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Abstract: This study investigates the stress redistribution and deformation behavior in twin horse-shoe shaped
tunnels under sequential excavation conditions, comparing intact and jointed rock masses. Using finite element
software RS2, the research evaluates the influence of pillar width-to-diameter ratios (W/D = 0.3, 0.6, 1.2) and in-situ
stress conditions (Ko = 0.5, 1.0, 1.5) on tunnel stability and surrounding rock mass behavior. The analysis
incorporated elasto-plastic behavior using the Hoek-Brown failure criterion for rock mass and Barton’s model for
jointed rock strength characterization. Results reveal that lower W/D ratios (0.3) and higher Ko values (1.5)
significantly amplify deformation differences, particularly at critical locations such as the springing level on the pillar
side and the center of the pillar zone, where differences exceed 900%. Conversely, higher W/D ratios (1.2)
minimized interaction effects and deformation discrepancies. The jointed rock mass exhibits more pronounced
deformations compared to intact rock, emphasizing the role of discontinuities in tunnel stability. The findings
provide critical insights for optimizing tunnel design and construction practices in challenging geological conditions,
ensuring structural integrity and minimizing ground settlements.

1. Introduction

Twin tunnels offer a transformative solution to India’s traffic congestion by optimizing road networks and enhancing
connectivity. In urban areas, projects like the Mumbai Metro Line 3 utilize underground tunnels to bypass congested
surface roads, easing pressure on overcrowded streets. On highways, twin tunnels, such as the Chenani-Nashri
Tunnel, enable smoother traffic flow, reducing travel time and fuel consumption. By separating opposing traffic
streams, they minimize accidents and delays, while projects like the Zojila Tunnel ensure year-round connectivity in
challenging terrains. Overall, twin tunnels improve traffic management, decongest roads, and enhance commuter
efficiency, addressing India's growing transportation challenges effectively. But even with successful tunnel
construction experiences, building a tunnel in close proximity is a difficult task [1-5]. Unexpected stress
concentrations and surface subsidence brought on by tunnel excavations may cause fatalities as well as the collapse
of superstructures [6-10].

As the behavior of tunnels is influenced by a variety of factors, including the in-situ stress conditions, the presence
of discontinuities, and the interaction between adjacent tunnels [11,12]. Tunnel stability in jointed rock masses is
heavily influenced by anisotropic deformations, with bedding and joint structures dictating failure modes. Numerical
studies show roof settlement and "virtual block™ separation in stratified rock, while jointed rock fails via rotation,
sliding, and falling. Increased joint density extends plastic zones deeper, enhancing instability. Complex joint
structures worsen rock mass instability, necessitating better support strategies for tunnel safety [13]. Traditional
methods of analysis, such as empirical formulas and closed-form solutions, have been widely used in the past [14].
However, these methods often fail to capture the complex behavior of rock masses due to the presence of
discontinuities leading to complex and anisotropic behavior of the rock mass [15-17]. Discontinuities, such as joints,
fractures, faults, and bedding planes, significantly influence the mechanical properties and stability of the rock mass
[18,19]. Traditional analytical and numerical models often assume isotropic behavior, which is not valid for jointed
rock masses. This leads to inaccurate predictions of stress redistribution and deformations around underground
openings [21-23]. Asano et al. (2003) proposed an observational control method for excavating adjacent mountain
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tunnels, focusing on real-time monitoring to adjust construction procedures. Their approach emphasizes minimizing
ground disturbances and ensuring stability by using measured displacements to optimize support systems. The study
emphasized the effectiveness of adaptive excavation techniques in jointed rock masses [24].

