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Abstract: This study investigates the dynamic behavior of spatially orthogonal tunnels by 

employing three-dimensional numerical modeling and analyzing four different placement 

scenarios to determine the optimal tunnel spacing for minimizing mutual interaction while 

ensuring operational efficiency. This comprehensive research fills a vital gap in dynamic tunnel 

interaction studies and provides valuable insights for tunnel engineering in urban environments. 

Furthermore, in this research, the influence and response of adjacent shield tunnels under 

seismic conditions was evaluated based on the Tabas earthquake spectrum. Moreover, to 

enhance the accuracy of assumptions and achieve more logical results, the study utilizes the 

assumptions of the intersection tunnels of lines 6 and 7 of the Tehran metro. Dynamic analyses 

reveal that closer tunnel proximity (<0.5r) leads to increased bending moments, axial forces 

and displacements due to stress field interference, underscoring the critical importance of 

proper tunnel placement. Furthermore, results of the internal forces and displacements in both 

adjacent tunnels under dynamic loading show that positioning scenario case 2 (distance of 

tunnels is equal to their radius) is the most suitable option. In this scenario (compared to 

scenario case 1), the tunnels are less affected by each other’s stress field, and also in this 

positioning scenario (compared to scenarios 3 and 4), access from the ground surface to the 

lower tunnel will be easier and with lower construction costs. 

Keywords: spatially orthogonal tunnels; numerical modelling; intersection tunnels; 

earthquake 

1. Introduction 

The construction of a tunnel in close proximity to another tunnel will undoubtedly 

induce alterations in the stress distribution within the tunnel region. The alterations in 

the stress field are contingent upon multiple factors, including soil properties 

surrounding the tunnels, mechanical characteristics and thickness of the tunnels lining, 

spacing between the tunnels, shape and cross-sectional area of the tunnels, method 

employed for tunnel excavation, overburden on the tunnels and finally the tunnels’ 

intersect angel.  

The development of urban tunnels, particularly within metro networks, requires 

meticulous deliberation. Given the broad nature of underground metro lines and their 

frequent junctions with other lines at multiple stations along their routes, it is 

imperative to conduct a comprehensive examination of the interaction and impact of 

tunnels on one another. The necessity of this assessment is applicable in both static 

and dynamic states. Due to multiple reasons affecting on interaction of intersecting 

tunnels, design and implementation of these tunnels are challenging and risky. 

Furthermore, placement of these tunnels in urban areas increases the significance of 
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this issue. Therefore, it’s crucial to have broad investigations before tunnel excavation 

[1,2]. 

Kim initiated investigations into the subject of intersecting tunnels and studied 

the interaction between closely spaced tunnels during shield tunnel construction, 

concentrating on the study of the short-term incremental behaviour of the liner. Also, 

a controlled physical model tests were carried out and the test results were 

complemented by a limited amount of numerical analysis [3].  A series of small-scale 

(1/50) laboratory model tests (conducted at 1 g) was carried out in Speswhite kaolin 

clay. These tests have been conducted to gain a greater understanding of the short-

term ground movements associated with closely spaced multiple tunnels [4]. The 

research about numerical modelling of twin tunnels demonstrated that when the 

tunnels are positioned at a distance equal to 3.5 times of their radius (3.5r) from one 

another, the interaction effects between the tunnels become negligible [4]. 

Furthermore, construction of a new tunnel in close proximity to an already existing 

tunnel exerts an influence on the latter, resulting in alterations to the magnitudes of 

forces, bending moments, settlements, and displacements. Meanwhile, the behavior of 

the newly constructed tunnel is apparently equivalent to that of an individual tunnel 

[5]. Effects of different stages of construction of intersections on stress distribution 

and ground deformation was investigated by using finite-element models [6]. Lin 

conducted a numerical modeling study to investigate the factors influencing the 

seismic performance of twin tunnels. They specifically examined the performance of 

the tunnels when subjected to S and P waves. The analysis revealed that the 

construction of two tunnels in close proximity results in a change in stress distribution 

due to the interference of the tunnel stress field [7]. In a series of studies, the impact 

of excavation clearance of the earth pressure balance (EPB) shield on the settlement 

of existing structures was evaluated. The construction process and monitoring 

measures in a case study involving the Chongwenmen subway station of Beijing 

Subway Line 5 excavated below the existing Line 2 were investigated [8,9]. 

