficient represents the resistance to
sliding and accounts for the frictional forces between
the contacting surfaces. The contact forces arise from
the interaction between the rock joints and the rock
mass and can be influenced by factors such as joint
roughness and rock material properties.

3.1 Mesh Sensitivity Analysis

In order to obtain accurate analysis results in finite
element analysis, it is highly recommended to per-
form mesh sensitivity analysis. This analysis helps
prevent the negative impact caused by excessively
long or thin elements on the accuracy of the analy-
sis. Such thin elements typically have a high aspect
ratio (Cami et al. 2018; He and Huang 2021). Within
RS2D software, there is a built-in feature called
“mesh and discretization settings” that aids users in
identifying and resolving issues related to the finite
element mesh. These settings include the type of
mesh (graded), element type (4-Noded Quadrilateral),
gradation factor (0.1), and the number of nodes on
all excavations (200). Improper mesh configuration
can lead to various problems such as solution non-
convergence, terminated calculations, alert notifica-
tions, computation misconfigurations, and abnormal
analysis results. To mitigate these issues, a sensitiv-
ity analysis was conducted to determine the optimal
mesh size.

This involved establishing different models with
varying mesh densities. During the analysis process,
both vertical and horizontal displacements were care-
fully monitored while solving for elastic equilibrium,
as depicted in Fig. 1b. When selecting the mesh size
or density, several factors should be taken into con-
sideration. A denser mesh provides a more precise
representation of high-stress gradients (Rahmani

et al. 2022; Maleki and Imani 2022; Maleki and Mir
Mohammad Hosseini 2019). The accuracy of the
results is directly related to the length of the elements.
If different mesh sizes are required, it is recom-
mended to transition gradually from denser to coarser
meshes. Figure 1b shows that the model, running
with 200 nodes on the external boundary, has reached
a plateau. This indicates that further refining the mesh
size does not significantly impact the results.

4 Results
4.1 Effect of Joint Dip Angle

The effects of seven joint set dipping angles (Table 1)
on the tunnel’s resilience are presented considering
the WCR, RSR, FHR, induced stress, SF, SCF, and
depth of failure zones into rock matrix surrounding
the tunnel opening.

4.1.1 Wall Convergence Ratio (WCR)

The right wall of the tunnel moves laterally toward
the left side of the tunnel (Fig. 2). The maximum
right WCR (-0.0126%) takes place in the tunnel right
border at zero distance from key point #3 (Fig. 1) and
at a joint dip angle of 30°. The right WCR decreases
as joint dip angle exceeds 30° to the minimum right
WCR (-0.00284%) in the right wall of the tunnel at
2.5 m from key point #3 and a joint dip angle of 90°.
Similarly, the left side of the tunnel moves laterally
towards the tunnel’s interior (Fig. 3). The maximum
left WCR (0.0084%) occurs at zero distance from key
point #2 and at a joint dip angle of 0°. The left WCR
decreases as lateral displacement from key point #2
increases and as the joint dip angle increases until the
minimum left WCR at 45° (-0.00048% at 2.5 m from
key point #2). As the joint dip angle exceeds 45°, the
left WCR increases to a maximum of 0.0078% at 90°.
According to these results, the performance of tunnel
walls is satisfactory (maximum WCR <1.5%). Fig-
ure 4 illustrates how the right and left tunnel walls
move toward the center of the tunnel (Fig. 4).

4.1.2 Roof Sag (RSR) and Floor Heave (FHR) Ratios

Both the RSR and FHR decrease as joint dip angles
increase (Fig. 5). The maximum value of the RSR
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Table 1 Factors considered
during the sensitivity

analysis

Parameter/analysis Effect of joint dip angle Effect of joint spacing
Joint set dip angle, o (°) 0, 15, 30, 45, 60, 75, 90 30

Joint spacing (m) 5 0.5,15,35,5

Stress ratio, k (unitless) 2.13 2.13

Tunnel depth (m) 50 50

Table 2 Geomechanical properties of rock mass and rock
joints used in the 2-D (Barla et al. 2012; Abdellah et al. 2022)

