
Vol.:(0123456789)

Indian Geotech J 
https://doi.org/10.1007/s40098-024-01037-x

ORIGINAL PAPER

The Interaction Between Twin Tunnels Beneath a Sandy Slope‑2D 
Numerical Study

Ashraf K. Nazir1 · Ahmed Nasr1 · Asmaa Saeed1  

Received: 2 January 2024 / Accepted: 20 July 2024 
© The Author(s), under exclusive licence to Indian Geotechnical Society 2024

Abstract Most of previous numerical studies on twin 
tunnels were simplified by assuming perfectly horizontal 
ground surfaces above the tunnels and a 50% stress release 
ratio (λd). Moreover, often studies focused on deformations 
at the slope’s ground surface, neglecting lining forces in the 
first tunnel caused by the second tunnel excavation under 
asymmetric surrounding soil pressure. A 2D finite ele-
ment model is established to address this gap and provide a 
case study for practical engineering applications involving 
geotechnical problems with stress release. This paper ana-
lyzes twin tunnels under a sandy slope using the PLAXIS 
2D program by the convergence–confinement method. The 
study highlights the influence of releasing stress rate of the 
second tunnel on the displacement in the first tunnel lining 
and slope surface and its role in selecting the most appro-
priate relative position and spacing distance between two 
tunnels. The results revealed that the displacements in the 
slope surface caused by the second tunnel may increase or 
decrease with the variation in spacing values depending on 
the position of the new tunnel. Also, the impact of various 
parameters on the behavior of the slope and the first tunnel 
after constructing a new tunnel, including tunnels configu-
ration, soil properties, slope angle, tunnel cover depth, and 
construction sequence, is examined. By optimizing these 
parameters, different charts have been suggested to help 

designers and control surface settlement caused by twin tun-
nels. Also, understanding these issues can help the design-
ers and practitioners make informed decisions during new 
tunnel construction.

Keywords Numerical modeling · Tunnel cover depth · 
Spacing and rotation · Stress release coefficient · Sandy 
slope

Abbreviations
C  Depth from slope mid-point to the tunnel crown
D  Diameter of the tunnel
Hmax  Maximum horizontal displacement
k  Bending moment coefficient in the lining
M1  Bending moment in the first tunnel lining after 

excavating the new one
MO  Bending moment in the first tunnel lining before 

excavating the new one
N1  Axial force in the first tunnel lining after excavat-

ing the new one
NO  Axial force in the first tunnel lining before excavat-

ing the new one
S  Spacing between the tunnels center line
Smax  Maximum surface settlement
α  Slope angle
β  Axial force coefficient in the lining
γ  Soil unit weight
θ  Rotation angle of the new tunnel
λd  Stress release coefficient

Introduction

In general, the construction of tunnels at shallow and deep 
depths can meet the increased demand for transportation. In 
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these cases, predicting the impact of new tunnel construction 
on an existing one is critical for the optimal design. New tun-
nel construction changes the stress and deformation in the 
ground, which could ultimately affect the serviceability of 
a nearby tunnel. The tunnels in urban areas are not located 
generally in great depths in the soil. Therefore, the effects 
of the tunneling process activities can easily reach the sur-
face. The searches on the interaction of twin tunnels can be 
divided into four categories: field observation, centrifuge 
model testing, analytical empirical methods, and finite ele-
ment approaches (Peck 1969 [1]; Herzog 1985 [2]; Adden-
brooke and Potts 2001 [3]; Kim et al. 2001 [4]; Koungelis 
and Augarde 2004 [5]; Karakus et al. 2007 [6]; Hage and-
Shahrour, 2008 [7]; Chakeri et al. 2015 [8]). In the case 
of horizontal ground at the surface, many researchers have 
used 2D and 3D numerical modeling for twin tunnel inter-
action analysis, with a focus on ground deformations. Ng 
et al. (2004) [9] investigated the interactions and the lagging 
distance between parallel twin tunnels constructed using the 
NATM method in soft clay using three-dimensional numeri-
cal simulations. The location of the maximum settlement 
value offsets to the centerline of the pillar width until the 
lagging distance equals 2.5 times the tunnel diameter. Hage 
and Shahrour (2008) [7] carried out a 2D numerical mod-
eling and observed that the construction procedure, the spac-
ing between tunnels, and the new tunnels’ relative position 
controlled the profile and magnitude of the settlement and 
bending moment. They proposed that the magnitude of the 
settlement and the structural forces in the first lining are 
maximum when the spacing is minimum and after spacing 
S = 3D, there is no significant effect. Karademir (2010) [10] 
performed a parametric study on three-dimensional mod-
eling of twin parallel NATM tunnels in sand considering 
the advancement of the second tunnel on the existing one. 
Li et al. (2013) [11] performed a series of 3D numerical 
simulations of the interaction between two shield tunnels by 
FLAC3D in layered soil. The distribution and magnitude of 
soil pressure, deformations, and internal forces induced in 
the existing tunnel after the excavation of a new shield tun-
nel were affected significantly by both the alignment and the 
spacing between the two tunnels. AbdElrehim et al. (2018) 
[12] carried out a parametric study to suggest a minimum 
practical and safe spacing distance between the driven new 
tunnels and the existing ones without the need for the rela-
tively expensive soil strengthening techniques. Islam and 
Iskander (2022) [13] studied numerically the ground defor-
mations above twin tunnels using three cover-to-diameter 
(C/D) ratios, three possible construction sequences, five 
angular relative positions, and five angular spacing. Pedro 
et al. (2022) [14] performed a parametric study on two-
dimensional modeling of twin parallel tunnels. They con-
firmed that the stiffness of the linings and the initial stress 

conditions affect significantly the magnitude of the lining 
forces and the interaction effects.