Deformation issues in the strata and nearby structures resulting from the excavation of 

multi-tunnels were examined, along with various 3D numerical analyses for tunnels at 

different spacing [10]. Dynamic response and failure characteristics of parallel 

overlapped tunnels under seismic loadings were assessed using shaking table tests, and 

the failure mode of the tunnels was analyzed through macroscopic test phenomena 

[11]. According to the relative relationship of space and structure in the cross tunnel, 

they were divided into two types: structural cross and spatial cross [11–13]. The 

structural cross tunnel was divided into structural bifurcation, structural connection 

channel, and structural wind types; the spatial cross tunnel was divided into spatial 

orthogonal, spatial parallel, and spatial oblique types, as shown in Figure 1 [11–13]. 

Numerical simulations of excavation processes were conducted using the full-section 

method, step method, and center cross diagram (CRD) method, revealing that 

construction methods influence the variation degrees of surrounding rock stress, 

displacement, building deformation, and tunnel convergence [14]. Additionally, the 

effect of variable depth and in-situ stresses on various angles of tunnel intersections 

under similar rockmass conditions was assessed through the analysis of thirty-nine 

cases [15]. 

With the development and urban expansion, the demand for underground 
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structures has surged worldwide, particularly in metropolitan areas. In response to this 

growing need, numerous spatial orthogonal tunnels have been constructed along metro 

lines in various cities globally. However, despite their significance in enhancing 

transportation networks and urban connectivity, these underground structures are 

susceptible to potential risks, particularly during seismic events. The presence of 

cracks in tunnels and underground structures not only compromises their structural 

integrity but also can escalate into more severe issues, impacting the overall 

functionality and longevity of these essential underground facilities [16,17]. 

As mentioned earlier, studies have been conducted on intersection tunnels, but 

there is still a gap in comprehensive dynamic studies resulting from the actual 

application of seismic acceleration and finding the optimal distance between tunnels 

among studies. Therefore, in this research, with considering four different placement 

scenarios for two urban metro tunnels, three-dimensional numerical modeling was 

employed to find the optimal distance between tunnels in a dynamic state. 

Additionally, in this research, an attempt has been made to use the assumptions of the 

intersection of lines 6 and 7 of the Tehran metro for a more realistic modeling of spatial 

orthogonal tunnels.  

 

Figure 1. Classification of spatial cross tunnels . 

2. Methodology 

This study examined four distinct scenarios regarding to the spacing between 

spatial orthogonal tunnels, and afterwards conducted dynamic analysis in order to 

determine the most appropriate distance. The ideal spacing between spatial orthogonal 

tunnels is determined by minimizing their mutual interaction while maintaining 

efficient operation. According to research conducted by scholars in the field of tunnel 

engineering, it has been generally observed that in the case of two circular tunnels with 

identical radius (r) and subjected to hydrostatic stress conditions, the mutual influence 

or interaction between the tunnels can be ignored when the distance between their 

centres is six times the radius of each tunnel (6r) [18]. Placing tunnels at very far 

distances in urban metro lines to avoid the influence of their stress fields is practically 

not feasible. Firstly, as the depth of the lower tunnel placement increases, the drilling 
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and stabilization costs significantly rise, and passenger access from the ground surface 

becomes very difficult. Therefore, tunnels need to be constructed closer to each other. 

For this purpose, in this study, the effect of tunnel placement at four different depths 

in a dynamic loading was investigated, and the bending moments, axial forces, and 

deformations for both tunnels were evaluated in various scenarios of their placement 

relative to each other. In Figure 2, a view of the positioning of the tunnels relative to 

each other is shown, and in Table 1, the different scenarios of their placements are 

presented respectively. 

 
(a) (b) 

Figure 2. The view of spatial orthogonal tunnels’ placement (a) 2D view; (b) 3D view . 

Table 1. Different status of spacing tunnels and their placement. 