Rock mass property Limestone Slate
Density (kg/m3) 2,600 2,500
Compressive strength, (MPa) 30-250 100-200
Poisson’s ratio, (unitless) 0.30 0.25
Tensile strength, (MPa) 0.60 0.10
Friction angle, (°) 40 35
Young’s Modulus, (Gpa) 35 2.60
Cohesion, (MPa) 1 0.25
Dilation angle, (°) 20 15

Rock joints property (Das and Singh 2021; Abdellah et al.
2022)

Normal stiffness, (Gpa) 21
Shear stiftness, (Gpa) 15

Friction angle (°) 39 (Sanei et al. 2015)

(-0.0172%) and the FHR (-0.01174%) occur at a joint
dip angle of 0° in the tunnel roof, at zero distance
from key point #1 and in the tunnel floor from key
point #4. The tunnel floor moves downward (negative
displacement). Based on these results, the roof/back
and floor of the tunnel are stable (maximum RSR and
FHR ©0.5%).

4.1.3 Major Induced Stress

Tensile induced stress occurs around the tunnel right
and left wall (negative values in Fig. 6), whereas high
compressive induced stress occurs around the tunnel
roof and floor (positive values in Fig. 6). The UCS
diminishes as joint dip angle increases and the maxi-
mum induced stress exhibits in the perimeter of the
tunnel (i.e., at zero distance from the key points).

Fig. 2 Right wall conver- Joint dip angle (°)
gence ratio at seven joint
dip angles and six horizon- 0 30 45 60 75 90
tal displacements from the 0 T T T T 1
tunnel’s right periphery -
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Fig. 3 Left wall conver-
gence ratio at seven joint
dip angles and six horizon-
tal displacements from the
tunnel’s left side (reference
point #2 in Fig. 1)
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Fig. 4 Vectors of horizontal displacement contours around the tunnel at joint dip angle of 30°

4.1.4 Strength Factor (SF)

Figure 7 shows that the roof of the tunnel deterio-
rates (SF 1) at all joint dip angles, whereas the floor
of the tunnel only deteriorates at joint dip angles of

0 and 15°. The walls of the tunnel are stable (SF
“1) at all joint dip angles. In addition, the strength
contours around the tunnel disconnects/splits after
they are bisected by rock joints. The evaluation of
rock tension using the Strength Factor (SF) method
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Fig. 5 Roof sag and floor
heave ratios at seven joint
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goes beyond the scope of this study. However, the
following steps can be followed for conducting such
an evaluation:

1. Determine the uniaxial compressive strength

(UCS) of the rock material. This is typically
obtained through laboratory tests.

@ Springer

Calculate the Strength Factor (SF) using the for-
mula: SF=-YS5 , where UCS is the uniaxial com-

03=0;
pressive strength, o5 is the minimum principal
stress, and o, is the uniaxial tensile strength of the

rock. The SF represents the ratio of the rock’s




Geotech Geol Eng (2024) 42:207-234

217

Strength Factox

min (stage): 0.00
tension
0.32

.95

.58

.21

.84

.47

.11

.74

(]
1
2
2
3
4
4
S

unkounded
max (stage): 6.00

.37

Strength Factor
min (stage): 0.00

tension
0.32

- 0.95
1.58

1 2.21
2.84
3.47
4.11
4.74
5.37

unbounded
max (stage): 6.00

Strength Factor
min (stage): 0.00
tension

0.32
0.S5
1.58
2.21
2.84
3.47
4.11
4.74
5.37

unbounded
max (stage): 6.00

Fig. 7 Contours of strength factor at seven joint dip angles

@ Springer



218

Geotech Geol Eng (2024) 42:207-234

Strength Factor

oo s W NN H O
. . . . . . . .

unbounded
max (stage): 6.00

nmin (stage): 0.00

tension

0.32

0.

unbounded

max (stage): 6.00

Strength Factor
min (stage): 0.00
tension

max (stage):

Fig. 7 (continued)

@ Springer

0.