In the context of shallow tunnels parallel to the slope, 
shallow tunnels are common at mountainsides, at tunnel 
entrances, and in valleys. Slopes can be dangerous for tunnel 
construction as the slopes may themselves be unstable and 
could cause tunnel failure. Most previous studies on tunnels 
constructed in sloping ground which investigates the stabil-
ity represent case studies in reality. Du and Huang (2008) 
[15] examined the effect of different excavation sequences 
for twin tunnels in weak rock under unsymmetrical pres-
sure by numerical simulation and model test. Lei et al.
(2015) [16] performed a model test of shallow buried tun-
nels under unsymmetrical loading and found that as the bias 
angle increases, the difference of surrounding rock pressure 
between the shallow and deep side of tunnel increases. In 
addition, with the advance of excavation, the stress release 
rates and deformation increase until the tensile stress on the 
ground surface on the deep side appears, thereby produc-
ing fractures on the superficial ground. Das et al. (2017) 
[17] examined the stability of twin tunnels in jointed rock 
for asymmetric parallel and concluded that the crown was 
less stable than the invert of the tunnel. Vlachopoulos et al. 
(2018) [18] provided better insight into the influence of twin 
tunnels passing through a slope within Weak Rock Masses at 
a shallow overburden. They revealed that after the tunneling 
process, the factor of safety decreased and the potential shear 
failure surface was relocated by passing through the tunnels. 
Zhang et al. (2019) [19] studied the mechanism of a single 
tunnel excavation’s influence on slope stability. To address 
the geological circumstances of the landslip on the slope 
where the tunnel is located, it is recommended to stabilize 
the slope prior to tunnel construction. They disclosed that 
the range of 1.5–2.5 times the tunnel diameter is the impact 
of the region of excavation of tunnels on slope deformation.

Regarding the searches on the supporting structure, 
Banerjee and Chakraborty (2018) [20] presented charts for 
designing circular tunnels with specific stability and calcu-
lating liner pressure for achieving stability in sloping ground 
in cohesive-frictional soils by the lower bound finite element 
limit analysis. The primary support failure mechanism was 
discussed by Yang et al. (2020) [21] using field observations, 
monitoring, and 3D numerical simulation of a shallow and 
asymmetrically loaded tunnel entrance. They recommended 
that secondary lining should be applied after tunnel excava-
tion and cutting slope can decrease the load in damage cases. 
Song et al. (2021) [22] found that the supporting structure 
reduces the total displacement, stress, and strain of the tun-
nel and the slope surface, and the deformation of the rock 
slope is significantly correlated with the distance from the 
slope surface. Also, they studied the impact of the excava-
tion of twin tunnels on the mechanical characteristics and 
deformation of laminated slopes.



Indian Geotech J 

In other words, asymmetric surrounding rock pressure 
acts on the tunnel support system, generating asymmetric 
deformation and increasing the risk of cracks and other risks 
such as collapse and damaged linings [23]. For this reason, 
earlier studies focused on tunnel strengthening in real case 
studies. Qiu, et al. (2022) [23] performed a 3D numerical 
simulation on the behavior of fluid–solid coupling in shal-
low buried tunnels under different biased terrain. Their 
models identified and analyzed the places where the biggest 
displacement, stress, water pressure, and water input occur 
during the tunnel excavation process. Based on numerical 
and field data, Li et al. (2023) [24] investigated the surface 
settlement and stability of the slope at the portal for shallow 
twin tunnels. They investigated the best order for excavation 
and suggested strengthening the tunnel’s inverted arch sup-
port in the badly weathered rock layer. The majority of those 
studies focused on the stability and deformations recorded 
at the slope’s ground surface. Limited studies were carried 
out to study surrounding soil pressure and internal force dis-
tribution of supporting structures under terrain conditions. 
As it is evident in this review, the complicated problem of 
the construction of a new tunnel on the first tunnel beneath 
a sloping ground considering various parameters, has not 
been addressed in the literature. The evaluation of the lining 
forces in the first tunnel caused by the second excavation is 
frequently ignored or viewed as a minor issue under asym-
metric surrounding soil pressure and needs further investiga-
tion. To address this gap in the state of the art, a 2D finite 
element model has been established focusing on both defor-
mations and lining forces. The primary aim of this research 
is to illustrate the influence of the new tunnel construction 
on the first tunnel beneath a sandy slope considering tun-
nels configuration, soil properties, slope angle, tunnels cover 
depth, construction sequence, and the stress release ratio. 
Also, the study illustrates the role of the stress release ratio 
in the selection of the most appropriate relative position and 
spacing distance between two tunnels. Therefore, the follow-
ing section presents background on the stress release ratio. 
In addition, the research strategy for FEM modeling steps 
and the analysis approach are illustrated in Fig. 1.

Background on Stress Release Ratio:

Loss of confinement in the underground context often 
includes other construction work such as deep excavation, 
cut-and-cover technique, and shield tunneling. The actual 
practice of 2D FEM is widely popular and demanded, given 
constraints of costs and technology in analysis. However, 2D 
plane-strain models require an assumption for the deconfine-
ment process. The concept of stress releasing ratio was intro-
duced to utilize 2D FEM to simulate 3D stress state, thereby 
representing the 3D constraint effect. The stress release ratio 
is crucial for understanding soil strength, which is derived 

from confinement in underground construction. Regarding 
tunnel design approaches, the partial stress release factor, 
which closes the gap between the excavated boundary and 
the lining, was changed to take workmanship quality and 
tunneling aspects into account (Dias et al.2014) [25]. The 
deconfinement method allows for the pre-displacement of 
the soil near the tunnel boundary to be taken into considera-
tion before the structural element is installed. The equivalent 
approaches that are available to control the deconfinement 
process are the convergence–confinement method (CCM), 
the gap method, the volume loss control method, and the 
contraction method. Because the convergence–confinement 
technique (CCM) is the basis of this work, a brief overview 
of the CCM will be included. The theoretical framework 
established by Panet and Guenot (1982) [26] can be used 
to calculate the progress of excavation and installation of 
delayed supports in the ground around a tunnel by applying 
a stress release coefficient (λd). The idea is that the initial 
stresses ( � 0) around the tunnel are applied in two steps. In 
the first step, the stresses (σr) are applied to the unsupported 
tunnel. The radial displacement of the tunnel wall begins, 
and the internal pressure σr progressively decreases until 
it satisfies the specified stress relaxation ratio (λd). Equa-
tion (1) is used to get the value of (σr). This signifies that 

Fig. 1  Flowchart of the work
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the lining is not yet in place and that the surrounding soil 
can deform. The whole relaxation (λd = 1) is applied in the 
second stage, and the remaining load is distributed over the 
lining and the soil.

where λd is a dimensionless coefficient that represents the 
stress relaxation in the tunnel walls at various excavation 
stages and σ0 is the initial stress of the soil.