Scenarios Distance from the ground (H) Spacing between tunnels (d) Centre to centre distance of tunnels (C) 

Case 1 14.5 m 0.5r* 2.5r 

Case 2 14.5 m r 3r 

Case 3 14.5 m 1.5r 3.5r 

Case 4 14.5 m 2r 4r 

* In this paper, (r) represents the radius of the tunnels which equals to 4.58 m based on tunnel line 6 and 
7 of Tehran metro. 

3. Assumptions 

3.1. Material properties and constitutive models 

In this study, to numerically model and examine the impact of tunnel spacing and 

the interaction of intersecting tunnels, the geotechnical investigations and reports 

conducted at the 17 Shahrivar Station (the intersection of Tehran metro lines 6 and 7) 

were utilized for a more realistic modeling of spatial orthogonal tunnels. In dynamic 

analysis, the selection of an appropriate constitutive model is crucial for accurately 

capturing the behavior of soil under varying conditions. Needless to say that, at very 

small strain levels, the soil exhibits high stiffness, which gradually decreases as the 

strain increases. It is essential to account for this non-linear variation in stiffness to 

ensure the accuracy of the analyses. When subjected to dynamic loading, such as 

earthquake wave propagation, the soil typically experiences small strains. This 

characteristic makes the small-strain hardening soil behavioral model, like the 
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HSsmall model, particularly well-suited for dynamic analyses within the PLAXIS 

software. By considering the nuanced changes in stiffness with strain, the HSsmall 

model enables a more precise representation of the soil behavior under dynamic 

conditions. Therefore, in this research, to achieve accurate results the soil surrounding 

the tunnels was defined using HSsmall constitutive model, whilst the concrete lining 

of the tunnels was defined using a linear elastic model. Regarding the modeling of the 

tunnel lining in this study, the effects of segments forming the lining were not 

evaluated and the tunnel lining is considered homogeneous and constructed at once. 

The Mechanical properties for the materials utilized are given in Tables 2 and 3 which 

are based on geotechnical investigations conducted at the 17 Shahrivar Station of 

Tehran Metro construction project [19].  The diameters of the tunnels known as line 6 

and line 7 Tehran metro are 9.19 m and 9.16 m, respectively. However, for the sake 

of modelling, both tunnels were assumed to have a diameter of 9.16 m and the 

thickness of linings for both tunnels are 50 cm. 

Table 2. Material properties of the HSsmall model . 

υ γ0.7 (×10−3
) G0 

ref (MPa) Eur 
ref (MPa) E50 

ref (MPa) Friction angel (Degree) Cohesion (kPa) Unit weight (kg/m3) Type 

0.3 0.15 208 240 80 30 18 1840 Soil 

Table 3. Material properties of the tunnel lining . 

Type EA (kN/m) EI (kN·m/m) d (m) W (kN/m/m) υ 

Concrete 3.9 × 106 6.1 × 104 0.5 8.4 0.25 

3.2. Seismic load  

To investigate the dynamic performance of the tunnels under seismic loading, all 

models and scenarios were analysed using the 7.4 magnitude Tabas earthquake 

acceleration spectrum which is shown in Figure 3 [20]. Proper modelling of the 

boundaries played a crucial role in the study. Special conditions were applied to 

prevent spurious wave reflections at the model boundaries, which do not occur in 

reality. Subsequently, a non-linear dynamic analysis based on the hardening soil with 

small strain constitutive model was conducted using PLAXIS 3D software. The 

propagation of waves through the soil, considering the Tabas earthquake accelerogram 

spectrum, and its impact on the tunnel were investigated. 

 

Figure 3. Tabas earthquake accelerogram in the L-direction . 
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3.3. Mesh properties 

Considering the size of the mesh has an important effect on the accuracy of the 

results in dynamic simulation, Kuhlemeyer and Lysmer [21] suggested the Equation 

(1). Based on this equation, the mesh dimension in the FEM software must be less than 

Δl. 

𝛥𝑙 ≤ 𝜆/10 = 𝐶𝑠/(10𝑓) (1) 

In this equation, “Δl” represents the maximum acceptable mesh length, “Cs” 

represents the shear wave velocity, and “f” represents the earthquake frequency. To 

calculate the dominant frequency of Tabas earthquake acceleration spectrum, Fourier 

analysis was performed in SeismoSignal software. Fourier analysis transform the 

signal from the time domain to the frequency domain and the dominant frequency 

component from the frequency spectrum provided by the software can be identified. 