Bhasin and Hoeg (1997) studied the behavior of multiple jointed rock masses and found that the strength and
deformational behavior of the rock mass are controlled by the size of individual blocks [25]. Hoek and Brown (1988)
proposed a non-linear failure criterion for rock masses, which considers the behavior of interlocking particles and
the softening of the rock mass [29]. This criterion has been widely used in the analysis of underground openings,
especially in jointed rock masses. However, the Hoek-Brown criterion does not consider the effect of the
intermediate principal stress, which can be significant in some cases [20, 28, 29]. Barton (1995) proposed that the
rock mass quality index (Q-value) plays a crucial role in the selection of numerical methods. For rock masses with a
large number of discontinuities, the discontinuum approach is more appropriate [30]. Srivastava (1985) conducted
elastic and elasto-plastic FEM analysis of two interacting circular tunnels using the Hoek-Brown yield criterion. The
study considered different pillar widths and in-situ stress ratios and found that the interaction between tunnels
significantly affects the stress distribution and deformations in the pillar zone [31].

Ghaboussi and Ranken (1977) conducted a two-dimensional plane strain FEM analysis of interacting tunnels and
found that the shortening of the pillar width causes additional ground settlements [32]. Zhang et al. (2020)
emphasized that stress redistribution in jointed rock masses is highly dependent on the orientation and persistence of
discontinuities [3, 4]. Varma et al. (2019) demonstrated that progressive failure in jointed rock masses is influenced
by joint stiffness, orientation, and in-situ stress conditions [35]. Qibin Lin et al. (2020) employed the discrete element
method to analyze the mechanical response of a jointed rock mass containing double circular holes under uniaxial
loading, revealing that joints significantly reduce peak strength and elastic modulus. Strength and stiffness exhibit a
"U"-shaped trend with joint dip angle, reaching their lowest values at 30°, increasing joint spacing enhances
mechanical properties. Crack coalescence and displacement field analyses demonstrate how interactions between
holes and joints govern fracture propagation mechanisms under loading. The study underscores the critical influence
of joint orientation and spacing on the stability of perforated rock masses [41]. Fan Xiang et al. [2018] investigated
the failure behavior of intermittent jointed rocks using PFC2D, revealing that joint inclination angle and continuity
factor govern crack coalescence patterns under compressive and shear loading. Numerical tests identified four
compressive and three shear failure modes, each exhibiting distinct crack propagation paths influenced by joint
geometry and loading conditions. Contact force evolution analysis showed that force concentration transitions from
uniform to scattered distribution, explaining differences in fracture mechanisms between shear and compressive
failure [42].

Numerical methods, such as the Finite Element Method (FEM), have become increasingly popular for analyzing the

behavior of underground openings. FEM allows for the simulation of complex geological conditions, including non-
homogeneous media, non-linear material behavior, and the presence of discontinuities [2,3,7]. Several researchers
have used FEM to study the interaction between tunnels. It was found that the interaction between tunnels becomes
negligible for pillar width to diameter ratios greater than 1.

Shen and Barton (1997) conducted a parametric study using the 2D Distinct Element Code (UDEC) to analyze the
effect of joint spacing on the shape and size of the influenced zone around excavated tunnels. They found that the
behavior of jointed rock masses is significantly influenced by the orientation and spacing of the joints [26]. Huang,
X. et al. (2016) assessed various isotropic, elasto-plastic hardening models for geomaterials and developed
convenient forms of yield criteria for use in FEM analysis [33].

Zhang et al. (2020) investigated the failure modes of tunnels in jointed rock masses using numerical models only to
reveal that the presence of complex joint structures significantly affects the stability of tunnels, with failure occurring
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through a combination of sliding, rotation, and falling mechanisms [4]. Their study highlighted the importance of
considering joint orientation and spacing in the design of tunnel support systems.

Huang et al. (2016) developed a versatile strength theory for the elasto-plastic analysis of tunnel surrounding rock [5,
33]. They used the generalized nonlinear unified strength theory to deduce analytical solutions for the radius and
stress of the plastic zone around tunnels. Their results showed that the intermediate principal stress coefficient has a
significant effect on the plastic range and the magnitude of stress in the surrounding rock.