Macroscopic stress release during excavation is the dis-
placement release of the surrounding soil. Stress release and 
displacement release are time–space effect problems caused 
by tunnel excavation. Because stress release is closely asso-
ciated with ground displacements, estimating the ground dis-
placements might lead to a stress release evaluation. Many 
researchers investigated the relationship between tunnel liner 
pressure and radial deformation (Fenner 1938 [27], Pacher 
1964 [28]). It is found that high pressures will act on the 
support structure if it is installed too soon. Increasing the 
liner time for installation means a large stress release rate 
and induces the loosening mechanism, which causes a shear 
failure in the surrounding soil. Many factors influence the 
value of the stress release coefficient (λd), including tunnel 
excavation length to diameter, tunnel depth, soil properties, 
tunnel shape, lining stiffness, and time effects (Negro and 
Eisenstein (1997) [29], and Mousivand et al. 2017 [30]). It 
is very difficult to predict the effect of all these factors on 
stress release ratio. For this reason, the stress release ratio 
should be defined using in situ measurements collected 
throughout the tunneling process (Mroueh and Shahrour 
2008 [31] and Do 2014 [32]). However, many researchers 
proposed using tables and diagrams to quickly estimate the 
stress reduction factor (λd) (Negro and Eisenstein (1997) 
[29]). Muir Wood (1975) [33] proposed a 50% stress reduc-
tion for lining design. However, some researchers proposed a 
range of stress release coefficients (λd) from 0.3 to 0.5 (Kim 
2006 [34], Svoboda and Mašín 2009 [35]). In other words, 
different stress reduction factors, according to Moller and 
Vermeer (2008) [36], must be utilized to generate good esti-
mations of surface settlement and normal forces. They study 
suggested that a single λd-value is insufficient for reproduc-
ing lining forces and displacements in 3D calculations, sug-
gesting stress-releasing values ranging from 0.6 to 0.7 for 
surface settlement and 0.3 for lining forces.

In the context of the role of stress release ratio in con-
struction works, Zhang et al. (2008) [37] studied the impact 
of stress-releasing ratio and boundary scope on 2D FEM 
simulations of open excavation. They examined the relation-
ship between stress releasing ratio and excavation width or 
depth using 3D simulation models, providing a reference for 
practical analysis. Scholars also investigated by numerical 
simulations the influence of a variation of the stress release 

(1)�r = �0(1 − �d)

factor (λd) of a single tunnel on surface settlement and lin-
ing forces (Mroueh and Shahrour 2008 [31], Do (2014) [32] 
and Heidarzadeh et al. (2020) [38]). Moreover, the tunnel 
face stability was studied numerically by investigating the 
stress release on the tunnel face by Li et al. (2014) [39]. In 
other words, researchers found that the stress relief process 
affects tunnel seismic response based on applied strain mag-
nitude, increasing until the critical strain is reached, then 
reduced [40]. Earlier researchers have studied the relation-
ship between stress release ratio and displacement release 
rate by model tests, field monitoring, and numerical simula-
tions to explore appropriate excavation methods based on 
stress release considerations (Nie et al. (2024) [41]). In the 
context of the destabilization level of the slope, The numeri-
cal study of Causse et al.(2015) [42] reveals that increasing 
deconfinement before a structure’s implementation leads to 
stronger slope destabilization, causes a reduction of stress 
(axial forces, shear forces and moments). The effect of the 
stress release ratio was also not thoroughly analyzed in case 
of tunneling beneath sloping ground surface. Despite there 
being very few attempts on the influence of deconfinement 
(λd) in the case of a single tunnel beneath an inclined sur-
face, no attempts to demonstrate how the stress release ratio 
affects twin tunnel and slope performance under asymmetric 
pressure. In addition, it was not considered how this factor 
may be considered in the selection of the most appropriate 
relative position and spacing distance between two tunnels. 
This work presents a case study for practical engineering 
applications involving geotechnical problems with stress 
release effects related to relative position and spacing dis-
tance between two tunnels. Furthermore, in the case of an 
inclined surface, this work provides some additional guid-
ance on possible interaction effects between twin tunnels 
for parallel and piggyback designs. As a result, the research 
findings can be used to develop an analytical approach for 
similar engineering constructions.

Materials and Methods

A series of 2D numerical analyses of single and twin 
tunnels was carried out under a sandy slope (3:1) using 
PLAXIS 2D program [43] by applying the conver-
gence–confinement method. The first tunnel is excavated 
in loose sand below the middle of the inclined ground 
surface with an angle α =  180 at a depth C1 = 2D (reference 
case). The slope is located in the middle of the model. 
A new tunnel will be constructed parallel to the first 
one, horizontally and vertically, using the TBM method. 
Three parallel multiple tunneling geometries are investi-
gated here (Fig. 2a). Tunnel axes are horizontally aligned 
at (θ = 0°and  180°) and vertically aligned at (θ = −  90°). 
The parametric study includes varying the spacing, 
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depth of burial, relative locations, slope angle, excava-
tion sequences, and stress release coefficient, as shown in 
Table 1. All tunnels are assumed to be identical with the 
same diameter (D) of 5 m and stress relaxation ratio (λd). 
The construction stages of the tunnels are performed by 
PLAXIS 2D, as follows:

1. Phase (0): gravity loading is generated as the initial 
phase depending on the soil self-weight.

2. Phase (1): deactivating the soil cluster. A stress relax-
ation ratio (λd) is applied to the tunnel wall which is 
defined in terms of 

∑

Mstages in PLAXIS program.
3. Phase (2): installing the tunnel support by activating the 

lining on the tunnel boundary (λd = 1.0)

Phases two and three will be repeated for the second 
tunnel using the same stress release coefficient. First, the 
deconfinement rate induces by the tunnel excavation and 
waiting before tunnel lining implementation vary according 
to different factors as discussed in the literature, however 
the deconfinement rate of the tunnel face was recommended 
approximately of 50% by Muir Wood (1975) [33]. A value 
of λ1 = λ2 = 0.5, in line with the suggestion of Hage and 
Shahrour, 2008 [7], was adopted in all analyses. Also, to 
highlight the deconfinement rate influence, different stress 
release factor values of the second tunnel (λ2) considering 
tunnel configurations are adopted. The sand properties are 
listed in Table 2. Mohr–Coulomb model is employed with 
drained analysis to simulate the sand soil behavior. The 
MC model is a first-order linear-elastic-perfectly plastic 
model that expresses stress–strain behavior, thus no hard-
ening or softening happens. The absence of hardening or 
softening input soil data in the three selected sand soil types 
from the literature prompted the use of the MC model. The 
Mohr–Coulomb model was applied to all soil types in com-
parative research, allowing the fundamental concept of the 
MC model analysis to be compared based on the soil input 
parameters. The soil properties were chosen for the sand 
slope consistent with [McGrath et al. (1999, 2002) [44, 45], 
Balkaya et al. (2013) [46], and Zhou et al. (2018) [47]. The 
tunnel lining is modeled as a linear-elastic model. Table 3 
illustrates the properties of the lining. The groundwater level 
is considered below the surface of models; it means that dry 
environmental conditions are considered for the soil mass.