This is typically the frequency at which the amplitude of the signal is highest.  

The dominant frequency of the Tabas earthquake was 7.14 Hz, and the shear 

wave velocity was approximately 226 m/s. As a result, the mesh length cannot exceed 

3.16 m. The modelling for this work was carried out, with an average mesh length of 

2.5 m. Figure 4 shows the mesh distribution on tunnels. To have a very precise 

analysis, mesh has been refined in the near area of the tunnels. Furthermore, to ensure 

that the model’s boundaries have no noticeable effect on the results, the distance 

between the model’s boundary and the centre of tunnels must be at least ten times the 

diameter (10 D) of the tunnels [10]. The dimensions of the model and tunnels’ 

placement are shown in Figure 4. 

 

Figure 4. Geometry and mesh generation in numerical modelling . 

4. Software validation 

In order to validate the performance of the three-dimensional PLAXIS software, 

the results obtained from numerical modelling in this software were compared with 

the results from  theoretical methods (Penzien and Wu [22], Wang [23] equations) as 

well as the numerical modelling conducted by Lu et al. They investigated the dynamic 

performance of circular tunnels under the shear wave propagation using the MIDAS 

software [24]. Table 4 presents the soil parameters and concrete lining mechanical 

properties employed in the modelling [24]. Given that the theoretical solutions are 

based on a linear elastic constitutive model, it was deemed appropriate to utilize the 

same linear elastic model for both the soil and tunnel lining in the numerical modelling 

process. Figure 5 illustrates the three-dimensional mesh generation and result of the 
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bending moment in PLAXIS 3D software. 

Table 4. Mechanical properties of material in linear elastic constitutive model. 

Material type Specific weight (kN/ m3) Poisson’s ratio Elasticity modulus (MPa) 

Soil 20 0.25 1.03 

Concrete 25 0.25 38 

 
(a) (b) 

Figure 5. Circular tunnel model in PLAXIS 3D software (a) mesh generation; (b) bending moment results . 

The values of bending moment and axial force using theoretical methods, two-

dimensional and three-dimensional MIDAS software, and PLAXIS 3D software are 

presented in Table 5. The results were acquired through the implementation of shear 

waves on the model. Based on the Table 5, it can be concluded that the results of the 

software programs display a high level of similarity to the outcomes obtained through 

theoretical equations and other numerical modelling. Consequently, the PLAXIS 3D 

software holds potential for utilization in this research.  

Table 5. Comparison of axial force and bending moment using theoretical methods 

and numerical modelling . 

Parameters Penzien [22] Wang [23] MIDAS 2D [24] MIDAS 3D [24] PLAXIS 3D 

Axial force (kN) 104.1 2085.4 1985.21 2044.7 2066 

Bending moment 
(kN·m) 

260.2 261.5 243.1 272.7 276.7 

5. Results and discussion 

In this study, the investigation focused on the dynamic seismic loading, 

specifically examining four distinct distances between spatial orthogonal tunnels, as 

previously clarified. In the conducted modelling, the upper tunnel is first modelled and 

its lining is installed, then the lower tunnel is modelled and its supporting system is 

installed. Finally, under the seismic load of Tabas spectrum, the model is analysed and 

evaluated. Based on this, the results of bending moment, axial force, and deformations 

in the tunnels for various static and dynamic conditions are obtained for both tunnels. 
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5.1. Bending moment results 

The variations of the maximum bending moment in tunnels’ lining are given in 

Figure 6 and the summary of the results presented in Table 6. The following figure 

and table are contained these parameters: 

MU: The maximum static bending moment in the upper tunnel lining prior to the 

beginning of the lower tunnel construction. 

MUL: The maximum static bending moment in the upper tunnel lining subsequent 

to the completion of the lower tunnel. 

ML: Maximum static bending moment in the lower tunnel lining after its 

construction. 

MLD: Maximum dynamic bending moment in the upper tunnel lining. 

MUD: Maximum dynamic bending moment in the lower tunnel lining. 

 

Figure 6. Variations of bending moment induced in tunnels lining in four scenarios 

of tunnels placement. 

Table 6. Summary of the maximum bending moment variations in tunnels. 