Franza and DelJong (2019) proposed a two-stage elasto-plastic analysis method for modeling tunneling-induced soil-
structure interaction. Their method, incorporated into the ASRE computer program, considers horizontal and
vertical ground movements, isolated or continuous foundations, and various structural configurations. The study
demonstrated the effectiveness of the proposed method in predicting building responses to tunneling operations [1].

Varma et al. (2019) conducted an experimental and numerical study on the response of tunnels in jointed rock
masses under dynamic loading. They used a shake table experiment to validate a UDEC model and performed a
parametric study to investigate the effects of in-situ stress, joint stiffness, and joint orientation on tunnel stability.
Their findings indicated that shallow tunnels are more prone to damage from dynamic loading, and joint orientation
plays a critical role in tunnel deformation [2].

Studies suggest that simultaneous excavation may lead to higher stress interactions between tunnels, while sequential
excavation can cause asymmetric deformations due to staged stress release. Understanding these behaviors is
essential for optimizing support systems, minimizing ground settlements, and ensuring the safe and efficient
construction of closely spaced tunnels in complex geological conditions. Therefore, a parametric study considering
two dimensional plain strain analysis is conducted on twin horse shoe shaped tunnels focusing on the effect of order
of excavation on deformation behavior of tunnels while taking different in-situ stress ratios (Ko), pillar widths ratio’s
(W/D) as other variables, with the help of RS2 which uses finite element approach. The present study focuses on
the elasto-plastic analysis of twin horse-shoe shaped tunnels in jointed rock mass, with a specific emphasis on
deformation values and yield zone patterns. By comparing the deformation and yield zone outcomes in sequential
excavation scenario implemented on intact and jointed rock mass, the research aims to evaluate their impact on
tunnel stability and surrounding rock mass behavior. The analysis will provide critical insights into stress
redistribution, deformation mechanisms, and potential failure zones in jointed rock formations. This comparative
approach will help identify the most effective excavation strategy to minimize deformations and ensure structural
integrity. The findings will contribute to optimizing tunnel design and construction practices, particularly in
challenging geological conditions, offering practical solutions for infrastructure projects in similar environments.

2. Methodology and Numerical Modeling

The numerical modelling and analysis of twin horse-shoe shaped tunnels in jointed rock mass were conducted using
the finite element software RS2. The tunnels were modeled to represent typical geological conditions encountered in
India, particularly in hydroelectric projects, railways, and highways. The tunnel cross-section was designed with a
maximum height and width of 8.0 m, consistent with standard dimensions used in such projects. The depth of the
tunnels from the ground surface was set at 250 m to simulate deep excavation conditions and to analyze the
interaction effects between the two tunnels [31, 36].

To accurately model the infinite extent of the geological medium, the external boundary of the finite element
discretization was fixed at four times the maximum width or height of the tunnels. This boundary was assumed to be
rigid and fixed, with displacements and rotations restricted in both the x and y directions. This approach ensures that
the boundary conditions do not influence the stress and deformation patterns around the tunnels [36].

The study investigated the interaction effects between the twin tunnels by considering three pillar width-to-diameter
ratios (W/D = 0.3, 0.6, and 1.2). These ratios were chosen to evaluate the influence of sequence of excavation on
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stress redistribution and deformation patterns. The finite element mesh consisted of three-noded triangular elements,
with a finer mesh density near the tunnel boundaries and pillar regions where higher stress concentrations are
expected. A coarser mesh was used in areas farther from the tunnels to optimize computational efficiency without
compromising accuracy.

The rock mass was modeled under elasto-plastic conditions to capture its behavior under varying stress states. The
original Hoek-Brown failure criterion was adopted for the analysis, as it is well-suited for tightly interlocked jointed
rock masses. This criterion effectively captures the nonlinear behavior of rock masses controlled by angular rock
pieces. Tunnels were assumed to be excavated sequentially in the analysis to study their interaction effects under
elasto-plastic conditions (fig. 1 & 2).