Numerous numerical models were created, each time 
with smaller mesh sizes until the changes in displacement 

Fig. 2  a Layout of the geometry; b finite element mesh with bound-
ary conditions for C1/D = 2, S/D varies from 1.5 to 3, and c) zoomed 
view of refined mesh around the tunnel

Table 1  Parametric study

Scope Parameters

S α (0) θ (0) C1/D λ Sand type

Effect of spacing (s) 1.5D,2D, 2.5D,3D 18 0,180,− 90 2 0.5 Loose
Effect of rotation (θ) 2D 18 0,180,− 90 2 0.5 Loose, 

medium 
and dense

Effect of slope angle (α) 2D 0
18
33.7

0,180,− 90 2 0.5 Medium

Effect of first tunnel depth (C1) 2D 33.7 0 1,2,3,4,5 0.5 Medium
Effect of excavation sequence 2D 18 0,180,− 90 2 0.5 Loose
Effect of stress release coefficient (λ) 1.5D,2D, 2.5D,3D 18 0,180,− 90 2 0.1,0.2,0.3, 

0.4,0.5,0.7
Loose
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became small enough by adjusting the mesh dimensions. 
Furthermore, near the tunnel, the density of triangular ele-
ments is increased to improve computation accuracy. The 
model has dimensions similar to that of Hage and Shah-
rour (2008) [7]. The distinction is that the ground surface 
in this investigation has a shallow slope of 3:1. The bound-
ary effect was eliminated after numerous attempts with a 
horizontal extension of 16D from the tunnel centerline and 
a vertical extent of 5D below the invert of the lower tunnel. 
To mimic the plane-strain model, a very fine mesh type is 
produced using 6-node elements. The finite element model 
with 20,635 nodes and 9372 elements is shown in Fig. 2b. 
Figure 2c shows the refined mesh around the tunnel. Bottom-
line boundary conditions limit displacements in both direc-
tions; whereas, lateral boundaries impose zero horizontal 
displacements.

Analysis and Results

This section discusses the results of surface deformation of 
the slope and the effect of new tunneling on the first paral-
lel tunnel, with a focus on internal forces and tunnel defor-
mations. In solid mechanics, a positive bending moment is 
defined as the lining of a tunnel under tension. Otherwise, 
it’s negative. This work applies the opposite rule to axial 
forces. Positive vertical deformation in Plaxis means heave 
and negative tends to settlement toward down. Negative 
horizontal deformation tends to be left toward the slope 
downward and otherwise, it’s positive.

Given the purpose of this investigation a value of 
λ1 = λ2 = 0.5, in line with the suggestion of most studies in 
the literature, is adopted in all analyses. The new tunnel has 
three relative positions: on the right side of the first tunnel 
(θ =  00), on the left side of the first tunnel (θ =  1800), and 
below the first tunnel’s invert (θ = −  900). The addition of 
a new tunnel near the first one is predicted to affect ground 
deformations, lining deformation, and structural forces in 
the first tunnel lining. The displacements in the first tunnel 
lining and slope surface are caused only by the driving of the 
new tunnel. The maximum bending moment induced in the 
first lining (M1), represented by the moment coefficient (K) 
(Hefny et al. (2004) [48] and Vinod et al. (2019) [49]), and 
the maximum axial force induced in the first lining (N1), rep-
resented by the axial coefficient (β) (Kim, S.H (1996) [50]. 
They are expressed in Eqs. 2 and 3, respectively, as follows:

Influence of Spacing and the position of the second 
tunnel:

The surface settlements

The settlement troughs above the first and second 
tunnels in loose sand are shown in Fig.3 for various 
spacing distances (S=1.5D, 2D, 2.5D, and 3D) and 
λ1= λ2=0.5. The settlement trough over a single tun-
nel constructed first (in the middle of the slope) is also 
shown for comparison purposes. It can be noticed that 
the settlement trough above the twin tunnels depends 
on the distance between tunnels and the relative posi-
tion of the new tunnel. At the same stress release ratio, 
as the spacing between the two tunnels increases, the 
settlement value over the second tunnel increases. This 
outcome is valid for (θ =  0°), as shown in Fig. 3a. The 
reason for this is that the increase in the horizontal 
spacing leads the shear bands to move near the slip 
circle of the slope resulting in significant settlements, 
as shown in fig.4c. As the spacing increases, the set-
tlement trough becomes wider toward the top zone. In 
contrast, as the spacing of the new tunnel increases, 
the surface settlement trough above the second tun-
nel decreases. This outcome is valid for (θ =180°), as 
shown in Fig. 3b. In the case of (θ = −  90°), It appears 
that the maximum settlement is not affected signifi-
cantly by the variation of spacing. However, the set-

(2)k =
4M

�CD2

(3)� =
2N

�CD

Table 2  Material properties of sand soils used in this study [42–45]

Material 
type

Modulus of 
elasticity(E)
kPa

unit 
weight(γ) 
kN/m3

Friction 
angle Ø 
(°)

Dilation 
angle ψ 
(°)

Pois-
son’s 
ratio( ν)

Loose 
sand

2 ×  104 18 280 50 0.3

Medium 
sand

4 ×  104 20 350 200 0.3

Dense 
sand

8 ×  104 21 400 250 0.3

Table 3  Material properties of tunnel lining used in this study (Hage 
and Shahrour (2008) [7])