Scenarios Spacing between tunnels  MU (kN·m) MUL (kN·m) ML (kN·m) MUD (kN·m) MLD (kN·m) 

Case 1 0.5r 268.8 259 421.5 520 959.3 

Case 2 r 268.8 261.4 409.7 587.2 757 

Case 3 1.5r 268.8 265.1 433.4 579.5 792 

Case 4 2r 268.8 267.7 491 598 884 

Based on results in the Figure 6, the initial static bending moment value in the 

upper tunnel before the construction of the lower tunnel (MU) was 268.8 kN·m, and 

this value had very insignificant changes after the construction of the lower tunnel 

(MUL), indicating that statically, the lower tunnel in all four placement scenarios has a 

minimal impact on the upper tunnel. The static results of the bending moment in the 

lower tunnel (ML), which are 421, 409, 433, and 491 kN·m for placement scenarios 1 

to 4 respectively, show that placing the tunnels in scenario 1 subjects the lower tunnel 

to the stress field of the upper tunnel, resulting in an increased bending moment. 

However, in the following scenarios, the trend of increasing the bending moment in 
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the lower tunnel becomes more reasonable as the tunnels are positioned at a greater 

distance. This is because with an increase in the depth of placement, the static bending 

moment also increases on the lower tunnel, making the increase in bending moment 

more logical. 

Dynamic analyses also show similar results to static analysis. Accordingly, the 

dynamic bending moment values in the upper tunnel in various placement scenarios 

are 520, 587, 579, and 598 kN·m, and the dynamic bending moment in the lower 

tunnel is 959, 757, 792, and 884 kN·m respectively. It seems that the lower tunnel 

absorbs seismic energy by creating local stiffness under the upper tunnel, resulting in 

lower bending moment in the upper tunnel when the distance between the tunnels is 

minimized. This issue is clearly evident in the lower tunnel, where a bending moment 

of approximately 959 kN·m is induced in the lining of the lower tunnel at the closest 

distance between the two tunnels, which is about 2.27 times the static bending moment 

itself. Therefore, it is quite clear that placing the tunnels closer than 0.5r causes 

interference in their stress fields and imposes significant effects on each other. 

In order to carry out a comprehensive investigation of the bending moment, axial 

force, and displacements at the tunnels under different placement configurations, this 

research focuses on three control points positioned at the upper and lower tunnel 

intersections. The aforementioned points are illustrated in Figure 7. To this purpose, 

Figure 8 depicts the variations in bending moment induced at three control points 

during the Tabas earthquake over time. 

 

Figure 7. Three control points positioned at the upper and lower tunnels. 
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(a) (b) 

 
(c) (d) 

Figure 8. Variation in bending moment induced at three control points during the Tabas earthquake over time: (a) 

point A; (b) point B; (c) point C; (d) tabas earthquake accelerogram. 

Figure 8a shows the changes in bending moments that occur in the lining of 

tunnel control point A (upper tunnel ceiling) relative to the time of dynamic loading 

from the Tabas earthquake. According to this figure, the considered positioning 

scenarios for the tunnels have little impact on the bending moments that occur in the 

upper tunnel ceiling. However, by constructing a tunnel underneath the upper tunnel, 

localized stiffness is created in the lower part of the upper tunnel which can lead to a 

reduction in bending moments there. This issue is clearly observable in seconds 14 to 

16 of the earthquake. Figure 8b also has a very similar trend to Figure 8a and shows 

that the upper tunnel is influenced by localized stiffness resulting from the 

construction of a tunnel below it, and with increasing distance between the tunnels due 

to a decrease in localized stiffness in the lower part of the upper tunnel, the bending 

moment in the dynamical analysis at control point B increases. Figure 8c also shows 
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the changes in bending moments that occur in the lining of the lower tunnel. According 

to this figure, with the positioning of the tunnels in scenario 1, the lower tunnel is 

under the influence of the stress field of the upper tunnel and the bending moment in 

the dynamic analysis increases. However, in scenario 2, it is evident that the tunnels 

are out of each other’s influence zone and do not have a negative effect on each other. 