M s W NN+ O

32

.95
.58
«21
.84
.47
.11
.74
.37

unbounded

6.00




Geotech Geol Eng (2024) 42:207-234

219

Strength Factor
min (stage): 0.00
tension

0.32
.95

.58

-21

-47
.11

0
1
2
2.84
3
4
4

.74
5.37

unbounded
max (stage): 6.00

Fig. 7 (continued)

1.6 1
ORoof ElLeftwall BRightwall &Floor | [

141

Stress concentration factor, SCF

45

Joint dip angles (°)

Fig. 8 Stress concentration factor around tunnel boundary at
seven joint dip angles

strength to the difference between the minimum
principal stress and the tensile strength.

3. Compare the SF value to a predefined threshold
or criterion. If the SF is less than the threshold, it
indicates that the rock is under tension and may
be prone to failure.

4.1.5 Stress Concentration Factor (SCF)
High stress concentration develops around the tun-

nel’s back (roof) and floor, whereas low stresses
concentration take place around tunnel’s shoulders

(Fig. 8). The magnitude of stresses vary with joint
dip angle. The highest SCF occurs at a joint dip
angle of 90° in the back of the tunnel (1.50) and
0° in the floor of the tunnel (1.40). The objective
of this study does not encompass the evaluation of
rock tension using the Stress Concentration Factor
(SCF) method. However, the following steps can be
undertaken for such an evaluation:

1. Identify the presence of stress concentration
points or regions in the rock mass. These could
be caused by geological features, such as joints,
faults, or other discontinuities.

2. Determine the Stress Concentration Factor (SCF)
associated with each stress concentration point.
The SCF represents the ratio of the maximum
stress at the point of concentration to the average
stress in the surrounding rock mass.

3. Assess the magnitudes of the SCFs. If the SCFs
are significantly higher than unity, it indicates
a localized increase in stress, which can lead to
tension concentration and potential failure in the
rock.

Both SF and SCF methods provide insights into
the potential for rock tension and can help in assess-
ing the stability of rock masses under different load-
ing conditions.
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4.1.6 Extent of Yielding Zones

Yielding varies with joint dip angle and only occurs
around the tunnel’s roof (back) and floor (Fig. 9). The

minimum depths of yielding zones are 0 m (dip angle
0°) and 0.394 m (dip angle 60°), whereas the maxi-
mum depths of yielding zones are 0.917 m (dip angle
30°) and 0.765 m (dip angle 75°) around tunnel’s

Fig. 9 The development of yielding zones around the boundary of the reference tunnel model at different joint dip angles, with a

fixed joint spacing of 5 m
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floor, and roof respectively. The performance of the
tunnel is satisfactory (maximum extent of yielding
zones “1.50 m).

4.2 Effect of Joint Spacing

The effects of four rock joint spacings (Table 1) are
presented in terms of the WCR, RSR, FHR, induced
stress, SF, SCF, and depth of failure zones in the rock
matrix surrounding the tunnel opening.

4.2.1 Wall Convergence Ratio (WCR)

The WCR of tunnel walls decreases as joint spac-
ing increases (Fig. 10). The maximum WCR occurs
at 0.5 m joint spacing (-0.0546% and —-0.0362% for
right and left wall, respectively). The performance of
the tunnel is satisfactory (WCR “1.50%). Both tunnel
walls tend to move to the left (Fig. 11).

4.2.2 Roof Sag (RSR) and Floor Heave (FHR) Ratios

The RSR and FHR decrease as joint spacing increases
(Fig. 12). The maximum RSR and FHR of —-0.098%
and -0.082%, respectively, occur at 0.5 m joint
spacing.

Fig. 10 Tunnel right 0.01 1

(RWCR) and left (LWCR)

walls convergence ratio at

various joint spacings 0.00 )

4.2.3 Major Induced Stress

The major induced stress decreases as joint spacing
increases (Fig. 13). The induced stress shifts from
compressive (positive) to tensile (negative) stress
around the tunnel walls as joint spacing increases,
while the opposite occurs on the tunnel floor. The tun-
nel roof is surrounded by compressive induced stress.

4.2.4 Strength Factor (SF)

The rock mass contours across the tunnel show
that, with the exception of 0.5 m joint spacing,
the tunnel left wall, floor, and right wall are stable
(SF> 1.0; Fig. 14). The roof of the tunnel is not stable
(SF=0.95) at any of the modelled joint spacings.