RMR=GSI+ A )

Where “A” accounts for groundwater and joint orientation conditions, typically ranging from 5 to 15. According to
Table 1 and Equation (1), the RMR value is determined to be 67. Furthermore, applying the Rock Mass
Classification (RMR) system as proposed by Bieniawsi and using Table 1 for intact rock mass properties and Table 2
for the assumed geological properties of discontinuities—the Rock Quality Designation (RQD) is calculated as 74
[40].

RQD=100¢9* (0.1 & +1) @)

Joint frequency has been evaluated to be 10 which yield average joint spacing to be 0.1 m. Therefore, shear and normal
stiffness of joints have been calculated from Eqg. (3) and Eq. (4) [38].

Ki=EEn/L (Ei - En) ©)
K=1/K, @)

Where E; = Intact rock modulus, Exn = rock mass modulus, Ks = Joint shear stiffness, K, = joint normal stiffness
and L= average joint spacing.

Accordingly, it has been estimated that the normal and shear stiffness of discontinuities are 83382.9 MPa/m and
8338.3 MPa/m, respectively.

In the present study Barton's model [30, 38, 39] is used to estimate the shear strength of rock discontinuities, such as
joints and fractures. The model incorporates the roughness and compressive strength of the discontinuity, along with
the basic friction angle of the rock surface. The shear strength (1) of a discontinuity is given by [39].

© = ontan (¢ + JRC - logio (JCS / on)) (5)
Where,

7 = Shear strength of the discontinuity

on = Normal stress acting on the discontinuity

¢b = Basic friction angle of the rock surface

JRC = Joint Roughness Coefficient (0 for smooth, 20 for very rough)

JCS = Joint Compressive Strength (often a fraction of intact rock strength)
Barton's model is widely applied in rock slope stability, tunneling, and mining, providing a practical way to assess the
behavior of jointed rock masses under various stress conditions.
Therefore, using table 1&2, Barton equation angle of internal friction and cohesion comes out to be 36.3 degrees
and1.041Mpa respectively.
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Fig. 1 Numerical model for stagel of sequentially excavated horse shoe interacting tunnel section in intact rock with
W/D =03 and Ko=15
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Fig. 2 Numerical model for stage 2 of sequentially excavated horse shoe interacting tunnel section in intact rock with
W/D =03 and Ko=15
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Fig. 3 Numerical model of sequentially excavated interacting tunnels in jointed rock mass with W/D = 0.3 and stress
ratio of 1.5 Joint orientation = 45/45

705


https://theaspd.com/index.php

International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 18s, 2025
https://theaspd.com/index.php

E\M«f’; ij

Fig. 4 Numerical model of interacting tunnels excavated sequentially in jointed rock mass with W/D = 0.3 and stress
ratio of 1.5 Joint orientation = 45/45 (Enlarged View)

The field stress ratio (Ko), defined as the ratio of horizontal to vertical stress, was varied as 0.5, 1.0, and 1.5 to assess
its influence on tunnel stability and deformation. These values were selected based on established approaches in rock
mechanics literature. The vertical stress (ov) at the tunnel depth was calculated as 6.75 MPa, consistent with the
overburden pressure at 250 m depth. The analysis incorporated these stress conditions to evaluate the stress
redistribution and deformation patterns around the tunnels under different excavation scenarios.

Table 1: Geotechnical Properties of Intact Rock and Rock Mass

Property Value

Intact Rock Properties

Uniaxial Compressive Strength (UCS) 122.364 MPa
Tensile Strength (ot) 0.2879 MPa
Young's Modulus (E) 35,000 MPa
Poisson's Ratio (u) 0.21