Material 
behavior

Modulus of 
elasticity(E) 
mPa

Con-
crete unit 
weight(γ) 
kN/m3

Equivalent 
thickness(d) 
m

Poisson’s 
ratio( ν)

Elastic 35,000 25 0.5 0.2
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tlement trough over the second tunnel becomes wider 
as the spacing increases, as shown in Fig. 3c.
To summarize the numerical data, two design charts 
have been created and are shown in Fig. 4. Both charts 
show (a) the maximum surface settlement for a second 
tunnel compared to the maximum settlement above a 
Greenfield (first) tunnel, and (b) the maximum hori-
zontal displacement of the slope for a second tunnel 
compared to the maximum horizontal displacement 
for a Greenfield tunnel. These values are shown in the 
two charts as a function of spacing S. According to the 
design charts, the displacements in the slope surface 
caused by the second tunnel may increase or decrease 
depending on the position of the new tunnel. If the 
highest horizontal or vertical deformation of the slope 
surface above the first tunnel is detected, the surface 
displacements above the second tunnel can be simply 
estimated from the charts in Fig. 4a and b. Small spac-
ing values at (θ =180°) induce higher surface horizon-
tal movement than the other positions. In contrast, the 
position of (θ =0°) induces higher surface settlement, 
especially for large spacing values. Finally, at the same 

λd =0.5 for both tunnels constructed in loose sand 
beneath the surface of a shallow slope (3:1), in com-
parison with the three relative positions of the new tun-
nel, the maximum value of surface settlement occurs 
only above the first tunnel. Moreover, constructing a 
new tunnel under the slope induces surface settlements 
higher than the surface horizontal displacement of the 
slope. This outcome is valid for all spacing values in 
different positions.

Deformations in the First Tunnel Lining:

Figure 5 reveals the influence of the relative position of 
a new tunnel on the deformation of the first tunnel. The 
distortion referred to the first created by driving the new 
tunnel. When the new tunnel is aligned at θ = −  900, the 
maximum deformation of the first tunnel is induced. At 
θ =  00, the horizontal distortion is more evident than at 
the other positions. However, the vertical displacement 
at θ = −  900 has a larger impact than the other cases. The 
various displacement images also indicate that the impact 

Fig. 3  Settlement troughs above the second tunnel for λ1=λ2 = 0.5 at various spacing S in different three positions of the second one: a (θ =  0°), b 
(θ =  180°), c (θ = −  90°)
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of the new tunnel excavation on the first lining is propor-
tionate to the new tunnel’s position on the slope. The new 
tunnel excavation in various positions has greater adverse 
effects on the first tunnel deformation in a series of: The 
new tunnel is vertically beneath the first (θ = −  900) (see 
Fig. 5c), the new tunnel beside the first one at position 
θ =  00, and the new tunnel is aligned horizontally at posi-
tion of θ =  1800. The Crown Point moves horizontally in 
all cases toward the slope downhill due to the high interac-
tion with the slope.

The Straining Action in the First Lining:

Figures.6 and 7 show the structural forces in the first 
tunnel resulting from the excavation of a new tunnel 
at different relative positions. Compared to the sin-
gle case, for the new tunnel is excavated horizontally 
parallel to the first tunnel at the position of θ =0°and 
 180°, the bending moment and the axial force of the 
first tunnel experience an increase. This increase at the 
position of θ =0°is larger than that induced at θ =180°. 
It may be because the first tunnel in the case of θ =0°, 
carries a larger portion of load from the second one 

Fig. 4  Effect of spacing 
between twin tunnels at 
λ1 = λ2 = 0.5 on the surface 
deformations a maximum 
surface settlement ratio and b 
maximum surface horizontal 
movements ratio and c shear 
strain(%)

Fig. 5  Variation of Deforma-
tion (m) in the first tunnel for 
spacing (S = 1.5D) by excavat-
ing the new one at different 
positions: a horizontally aligned 
at (θ =  0°), b horizontally 
aligned at (θ =  180°) and c 
below the invert of the first one 
(θ = −  90°)
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which is loaded with high overburden stress. Moreo-
ver, the movement of soil surrounding the new tunnel 
toward the soil between the two tunnels resulting in 
more pressure on the first one (Do 2014) [32]. In con-
trast, at the position of θ =− 90°, the structural forces 
experience a decrease in the first tunnel lining com-
pared to the single case. However, some of the internal 
forces in the first tunnel lining have been changed in 
sign from positive to negative and vice versa, as shown 
in fig.7. Thus, all critical sections should be checked 
related to the new straining action. These results 
agree with the study of (El-Naiem et al. 2007) [51]. 
At the position of θ =−  90°, negligible effect on the 
maximum bending moment and maximum axial force 
coefficient in the first tunnel by changing the spac-
ing S between the two tunnels. Finally, the moment 
coefficient and the axial force coefficient of the first 
tunnel will increase significantly after excavating the 
new one at spacing less than (2.5-3) times the tunnel 

diameter. This outcome is valid for all three positions 
of the new tunnel.

The Influence of the Soil Type:

As expected in all the different scenarios, it can be observed 
in Fig. 8 that as the relative density of the sandy slope 
increases, for a constant slope angle(18°) and constant 
spacing (S = 2D), the surface settlement and the horizon-
tal displacement decrease, meaning that the stability of the 
slope improves as well. Furthermore, the results differed 
significantly between loose and medium soils compared to 
medium and dense sand soils. Therefore, the loose sandy 
slopes should be compacted if it is possible before exca-
vating the tunnels. For medium and dense sand soils, the 
position of θ = −  900 induces the highest maximum surface 
settlements and horizontal movements in the slope. Despite 
the position of θ = −  900 inducing maximum surface settle-
ments in the case of loose sand soil, the maximum surface 
horizontal displacement occurs at the position of θ =  1800. 
The maximum structural forces in the first tunnel occur in 
loose sand and at the position of θ =  00. The maximum bend-
ing moment and the axial force in the first tunnel are higher 
by about 22% and 32%, respectively, than that induced in the 
case of the first tunnel only.