4.2.5 Stress Concentration Factor (SCF)

High stress concentrates around the tunnel roof at all
joint spacings and around the tunnel floor at 3.5 and
5 m joint spacings (Fig. 15). In addition, high stress
concentrates around the tunnel right wall at joint
spacing 0.5 and 1.5 m, whereas it concentrates around
the tunnel left wall at 0.5 m joint spacing.
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Fig. 12 Sag ratio of tun-
nel’s roof (RSR) and heave
ratio of tunnel’s floor (FHR)
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Roof sag (RSR) and floor heave ratio (FHR),
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4.2.6 Depth of Damage Zones

The failure zones occur in the tunnel’s back and floor
(Figs. 16 and 17). Based on the evaluation criterion,
the functionality of the tunnel is acceptable (extent of
yielding “1.50 m).

—e—Roof

———Left wall
—A—Floor

—o—Right wall

m//—g

;\&
s\//

5 Discussion

The tunnel’s behavior is investigated by conduct-
ing simulations with different orientations and spac-
ings of rock joints. The focus of evaluating the tun-
nel’s stability performance lies in analyzing stress
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Fig. 14 Contours of strength factor (SF) at different joint spacings for the reference tunnel model at a joint dip angle of 30°
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Fig. 15 Magnitude and location of stress concentration around
the tunnel boundary

distribution, deformations (convergence), and the
extent of Mohr—Coulomb yield zones along its
boundaries. These metrics are used to interpret com-
putational results.

To determine the level of satisfaction with the
tunnel’s stability performance, specific thresholds
defined by the evaluation criteria are utilized. The
selection of the evaluation criterion and its corre-
sponding threshold relies primarily on the tunnel’s
intended purpose (application, expected lifespan), as
well as observations from the field. It is worth not-
ing that the computational results indicate minimal

deformations at specified reference points along the
tunnel’s boundary, including wall convergence, roof
sag, and floor heave. However, the monitoring of
these deformations and the comparison with modeled
values are carried out through the installation of bore-
hole extensometers (MPBXs) at only three points,
such as #1, #2, and #3.

On the other hand, when it comes to assessing
the stress state, load cells are not integrated into the
ground support system to measure stress redistribu-
tion on bolt heads and verify it against the modeled
values. Consequently, establishing a single definitive
threshold becomes challenging. Instead, a commonly
employed criterion based on Mohr—Coulomb yield
is employed to evaluate instability. The threshold
for this criterion is determined using a rule of thumb
approach, where resin grouted rebar is expected to
withstand an axial load of 1 ton to 1.5 tons per 1-inch
embedment extent of the bolt. Consequently, a mini-
mum anchorage depth of 30 cm (12 inches) is estab-
lished, as illustrated in Fig. 18.

In accordance with the rock support system
employed in Canada, the primary rock support depth
for the tunnel’s roof and walls (for openings < 18 ft in
width) is set at 6 ft of rebar (1.8 m). Based on this
length and the rule of thumb, the tunnel’s instabil-
ity occurs when the depth of damage zones exceeds
1.5 m, indicating insufficient embedment length
(<30 cm) in the fresh rock mass beyond the yield
zones.
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Fig. 16 Depth of damage zones contours around the borders of the reference model at four joint spacings (joint dip angle 30°)
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Fig. 17 Extent of yielding zones versus joint spacings
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Case 1 examines the impact of different angles
at which joints intersect on the stability of a tun-
nel entrance. The analysis reveals that as the joint
dip angle surpasses 30°, the right wall convergence
ratio (WCR) steadily decreases, reaching its mini-
mum value (approximately -0.00284%) at a joint dip
angle of 90°, specifically 2.5 m away from key point
#3. Similarly, the left WCR decreases as the lateral
displacement from key point #2 increases and the
joint dip angle rises, reaching its minimum value of
approximately -0.00048% at a joint dip angle of 45
degrees, also 2.5 m away from key point #2. How-
ever, as the joint dip angle exceeds 45°, the left WCR
starts increasing and reaches a maximum value of
0.0078% at 90 degrees. These findings suggest that
the tunnel walls remain structurally sound, with the
highest WCR remaining below 1.5% (Adoko and Jiao
2013; Li and Liu 2015).
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Fig. 18 Illustration of Mohr—Coulomb yield failure criterion