Unit Weight (Y) 0.028 MPa/m
Hoek-Brown Material Constant (mi) 17

Rock Mass Properties

Geological Strength Index (GSI) 62
Disturbance Factor (D) 0.8

Rock Mass Modulus (E) 6,734 MPa
Residual Geological Strength Index (GSI) 27.01
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Residual Hoek-Brown Constant (mb) 0.2206
Residual Hoek-Brown Constant (s) 0.00001575
Mohr-Coulomb Parameters
Condition Cohesion Friction Angle
(©) (9)
Peak Values (KO = 1.0 and 0.5) 1.752 MPa 48.34°
Peak Values (KO = 1.5) 2.101 MPa 45.63°
Residual Values (KO = 1.0 and 0.5) 0.8786 MPa 32.21°
Residual Values (KO = 1.5) 1.1646 MPa 29.37°
Drucker-Prager Parameters
Condition q k
Peak Values (KO = 1.0 and 0.5) 0.5931 0.4905
Residual Values (KO =1.0 and 0.5) 0.747 0.7148
Peak Values (KO = 1.5) 0.7657 0.533
Residual Values (K0 = 1.5) 1.4692 0.701
Table 2 Joint and discontinuous properties
Discontinuity sets 45/45
Discontinuity length 2m
. not
Joint water pressure
present
Persistence 0.2
Separation <0.001 m
Infilling None

3. Results and discussion

The analysis focuses on the impact of the width-to-depth (W/D) ratio on the deformation of the tunnels,
considering both intact and jointed rock masses. The results are presented in terms of the percentage difference in
deformation for various W/D ratios. Figures 5, 6 and 7 displays the contour diagrams showing the variation of
displacements around interacting horse shoe tunnels in intact rock mass for different W/D ratios and Ko values,
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whereas Figures 8, 9 and 10 display the contour diagrams showing the variation of displacements around interacting
horse shoe tunnels in jointed rock mass for different W/D ratios and Ko values.

3.1 Discussion:

For left tunnel at JO 45-45:

1. At Springing Level on Pillar Side:

The deformation decreases as the W/D ratio increases from 0.3 to 1.2. For example, at W/D = 0.3, the deformation
is 427.81, which decreases to 209.35 at W/D = 1.2. fig. 11(a). This indicates that the tunnel experiences less
deformation at higher W/D ratios at the springing level on the pillar side.

2. At Invert Level on Abutment Side:

The deformation also decreases with increasing W/D ratio. At W/D = 0.3, the deformation is 50.99, which
decreases to 41.21 at W/D = 1.2. Fig 11(d). This suggests that the invert level on the abutment side is less deformed
at higher W/D ratios.

Fig. 5 Variation of displacements around interacting horse shoe tunnels in intact rock mass W/D 0.3
3. At Crown and Centre of Invert:

The deformation at the crown and centre of invert levels shows a decreasing trend with increasing W/D ratio. For
example, at the crown, the deformation decreases from 43.81 at W/D = 0.3 to 23.94 at W/D = 1.2, fig. 11(b & e).
This trend is consistent with the behavior observed at the springing level on the pillar side, indicating that the crown
and invert levels are also less deformed at higher W/D ratios.
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Fig. 6 Variation of displacements around interacting horse shoe tunnels in intact rock mass W/D 0.6

Fig. 7 Variation of displacements around sequentially excavated horse shoe tunnels in intact rock mass W/D 1.2
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Fig. 9 Variation of displacements around sequentially excavated horse shoe tunnels in jointed rock mass W/D 0.6

710


https://theaspd.com/index.php

International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 18s, 2025
https://theaspd.com/index.php

Fig. 10 Variation of displacements around sequentially excavated horse shoe tunnels in jointed rock mass W/D 1.2

Table 3 Percentage difference in displacements at tunnel boundary and center of pillar zone between intact rock
mass and jointed rock mass when sequentially excavated

For the left tunnel

Location w/d =1.2 w/d=0.6 w/d=0.3
Ko Ko Ko Ko Ko Ko Ko Ko Ko
1.0 0.5 15 1.0 0.5 15 1.0 0.5 15

At springing level on

pillar side 9530 | 20935 | 64.15 | 196.16 | 26035 | 16188 | 470.63 | 42781 | 509.01