Influence of Different Stress Release Factor Values 
of the Second Tunnel (λ2):

As mentioned before, it can use the stress release coeffi-
cient to express the time of installation lining. In this sec-
tion, different values of (λd) ranging from 0.1 to 0.7 will 
be selected for the two tunnels constructed in loose sand 
at different spacing and positions of the new tunnel. The 
whole stress release process (λd = 1.0) is not used because 

Fig. 6  Effect of spacing between twin tunnels at λ1 = λ2 = 0.5 on the 
straining actions of the first tunnel: (a) bending moment coefficient 
(k = 4M

�CD2 ) and b axial force coefficient 
(

� = 2N
�CD

)

.

Fig. 7  Variation of bending 
moment (kN m) and axial 
force (kN/m) in the first tunnel 
for λ1 = λ2 = 0.5 and spacing 
(S = 1.5D) in different three 
positions of the new tunnel
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the computation cannot achieve an equilibrium condition. 
Furthermore, substantial soil deformation will occur, which 
is similarly unrealistic for shallow tunnels constructed in 
loose soil. The following data demonstrate the effect of the 
new tunnel at various lining installation intervals by varying 
the stress release coefficient (λ2) on the surface settlement 
and the first lining deformation considering (λ1= λ2).

Surface Settlements

Three design charts have been prepared to summarize the 
numerical observations, as presented in Fig. 9. The maxi-
mum surface settlement referred to that induced by the driv-
ing of the new tunnel only. Both charts provide (a) the maxi-
mum slope settlement ratio at the position of θ =  0°, (b) the 
maximum slope settlement ratio at the position of θ =  180°, 
and (c) the maximum slope settlement ratio at the position 
of θ = −  90°. All charts provide these data as a function of 
the stress release ratio of the second tunnel (λ2). According 
to the design charts, the surface settlement caused by the 
second tunnel is dependent on the installation period of the 
second tunnel lining. It is clear that after releasing a specific 
amount of stress, the displacements induced in the slope 
surface vary substantially with the stress release coefficient 

(λ2) in a nonlinear relationship. As the stress release ratio 
(λ2) increases, the maximum surface settlement above the 
second tunnel increases sharply, especially after λ2 = 0.6 at 
a position of θ = 180° in Fig. 11b.

According to slope stabilization, after a certain percent 
of releasing stress (λ2), the slope displacement exceeds the 
allowable limit (1°mm). As a result, the installation time of 
the new tunnel lining can control the slope-strengthening 
process. For spacing (S = 1.5D) as an example, the critical 
design values of the stress release ratio of the new tunnel 
(λ2) are 30% for θ = 0° and −  90°. Whereas, it reaches 40% 
at the position of θ =  180°. After these values, the slope will 
require strengthening.

The first Tunnel Lining Displacement:

Taking the smallest spacing distance (S = 1.5D) as a worst 
case for the first lining due to the high interaction between 
the two tunnels. The deformation referred to hereafter is 
deformation induced in the first one by the driving of the 
new tunnel only. Figure 10 illustrates that the stress release 
value of the new tunnel (λ2) can control the movements of 
the first lining. By increasing the value of λ from 0.3 to 
0.7, the vertical displacement of all lining points changed 

Fig. 8  Effect of soil type on 
a the surface settlement, b the 
surface horizontal movement, 
c the moment ratio, and d the 
axial force ratio
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from up heave to settlement for all positions of the new tun-
nel. The results also determined the critical design values 
of λ2 and the critical zones in the lining that need strength-
ening (close to the new tunnel). At the position of θ =  0°, 
the critical value of λ2 = 0.65, and the zone from crown to 
right needs strengthening first (Fig.10a). After the value of 
λ2 = 0.5 in case the position of θ = 180, the zone from crown 
to left requires strengthening first (Fig.10b). Otherwise, at 
the position of θ = − 90, the right parts of the tunnel from 
crown to invert should be strengthened if the value of (λ2) 
exceeds 0.3 (Fig.10c). This means that in the latter case, the 
new tunnel lining must be installed at early stages to reduce 
the cost of strengthening.

Influence of the Construction Order (Sequence):

The optimal excavation sequence of twin tunnels will be 
explored for spacing S = 2D between the two tunnels. The 
first tunnel is excavated below the middle of the inclined 
ground (α =  18°) at depth of  c1 = 2D (reference case, as 

mentioned in Fig. 2a. Three cases of excavation sequences 
are conducted, as follows:

Case 1: In reference case 1, the middle tunnel was exca-
vated first, followed by the right tunnel (labeled MT-RT), 
and the inverted case 1 (described RT-MT).

Case 2: In reference case 2, the middle tunnel was exca-
vated first, followed by the left one (named MT-LT), and the 
inverted case 2 (named LT-MT).

Case 3: In reference case 3, the middle tunnel was exca-
vated first, followed by the down one (named MT-DT), and 
the inverted case 3 (named DT-MT).

The comparison of maximum surface settlements Smax, 
maximum surface horizontal displacement of the slope 
Hmax, and the lining forces between two opposite construc-
tion sequences for each relative position achieved in numeri-
cal simulations are listed in Table 4. The surface settlement 
caused by the right tunnel being excavated first (RT-MT) 
is the greatest. The eventual surface settlement caused by 
the left tunnel excavated at first (LT-MT) is, on the other 
hand, the least. As a result, the tunnel excavation sequence 
of excavating the left tunnel first and subsequently the mid-
dle tunnel (LT-MT) is recommended. These results agree 
with the study of Li et al. (2023) [24]. He revealed that the 
same excavation sequence is more conducive to ensuring 
slope stability for twin tunnels aligned horizontally under a 
loose rock slope. Concerning the horizontal alignment, the 
construction of the right tunnel at first then the middle (RT-
MT) leads to higher settlement and internal forces compared 
to that obtained by the construction of the middle at first 
MT-RT. The maximum settlement in the inverted case (RT-
MT) is higher by about 48% and sharper than that induced in 
the reference case MT-RT; while, the bending moment and 
the axial force of the right tunnel in the first case are higher 
by about 17.5% and 98%, respectively, than that induced in 
the second case. The case of (MT-LT) leads to higher set-
tlement and internal forces compared to that obtained by 
the case of (LT-MT). The maximum settlement in the refer-
ence case (MT-LT) is higher by about 44.8% than that in 
the inverted case LT-MT; while, the bending moment and 
the axial force of the left tunnel in the first case are higher 
by about 24% and 30% than that induced in the second case. 
Concerning the vertical alignment, the case of (DT-MT) 
leads to smaller soil settlement than that induced in the case 
of (MT-DT). This result agrees with the study of Hage and 
Shahrour (2008) [7]. The maximum settlement in the refer-
ence case (MT-DT) is higher by about 13.5% than that in the 
inverted case DT-MT, while little changes in the bending 
moment of the down tunnel in the two cases. Finally, unlike 
the tunnel constructed below horizontal ground, where the 
maximum subsidence is positioned vertically above the tun-
nel’s centerline and symmetric shape, the results show a shift 
in maximum subsidence away from the tunnel’s centerline 
and toward the downward slope. Furthermore, the surface 