The downward movement of the tunnel floor
(negative displacement) is observed, while the roof
and back of the tunnel exhibit stability (maximum
rock support ratio [RSR] and floor heave ratio [FHR]
both below 0.5%). The uniaxial compressive strength
(UCS) of the rock diminishes with increasing joint
dip angle, and the highest induced stress occurs along
the perimeter of the tunnel, specifically at zero dis-
tance from the key points. Additionally, the strength
contours surrounding the tunnel become disjointed
and split when intersected by rock joints. When the
joints are perpendicular (90°), the tunnel’s roof expe-
riences the highest stress concentration (e.g., stress
concentration factor [SCF] of 1.5), whereas in hori-
zontal joints (0°), the tunnel’s floor experiences the
maximum stress concentration (e.g., SCF of 1.4).

The results demonstrate that the shortest failure
zones in the rock mass (e.g., 0.394 m) occur in the
tunnel’s roof at joint dip angles of 60°, while the
longest extension of failure zones into the rock mass
(e.g., 0.765 m) occurs at joint dip angles of 75°. The
maximum length of yielding zones (e.g., 0.917 m) in
the tunnel’s floor occurs at a joint dip angle of 30°.
Nevertheless, the tunnel continues to function effec-
tively, as the safe allowable length of yielding zones
is 1.50 m. Alternatively, the effectiveness of the

tunnel opening’s resilience is evident through the
minimum required anchorage length of rock support.

Case 2 delves into the influence of joint spacings
on the stability of a tunnel entrance. The results indi-
cate that the maximum convergence ratio (WCR) is
observed at a joint spacing of 0.5 m, with the right
wall of the tunnel experiencing the highest WCR
(e.g., —0.0546%), followed by the left wall (e.g.,
—0.0362%). Despite this, the tunnel’s overall per-
formance remains satisfactory, as the WCR remains
below 1.50%.

As the distance between joints increases, the
induced stresses undergo a transition from compres-
sive to tensile, particularly near the tunnel walls. Con-
versely, on the tunnel floor, tensile induced stresses
are replaced by compressive induced stresses. The
tunnel’s roof, on the other hand, continues to bear
compressive induced stress. When examining the
strength contours of the rock mass, it becomes evi-
dent that the tunnel walls and floor exhibit stability
across most joint spacings, except at a 0.5 m joint
spacing. However, the tunnel’s roof remains unstable
regardless of the modelled joint spacings. Stress con-
centration areas surround the tunnel’s roof at all joint
spacings, while the tunnel floor experiences stress
concentration at distances of 3.5 m and 5 m. Addi-
tionally, stress concentration areas cluster around the
0.5-m mark along the tunnel walls. The findings high-
light that failure zones solely occur on the tunnel’s
roof and floor. Nonetheless, when assessed based
on the evaluation criteria, the tunnel’s functionality
remains acceptable, as the extent of yielding remains
below 1.50 m (Chung et al. 2006).

The results of this study indicate a relatively low
sensitivity of wall convergence to variations in joint
angle and spacing. This can be attributed to several
factors. Firstly, the stiffness of the intact rock mass
has a dominant influence on wall convergence, with
the deformations primarily occurring within the
stiffer intact rock rather than the joints. Additionally,
stress redistribution within the rock mass during tun-
nel excavation helps distribute the deformation over a
wider area, reducing the direct impact of joint angle
and spacing on wall convergence. Moreover, the
complex interaction between joints and the presence
of other rock mass deformation mechanisms further
contribute to the limited sensitivity of wall conver-
gence to individual joint parameters. These findings
suggest that while joint angle and spacing may have
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some influence, other factors such as intact rock stiff-
ness, stress redistribution, opening geometry (size
and shape) and overall rock mass behavior play more
significant roles in determining wall convergence in
tunnel excavations (Yeung and Leong 1997; Jiang and
Zhang 2011; Cai et al. 2019; Zhou et al. 2023).