It can also be said that in scenarios 3 and 4, with an increase in the depth of the lower 

tunnel, more overburden and soil pressure are exerted on the lower tunnels leading to 

an increase in bending moment in them. It can be argued that scenario 2, while 

imposing less overburden on the lower tunnel, creates an appropriate distance between 

the two tunnels, preventing them from being under each other’s influence, so that it 

can be an optimal scenario for the placement of tunnels. 

5.2. Axial force results 

Concrete lining is designed based on the bending moment and axial force induced 

on the tunnels in static and dynamic conditions. Hence, the axial force amount in the 

tunnel’s lining can be an important criteria in tunnel design. Consequently, in this 

research the axial force induced in the tunnels linings for different scenarios of tunnels 

placement were investigated. In this regard, the variations of the maximum axial force 

in tunnels’ lining are evaluated based on the results illustrated in Figure 9 and the 

summary of the results presented in Table 7. The following figure and table are 

contained these parameters: 

PU: Maximum static axial force in the upper tunnel lining before the construction 

of the lower tunnel. 

PUL: Maximum static axial force in the upper tunnel lining after the construction 

of the lower tunnel. 

PL: Maximum static axial force in the lower tunnel lining after its construction. 

PUD: Maximum dynamic axial force in the upper tunnel lining. 

PLD: Maximum dynamic axial force in the lower tunnel lining. 

According to the Figure 9 and Table 7, the maximum axial force value in the 

lining of the upper tunnel before the construction of the lower tunnel (PU) is 410 kN, 

which then increases to 696.2, 475.5, 425.1, and 420.6 kN in different scenarios of the 

lower tunnel placement (PUL). In fact, the construction of the lower tunnel introduces 

local stiffness around the upper tunnel, leading to an increase in the axial force in its 

lining. Additionally, the axial force in the lower tunnel (PL) indicates that with an 

increase in the depth of tunnel placement, the superimposed load also increases, 

resulting in an increase in the axial force induced in it. However, in the dynamic state, 

the increase in axial force in the upper tunnel is much higher than in the static state. 

This is because with an increase in local stiffness in the surrounding of the upper 

tunnel, the absorption of seismic energy in it increases, and the dynamic axial force 

significantly rises. Therefore, the dynamic axial force in the upper tunnel increases 

approximately 3.4 times when the distance between the tunnels is less than 0.5r 

(scenario 1), indicating the impact of tunnel spacing and their interaction on each 

other. Neglecting this issue may lead to unforeseen forces exceeding limits in tunnels 

during an earthquake, resulting in instability, collapse, and the formation of cracks in 

tunnels and underground spaces.  
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Based on Tables 6 and 7, it can be concluded that the placement of tunnels in 

scenario 2) can be considered as an optimal condition because the results show that 

placing the tunnels in this condition makes them less affected by their stress fields. It 

is essential to note that in urban tunnels, the deeper the tunnel placement, the higher 

the construction costs and the difficulty in passenger access from the ground surface, 

leading to challenges. Therefore, the optimal distance between two tunnels is when 

they have less impact on each other and the depth of the lower tunnel is within a 

suitable range, both of which are present in placement scenario 2. 

 

Figure 9. Variations of axial force induced in tunnels lining in four scenarios of 

tunnels placement. 

Table 7. Summary of the axial force variations in tunnels. 

Scenarios Spacing between tunnels PU (kN) PUL (kN) PL (kN) PUD (kN) PLD (kN) 

Case 1 0.5r 410.3 696.2 785 2353 7689 

Case 2 r 410.3 475.5 1126 1293 4638 

Case 3 1.5r 410.3 425.1 2749 1033 2908 

Case 4 2r 410.3 420.6 3127 1005 3195 

In structural internal force analysis, besides stating the magnitude of the values, 

the distribution of these values can be very important. Hence, to this purpose, Figure 

10 shows the variations in axial force induced at three control points (Figure 7) during 

the Tabas earthquake over time. 

Based on Figure 10a, in order to compare the variation of axial force induced in 

tunnel lining for four tunnels’ placement scenarios, it can be noted that in dynamic 

analysis, placing tunnels within less than half of their radius (<0.5r) can directly impact 

the above tunnel and affect its stress field, which is clearly observed during seconds 

10 to 15 of the earthquake. Additionally, increasing the distance between tunnels 

reduces their impact on each other, so that the axial in the ceiling of the upper tunnel 

in cases 3 and 4 is almost the same. According to Figure 10b, during the peak 

acceleration of the earthquake, the effects of tunnels in scenarios 1 and 2 are distinct 

and clear, causing changes in the stress field of the tunnels and resulting in changes in 

the magnitude and direction of the bending moment in the floor of the upper tunnel. 