At crown 65.85 2394 | 11742 | 63.54 2694 | 108.80 | 85.22 4381 | 13144

At springing level on
abutment side
At invert level on
abutment side

62.36 | 21541 | 33.35 6395 | 22939 | 33.82 7329 | 25855 | 42.25

55.89 4121 | 41.66 63.53 42.30 50.08 70.17 51.00 60.00

At center of invert 56.47 21.53 97.92 52.14 24.08 81.83 83.06 4284 | 129.38

At invert level on pillar

side 41.92 9.13 66.40 59.13 29.72 87.80 | 12255 | 7795 | 175.92

At center of pillar

At center of pillar zone | 139.62 | 11649 | 134.88 | 130.36 | 8155 | 160.33 | 76747 | 61257 | 969.77
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For the right tunnel

At springing level on
pillar side

At crown 61.48 2241 | 11039 | 50.40 20.05 92.32 74.06 3721 | 12511

10359 | 22400 | 66.99 | 12955 | 18643 | 98.99 | 449.29 | 44106 | 450.38

At springing level on
abutment side
At invert level on
abutment side

At center of invert 57.94 21.07 99.07 46.32 18.31 74.46 83.72 4401 | 12747

43.11 14487 | 24.58 5122 | 17946 | 28.50 6510 | 22105 | 37.29

63.37 44.27 50.46 49.70 33.24 38.75 73.82 51.73 63.14

At invert level on pillar

side 49.10 22.65 59.67 52.57 28,51 7117 | 12628 | 86.83 | 169.48

The graphical representations of results are shown in subsequent figures. (Fig. 11 to 14)
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Fig. 11 Variation in percentage difference in deformation values between intact and jointed rock masses at boundary
of tunnel for the left tunnel (JO=45/45)
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4. At Springing Level on Abutment Side and Invert Level on Pillar Side:

The difference in percentage deformation at these locations shows a decreasing trend with increasing W/D ratio. At
the springing level on the abutment side, the deformation decreases from 258.55 at W/D = 0.3 to 215.41 at W/D =
1.2. Similarly, at the invert level on the pillar side, the deformation decreases from 77.95 at W/D = 0.3 to 9.13 at
W/D = 1.2. Fig. 11(c & f) This highlights the complex interaction between the twin tunnels and the surrounding
rock mass.

At the center of the pillar zone

Results shows that the maximum difference in percentage deformation at the center of the pillar zone occurs under
conditions of low W/D ratio (0.3) and high lateral earth pressure (Ko = 1.5) which is 969.77, while the minimum
difference in deformation equal to 81.55 % occurs under conditions of high W/D ratio (1.2) and low lateral earth
pressure (Ko = 0.5) fig 12.

The results indicate that the W/D ratio significantly influences the deformation behavior of twin parallel tunnels.
Lower W/D ratios (0.3) generally lead to higher deformation, particularly at the springing level on the pillar side and
the invert level on the abutment side. This is likely due to the increased stress concentration and reduced stability of
the tunnel structure at smaller widths relative to depth.

1. Maximum Percentage Difference:
The highest percentage difference in deformation occurs at the springing level on the pillar side for the lowest
W/D ratio (0.3) and the highest lateral earth pressure (Ko = 1.5). Specifically, at W/D = 0.3 and Ko = 1.5, the
percentage difference in deformation reaches 450.38%, which is the maximum value observed in the dataset (fig.
13). This indicates that the difference in deformation between intact and jointed rock mass conditions is most
pronounced at the springing level on the pillar side under conditions of low W/D ratio and high lateral earth
pressure.

2. Minimum Percentage Difference:

The lowest percentage difference in deformation occurs at the invert level on the abutment side for the highest
W/D ratio (1.2) and the lowest lateral earth pressure (Ko = 0.5). Specifically, at W/D = 1.2 and Ko = 0.5, the
percentage difference in deformation is 33.24%, which is the minimum value observed in the dataset. This
suggests that the difference in deformation between intact and jointed rock mass conditions is least significant at
the invert level on the abutment side under conditions of high W/D ratio and low lateral earth pressure.