5.1 The Validation of the Model through the
Monitoring of Deformation (MPBX)

In order to monitor deformations in the rock mass
along the surface of the tunnel, multi-point borehole
extensometers (MPBX) are utilized (Hansmire 1978;
Bayoumi 2011; Gholinia et al. 2022). These MPBX
systems are employed specifically in the reference
tunnel, with joint spacing of 5 m, joint dip angle of
30°, and positioned at zero meters from the tunnel
boundary. The results of this monitoring act as proof
for the RS2D numerical model. Figure 19 shows the
locations of the three extensometers that have been
put at the footwall drive #3156 junction, where the
tunnel entrance is being built. MPBX#3 is specifi-
cally located in the right wall, MPBX#1 is situated in
the intersection’s ceiling, and MPBX#2 is located in
the left wall. The measured horizontal relative defor-
mations on the right wall and left wall are depicted

Fig. 19 Spatial arrange-
ment of deformation
monitoring points (MPBX)
in the vicinity of intersec-
tion 3156

No. #1 SHEAR IM
3(1%5 FW DR
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in Figs. 20 and 21, respectively. Additionally, Fig. 22
presents the vertical relative displacement observed
in the roof of the tunnel opening. Table 3 provides a
concise overview of the maximum relative deforma-
tion values obtained from both the MPBX monitoring
and RS2D calculations on the walls and roof surfaces
of the tunnel openings.

The maximum monitored deformation on the tun-
nel’s right wall (MPBX#3), as shown in Fig. 20, is
—0.75 mm (0.015% convergence ratio). In compari-
son, Fig. 4 illustrates a deformation of —0.63 mm
(0.0126% convergence ratio), and Fig. 2 presents
a convergence ratio of 0.0126%. The difference
between the measured and computed values is
0.12 mm (16%).

Likewise, Fig. 21 displays the maximum meas-
ured deformation on the tunnel’s left shoulder using
MPBX#2, which is 0.18 mm (0.0036% convergence
ratio). This can be compared to a deformation of
0.16 mm (0.0032% convergence ratio) shown in
Fig. 11 (or Fig. 3, which presents the computed value
using RS2D). The difference between the observed
and calculated values is 0.02 mm (11.11%).

In terms of the roof, Fig. 22 demonstrates a maxi-
mum measured deformation of —0.81 mm (equivalent
to a sag ratio of 0.0162%). In contrast, Figs. 5 and 12

01 RAR_ACC.

o MPBX in the Roof

MPBX in the Sidewalls
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show a deformation of —0.71 mm (or a sag ratio of
0.0142%). The difference between the measured and
computed sag ratios is 0.1 mm, corresponding to a
sag ratio of 12.35%.

It is evident that both the measured and calculated
deformations are very small, closely aligned, and
insignificant. Consequently, the tunnel performance is
deemed stable.

6 Conclusions

The numerical modeling study findings reveal the
movement of both tunnel walls towards the center due
to stress from the surrounding rock mass. The right
wall experiences maximum convergence at a joint dip
angle of 30°, while the minimum convergence occurs
at 90°. Conversely, the left wall exhibits maximum
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Table 3 Comparison of computed and measured maximum deformations on the surface of the reference tunnel
MPBX Measured deformations, mm RS2D Calculated deformations, mm Difference, mm
MPBX#3 RW MPBX#2 MPBX#1 RW (Figs. 2 & 4) LW (Figs.3 & Roof (Figs.5& RwW LW  Roof
(Fig. 20) LW Roof 11) 12)
(Fig. 21) (Fig. 22)
-0.75 0.18 -0.81 -0.63 0.16 -0.71 -0.12 0.02 -0.1
Wall convergence and roof sag, % (Egs. 1 Wall convergence and roof sag, % (Egs. 1 & 2) Difference, %
&2)
0.015 0.0036 0.0162 0.0126 0.0032 0.0142 16 11.11 12.35

convergence at a joint dip angle of 0° and minimum
convergence at 45°. Moreover, the roof sag and floor
heave show an inverse relationship with joint dip
angles, decreasing as the angles increase. Similarly,
the induced stress diminishes with higher joint dip
angles.