These sudden changes in bending moment amount and direction may sometimes lead 
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to local instabilities in the tunnel lining. Furthermore, based on Figure 10c, the axial 

force induced in the ceiling of the underlying tunnel increases with the distance 

between tunnels, which is due to the increased depth of tunnel placement and their 

overburden. However, it is clear in this figure that placement scenario case 1 (<0.5r), 

results in a sudden and severe axial force in dynamic loading at point C, which may 

lead to instability in this underlying tunnel. 

 
(a) (b) 

 
(c) (d) 

Figure 10. Variation in axial force induced at three control points during the Tabas earthquake over time: (a) point A; 

(b) point B; (c) point C; (d) tabas earthquake accelerogram. 

5.3. Displacement results 

Figure 11 and Table 8 present the observed changes in the maximum 

displacement along the Z-axis at the point of intersection between the tunnels for 



Insight - Civil Engineering 2024, 7(1), 613.  

14 

different tunnel placements. The following figure and table are contained these 

parameters: 

ZU: Maximum static displacement in the Z-axis direction in the upper tunnel 

lining before the construction of the lower tunnel. 

ZUL: Maximum static displacement in the Z-axis direction in the upper tunnel 

lining after the construction of the lower tunnel. 

ZL: Maximum static displacement in the Z-axis direction in the lower tunnel 

lining after its construction. 

ZUD: Maximum dynamic displacement in the Z-axis direction in the upper tunnel 

lining. 

ZLD: Maximum dynamic displacement in the Z-axis direction in the lower tunnel 

lining. 

 

Figure 11. Variations of displacement in the Z-axis in tunnels in four scenarios of 

tunnels placement. 

Table 8. Summary of displacement in the Z-axis in tunnels. 

Scenarios Spacing between tunnels ZU (mm) ZUL (mm) ZL (mm) ZUD (mm) ZLD (mm) 

Case 1 0.5r −22.85 −4.81 −26.77 −91.5 −151.9 

Case 2 r −22.85 −4.087 −27.57 −95.51 −150.6 

Case 3 1.5r −22.85 −3.427 −28.48 −95.62 −149.2 

Case 4 2r −22.85 −2.89 −29.58 −96.1 −148 

The results obtained from numerical modelling in Figure 11 and Table 8 show 

that the distance between tunnels has little influence on the vertical displacement of 

the tunnels both statically and dynamically. It seems that the distance between tunnels 

only affects the bending moment and axial force in the lining by changing the stress 

fields in them and has a lower impact on displacements. Additionally, according to the 

results of Table 8, it can be inferred that in the event of an earthquake, significant 

displacements occur in the tunnels compared to their static state. In static conditions, 

the vertical deformation of the upper tunnel is around 4 mm, but under seismic loading, 

this deformation reaches about 90 mm. Similarly, for the lower tunnel, static 

deformation of about 26 mm increases to approximately 150 mm under seismic 

loading. 

For further investigation of the effect of tunnels constructed adjacent to each 
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other, the displacements at three control points referenced in Figure 7 were studied 

under dynamic loading conditions, as shown in Figure 12, which displays the 

displacements in the Z-axis direction for these three points and with consideration of 

four tunnel positioning scenarios (Table 1), relative to the time of dynamic loading. 

According to Figure 12a, the distance between the tunnels does not have a significant 

impact on the displacements occurring in the upper tunnel ceiling. However, in Figure 

12b, it can be observed that due to the localized stiffness resulting from the 

construction of the lower tunnel beneath the upper tunnel, in scenarios 1 to 3, the 

displacements in the upper tunnel floor are almost the same, but with an increase in 

the depth of the lower tunnel and a decrease in relative localized stiffness, the 

displacement at point B increases and its direction oscillates noticeably. Figure 12c 

clearly shows the effect of the distance between the tunnels on the displacements 

occurring in the lower tunnel. According to this figure, in positioning scenario 1, the 

tunnels have the greatest impact on each other and cause the maximum displacement 

at control point C. Consequently, based on Figures 8, 10 and 12, it can be stated that 

by placing the tunnels in scenario 1 (with the distance between the tunnels less than 

half of their radius), the tunnels have a significant impact on each other, leading to an 

increase in internal forces and displacements in the tunnel lining under dynamic 

conditions, which can result in localized instability in part of the tunnel lining and 

cause damage to underground structures. 