Fig. 9  Effect of different values of the stress coefficient of the second 
tunnel (λ2) constructed in loose sand at different spacing S and posi-
tions on the maximum surface settlements (m) a at the right side of 
the first one (θ =  0°), b at the left side of the first one (θ =  180°) and c 
below the invert of the first one (θ = −  90°)
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inclination and ovalization deformation tunnel cross section 
result in uplift at the toe zone of the slope and asymmetric 
shape for the surface settlement pattern.

The influence of the Slope Angle:

For a constant soil type (medium sand) and constant spacing 
(S = 2D), Fig. 11 illustrates the impact of the slope angle on 
the slope deformation and the structural forces in the first 
tunnel (at the middle of the slope) after excavating a new one 
at different positions. For the shallower slope, the critical 

position for the slope deformation induces at θ = − 90° as 
mentioned before. As the slope angle increases, the effect of 
the twin tunnel excavations becomes more profound on the 
slope deformation and the tunnel’s stability, especially at the 
position of θ =  180°. This confirms the fact that excavating 
a new tunnel close to the base of the steep slope contributes 
to destabilize the slope more significantly than in another 
situation (center or head) of the tunnel in the slope (Koizumi 
et al. 2010) [52].

In the case of a steeper slope (α = 33.7°) and the position 
of θ =  180°, the value of maximum horizontal displacement 

Fig. 10  Effect of different 
values of the stress release 
coefficient of the second tunnel 
(λ2) at spacing (S = 1.5D) on the 
vertical displacement in the first 
lining (m) for different positions 
of the second tunnel a (θ = 0), b 
(θ = 180) and c (θ = − 90)
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of the slope is higher than the surface settlement by about 
100%. Also, the maximum bending moment and the axial 
force in the first tunnel are higher by about 30% and 26%, 
respectively, than that induced in the case of the first tunnel 
only. Therefore, it can be inferred that as the slope becomes 
steeper, it is more susceptible to the stability of the slope 
and the first tunnel. Thus, it is recommended in such cases 
to avoid excavating the new tunnels toward the toe in steeper 
slopes.

Tunnel Depth Effects

For a constant soil type (medium sand), constant spacing 
(S = 2D), and steeper slope (α = 33.7°), as shown in Fig. 12, 
the tunnel depth greatly influences the ground surface 

settlement and the horizontal displacement. As the tunnel 
depth decreases, the settlement and the horizontal displace-
ment of the ground surface increase. When the cover depth 
of the first tunnel is more than 2D and 4D, the effect of the 
cover depth on the ground surface settlement and horizontal 
displacement, respectively, becomes very small. A signifi-
cant increase will occur in the surface displacement for the 
cover depth of the first tunnel closer than 2D. The surface 
horizontal displacement in the slope becomes greater than 
the surface settlement up to cover depth 2.5. Thus, it is rec-
ommended that the supporting structures should be installed 
in time during the construction of the shallow tunnels in 
steeper slopes to reduce horizontal movements and avoid 
slope failure. The moment coefficient and the axial force 
coefficient of the first tunnel will increase significantly if 

Table 4  Displacement and lining forces results due to the excavation sequences

Reference and inverted cases Smax(m) Hmax(m) Maximum bending moment in the tunnel lining (kN.m/m) Maximum axial force (kN/m) Settlement pattern

Case1

MT-RT 0.0826 0.0445 MT = 139.9 RT = 131 MT = 437.44 RT = 374 U shape

RT-MT 0.1226 0.0605 MT = 116.4 RT = 154 MT = 337.85 RT = 742 V shape

Case2

MT-LT 0.0912 0.054 MT = 130.26 LT = 82.27 MT = 378.8 LT = 262.8 V shape

LT-MT 0.063 0.0338 MT = 107.27 LT = 102 MT = 314.14 LT = 343 V shape

Case3

MT-DT 0.107 0.047 MT = 89.24 DT = 158 MT = 303.8 DT = 471.9 V shape

DT-MT 0.0942 0.0437 MT = 75.5 DT = 159 MT = 260 DT = 506 V shape

Fig. 11  Effect of slope angle (α) on a the surface settlement, b the surface horizontal movement, c the moment ratio, and d the axial force ratio
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the first tunnel’s cover depth is less than (2–3) times the 
tunnel diameter.

Validation:

Numerically:

A 50% stress release ratio (λd) was employed by the CCM 
method to model twin tunnels constructed in sand soil and 
presented by Hage and Shahrour (2008) [7]. Two tunnels 
aligned horizontally at depth H/D = 2.5 and spacing S/D = 2 
were compared to the finding of the presented model for 
the identical material properties as published by Hage and 
Shahrour (2008) [7]. The comparison is presented in Fig. 13 
for the twin tunnels beneath a horizontal ground surface. In 
addition, a comparison with a single tunnel in clayey sand 
soil was performed with the same horizontal ground surface, 

material, and geometric conditions as adopted by (Do 2014)
[32]. Variable values of stress release ratio (λd) were applied 
from 0.1 to 0.75. The comparison is presented in Fig. 14. 
Good agreement was found with both studies.

Empirically:

It is possible to predict surface settlement by empiri-
cal methods. One of the famous empirical methods is 
the Herzog method. Herzog (1985) [2] proposed an 
empirical equation to predict the value of the maxi-
mum surface settlement for twin tunnels by Equation 
(4). The formula is as follows:

Smax = 4.71(�Z◦ + �
s
)

D2

(3i+a)E
 (4) Herzog (1985) [2]

Where D is the tunnel diameter, γ is the unit weight, E is 
the elasticity modulus of the soil (kPa), σs is the surcharge 
at the surface, a is the spacing between the tunnel axes, Z° is 
the tunnel depth (m) and i is the point of inflection (m). The 
point of inflection (i) can be obtained from Eq. (5), which 
can be applied to all soil types.

i = 0.386Z◦ + 2.84 (5) Arioglu, (1992) [53]
However, the surface Settlement values obtained in the 

previous empirical estimations obey some limitations such 
as circular tunnel shape, the excavation by NATM at shal-
low depths and the formation is clay soil. Furthermore, the 
ground surface is horizontal. In this study; the previous 
empirical equation will be used to estimate the maximum 
ground settlements and compared with the numerical results 
in the case of the horizontal ground surface.