For right tunnel at 45-45:

1. At Springing Level on Pillar Side:

The percentage difference in deformation decreases as the W/D ratio increases. For example, at W/D =
0.3, the percentage difference is 450.38%, which decreases to 66.99% at W/D = 1.2. Fig. 13(a). This
indicates that the difference in deformation between intact and jointed rock mass conditions is most
significant at lower W/D ratios.

2. At Invert Level on Abutment Side:

The percentage difference in deformation also decreases with increasing W/D ratio. At W/D = 0.3, the
percentage difference is 63.14%, which decreases to 50.46% at W/D = 1.2. Fig. 13(d). This suggests that the
invert level on the abutment side experiences a smaller difference in deformation compared to the springing
level on the pillar side.
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3. At Crown and Centre of Invert;

The percentage difference in deformation at the crown and centre of invert levels shows a decreasing trend
with increasing W/D ratio. For example, at the crown, the percentage difference decreases from 125.11% at
W/D = 0.3 to 110.39% at W/D = 1.2. Similarly, at the centre of invert, the percentage difference decreases
from 127.47% at W/D = 0.3 t0 99.07% at W/D = 1.2. Fig. 13(b & e).

4. At Springing Level on Abutment Side and Invert Level on Pillar Side:

The percentage difference in deformation at these locations also decreases with increasing W/D ratio. At
the springing level on the abutment side, the percentage difference decreases from 37.29% at W/D = 0.3
to 24.58% at W/D = 1.2. At the invert level on the pillar side, the percentage difference decreases
from 169.48% at W/D = 0.3 t0 59.67% at W/D = 1.2. Fig 13 (c & f).

4. Conclusions

This conclusion summarizes the key findings and their implications for tunnel design, focusing on the
influence of W/D ratios, in-situ stress conditions, and rock mass properties.

1. W/D Ratio Influence:

Lower W/D ratios (e.g., 0.3) result in higher percentage deformation differences between intact and jointed
rock masses, particularly at critical locations like the springing level on the pillar side and center of the pillar
zone (509.01% and 969.77% respectively).

Higher W/D ratios (e.g., 1.2) significantly reduce deformation differences, indicating diminished interaction
effects between the tunnels showing minimum values as low as 9.13% and 21.07% at invert level on pillar
side and centre of invert respectively at Ko=0.5).

2. Maximum Deformation Difference:

The center of the pillar zone exhibits the highest deformation difference, reaching 969.77% at W/D = 0.3
and Ko = 1.5, highlighting the severe stress concentration at smaller pillar widths.

3. Minimum Deformation Difference:

The invert level on the abutment side shows the least deformation difference, with values as low as 9.13% at
W/D = 1.2 and Ko = 0.5, indicating reduced stress impact at larger pillar widths.

4. In-Situ Stress (Ko) Impact:

Higher Ko values (e.g., 1.5) amplify deformation differences, especially at lower W/D ratios, while lower Ko
values (e.g., 0.5) result in reduced deformation differences.

5. Critical Locations:

The springing level on the pillar side and center of the pillar zone are the most sensitive to deformation,
with differences exceeding 400% at W/D = 0.3 and Ko = 1.5.
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Design Recommendations: To mitigate stress concentration and deformation risks, avoid W/D ratios <
0.5 in high-stress conditions (Ko = 1.0), as they can lead to deformation differences exceeding 500% in
jointed rock masses. Instead, adopt W/D ratios = 1.0 for tunnels in weak or jointed rock, which reduce
interaction effects and keep deformation differences below 25%, ensuring minimal stress overlap and
enhanced stability. Also, the center of the pillar zone and springing level (pillar side) are critical areas
requiring prioritized reinforcement (e.g., rock bolts, shotcrete) when W/D < 0.75, as deformation
differences can exceed 900% under high-stress conditions (Ko = 1.5). For tunnels in high in-situ stress (Ko >
1.2), increase the W/D ratio to = 0.75 or use yielding suppotts to manage deformations, whereas in low-
stress conditions (Ko < 0.5), 2 W/D > 1.0 ensures minimal interaction effects with deformation differences
below 10%.
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