The resilience of the rock mass near the tunnel roof
and floor is compromised at joint dip angles of 0° and
15°. High stress concentrations are observed around
the tunnel roof and floor, while low stress concentra-
tions are concentrated around the walls. Additionally,
yielding zones around the roof are insignificantly
extended. As the spacing between joints increases,
wall convergence/closure, roof deflection, heave
of the floor ratios, and induced stress decrease. The
strength of the rock mass deteriorates around the roof

@ Springer

for all joint spacings, while it only deteriorates in the
tunnel’s right shoulder at a joint spacing of 0.5 m.
High stress concentrations occur around the tunnel
roof, while low stresses are concentrated around the
walls and floor. The extent of yielding zones in the
tunnel floor increases with joint spacing.

The novelty of this research lies in the application
of this methodology to assess the impact of joints
on tunnel stability, which can have significant impli-
cations across various industries. Specifically, our
study’s findings can be applied in mining operations
for accessing mining blocks and facilitating efficient
ore hauling. Additionally, the insights gained from
this research can be utilized in the fields of tunnelling
and civil engineering, particularly in the design and
maintenance of transportation infrastructure.
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By focusing on the effects of joint spacing and dip
angles, this paper addresses a critical aspect of tunnel
performance that has not been extensively explored in
previous studies. It is believed that the comprehensive
analysis presented in this research contributes to the
existing body of knowledge in this field and provides
practical insights for professionals involved in mining
and civil engineering projects.

6.1 Similarities, Differences and Uniqueness

This study stands out in scholarly literature due to
its unique approach and contributions. While there
are several other comparable studies in the field, this
research offers distinct features and contributions that
set it apart.

6.1.1 Similarities

1. Topic of investigation: Like other studies, this
research focuses on examining the stability of
tunnels in relation to rock joint orientations and
spacing.

2. Utilization of computational tools: Similar to
other studies, this research employs computa-
tional tools to simulate and analyze the behavior
of tunnels under different conditions.

6.1.2 Differences and Uniqueness

1. Comprehensive evaluation metrics: This study
sets itself apart by utilizing a wide range of eval-
uation metrics, including wall convergence/clo-
sure ratio, roof deflection and floor uplift ratios,
induced stress, strength factor, strength concen-
tration factor, and spread of damage zones. The
comprehensive nature of these metrics provides a
more holistic understanding of tunnel stability.

2. Threshold framework: Unlike many other stud-
ies, this research establishes specific thresholds
for the evaluation measures. These thresholds
serve as a framework to assess the computational
results and determine the stability of the tunnel.
This approach adds an element of quantifiability
and enables a more objective evaluation.

3. Emphasis on uniqueness: From the outset, this
study emphasizes its uniqueness and distin-
guishes itself from another published research.
By highlighting the novel aspects of the study,
such as the evaluation metrics and threshold
framework, it asserts its special contribution to
the existing body of literature.

Overall, what sets this study apart is its compre-
hensive evaluation approach, the establishment of
specific thresholds, and its emphasis on uniqueness.
By offering a distinct perspective and framework for
assessing tunnel stability, this research contributes
to the existing knowledge in the field.

6.1.3 Limitation and Recommendation

The scope of this study is confined to a two-dimen-
sional analysis, which may not fully capture the
precise geometry of the tunnel opening. To obtain
a more accurate representation, it is essential to
incorporate a three-dimensional analysis that con-
siders the complete geometry of the opening.

To enhance the analysis further, it is advisable to
expand the parametric stability analysis by includ-
ing additional joint geometric properties like stiff-
ness, roughness, and friction. Furthermore, con-
sidering different stress ratios and depths would
contribute to a more comprehensive understanding
of the system.

Additionally, it is recommended to employ prob-
abilistic analysis to address the inherent uncertainty,
variability, and heterogeneity associated with the
properties of the rock mass. This approach will
provide insights into probabilistic behavior and
better inform the assessment and decision-making
processes.
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