A comparison of 2D numerical simulations of tunneling 
with Herzog method is demonstrated in Fig. 15 for differ-
ent spacing values between the two tunnels. The results are 
compared with the present numerical model by Plaxis 2D in 
the case of horizontal ground by using equation 1. In loose 
sand, the Herzog technique is effective for estimating the 
maximum surface settlement values above the twin tunnels. 
Furthermore, it can predict the effect of twin tunnel spacing 
on maximum surface settlement.

Conclusion

The purpose of this study is to investigate the effect of geo-
metric parameters such as spacing rotation and cover depth, 
as well as excavation parameters such as the construction 
sequence and the stress release coefficient, on the changes 
induced in the slope surface and first tunnel by the excava-
tion of a new one beneath the slope surface.

1 The assumption of considering the value of the stress 
release ratio=50% for shallow twin tunnels constructed 

Fig. 12  Influence of the first tunnel cover depth  (C1/D) on a the sur-
face settlement and the surface horizontal movement, b the moment 
coefficient, and c the axial force coefficient
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in loose sand on a shallow slope (3:1) may result in the 
following results:

1. Unlike the tunnel constructed below horizontal 
ground, where the maximum subsidence is posi-
tioned vertically above the tunnel’s centerline and 

symmetric shape, the results show a shift in maxi-
mum subsidence away from the tunnel’s centerline 
and toward the downward slope. Furthermore, the 
surface inclination and ovalization deformation tun-
nel cross section result in uplift at the toe zone of 

Fig. 13  Comparison between the presented model and Hage and Shahrour (2008) [7] where a ground surface settlement (mm); and b the bend-
ing moment in the new tunnel lining (kN.m/m)

Fig. 14  Comparison of the present results obtained for the same con-
ditions as reported by (Do 2014) [32] for variable stress release coef-
ficient (λd) with a the bending moment in the single tunnel (kN.m/m), 

b the normal force in the single tunnel (kN/m) and c ground surface 
settlement(m)
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the slope and asymmetric shape for the surface set-
tlement pattern.

2. According to the design charts, the displacements in 
the slope surface caused by the second tunnel may 
increase or decrease with the variation in spacing 
values depending on the position of the new tunnel. 
If the highest horizontal or vertical deformation of 
the slope surface above the first tunnel is detected, 
the surface displacements above the second tunnel 
can be simply estimated from the charts. Changing 
the spacing S has little effect on the surface settle-
ment and the straining action in the first tunnel in 
the case of θ = − 90° compared to the other position. 
At the same spacing and cover depth, the position 
of θ = −  90° causes the largest deformation in the 
first tunnel lining and the largest slope surface set-
tlements for all different sand soil types.

3. The extent of maximum surface settlement of the 
slope varied for each of the new tunnel positions. 
The new tunnel had a large portion of the total set-
tlement located directly above the tunnel at the posi-
tions of θ = 180° and −  90°; whereas, the position of 
θ = 0° spreads the maximum settlement over a larger 
area under the top zone. This position may represent 
a danger to the buildings and other urban structures.

4. The moment coefficient and the axial force coeffi-
cient of the first tunnel will increase significantly 
after excavating the new one at spacing less than 
(2.5–3) times the tunnel diameter. This outcome is 
valid for all three positions of the new tunnel.

5. The surface settlement caused by the right tunnel 
being excavated first (RT-MT) is the greatest. The 
eventual surface settlement caused by the left tunnel 
excavated first (LT-MT) is, on the other hand, the 
smallest and most optimal excavation sequence.

6. The results differed significantly between loose and 
medium soils compared to medium and dense sand 

soils. Therefore, the loose sandy slopes should be 
compacted if it is possible before excavating the tun-
nels. In addition, It is important to reach a certain 
relative density with compaction, after which com-
paction does not affect the results.

2 Considering the influence of the stress release ratio 
value

1. The proposed charts show how to calculate the 
critical design values of stress release coefficients 
for new tunnels without the necessity for relatively 
expensive slope and first tunnel lining strengthening 
techniques. These critical design values are related 
to the tunnel configuration parameters in loose 
sandy slope and may differ with different soil and 
tunneling properties.

2. At the desired surface settlement, the designer can 
compare the lining cost of the new tunnel at the pro-
posed design value of λ2 from the chart with the 
cost of lining and soil strengthening in case of the 
assumed value of λ = 0.5. Moreover, the value of 
the stress release coefficient of the second tunnel 
(λ2) is considered a constraint in relative positions 
and spacing determination. Therefore, the results 
highlighted the significance of assessing the stress 
release ratio of the second tunnel (λ2).

3 The case of shallow twin tunnels constructed in medium 
sand soil and a steep slope (3:2) may result in the follow-
ing results:

1. In contrast to the tunnels constructed in the shallow 
slopes, where the surface settlement of the slope is 
more than the surface horizontal displacement, the 
surface horizontal displacement in the steep slope 
becomes greater than the surface settlement up to 
cover depth 2.5D. Therefore, it is recommended that 
the supporting structures should be installed in time 
during the tunneling process in steep slopes.

2. The surface displacement, the moment coefficient 
and the axial force coefficient of the first tunnel will 
increase significantly after excavating the new one if 
the first tunnel’s cover depth is less than (2–3) times 
of the tunnel diameter.

3. As the slope angle increases, the effect of the twin 
tunnel excavations at a shallow depth becomes more 
profound on the slope deformation and the tunnel’s 
stability, especially at the position of θ =  180°. This 
confirms the fact that excavating a new tunnel close 
to the base of the steep slope contributes to desta-
bilize the slope more significantly than in another 
situation (center or head) of the tunnel in the slope.

Fig. 15  Maximum surface settlement values based on empirical and 
numerical models for twin tunnels in loose sand under horizontal sur-
face
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