 
(a) (b) 
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(c) (d) 

Figure 12. Variation in displacement induced at three control points during the Tabas earthquake over time: (a) point 

A; (b) point B; (c) point C; (d) tabas earthquake accelerogram. 

5.4. Plastic points 

Figures 13–17 depict the plastic points that were formed within the model during 

both dynamic and static studies under the scenario 2. The number of plastic points in 

the vicinity of the tunnels starts out small following their construction. However, 

subsequent to the construct of the lower tunnel, there is an observed increase in the 

concentration of plastic particles within the space between the two tunnels.  The 

dynamic loading exerted on the surrounding soil, which yields the soil in some points 

and results in displacements and deformations in tunnel lining. During the phase of 

dynamic analysis, it is observed that there is an increase in yielding in the vicinity of 

the ground surface over time. It is important to acknowledge that the plastic points 

refer to the soil surrounding the tunnel. As depicted in Figure 17, the tunnel lining 

does not exhibit any yielding or plastic points when subjected to both static and 

dynamic conditions which indicates that tunnels placement in scenario 2 can be an 

effective and appropriate placement of tunnels. 

 

Figure 13. Plastic points formed in model after the construction of upper tunnel. 
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Figure 14. Plastic points formed in model after the construction of lower tunnel. 

 

Figure 15. Plastic points formed in model in the time of 5.1s in dynamic analysis. 

 

Figure 16. Plastic points formed in model in the time of 18.3s in dynamic analysis. 
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Figure 17. Plastic points in tunnel lining for scenario 1. 

6. Conclusion 

This study examined four distinct scenarios regarding to the spacing between 

spatial orthogonal tunnels, and afterwards conducted dynamic studies in order to 

determine the most appropriate distance. The ideal spacing between spatial orthogonal 

tunnels is determined by minimizing their mutual interaction while maintaining 

efficient operation. According to results of dynamic FEM analysis, the following 

general conclusions can be drawn from this study: 

1) Placing the tunnels in scenario 1 (<0.5r) subjects the lower tunnel to the stress 

field of the upper tunnel, resulting in an increased bending moment. However, in 

the following scenarios, the trend of bending moment variations in the lower and 

upper tunnels become more reasonable as the tunnels are positioned at a greater 

distance. 

2) In dynamic analyses it seems that the lower tunnel absorbs seismic energy by 

creating local stiffness under the upper tunnel, resulting in lower bending moment 

in the upper tunnel when the distance between the tunnels is minimized (for 

distances less than 0.5r). 

3) In the lower tunnel, dynamic bending moment is approximately 2.27 times the 

static bending moment itself. Therefore, it is quite clear that placing the tunnels 

closer than 0.5r (<0.5r) causes interference in their stress fields and imposes 

significant effects on each other. 

4) In scenario 1, when the distance of tunnels is less than 0.5r (<0.5r), due to the 

increasing the local stiffness in the surrounding of the upper tunnel, the dynamic 

axial force in the upper tunnel increases approximately 3.4 times the static axial 

force, indicating the impact of tunnel spacing and their interaction on each other. 

5) The distance between tunnels has little influence on the vertical displacement of 

the tunnels both statically and dynamically. However, in positioning scenario 1, 

the tunnels have the greatest impact on each other and causes the maximum 

displacement in lower tunnel. 

6) The results of the internal forces and displacements in both tunnels under 



Insight - Civil Engineering 2024, 7(1), 613.  

19 

dynamic loading show that positioning scenario 2 of the tunnels is the most 

suitable option. Because in this scenario (compared to scenario 1), the tunnels are 

less affected by each other’s stress field, and also in this positioning scenario 

(compared to scenarios 3 and 4), access from the ground surface to the lower 

tunnel will be easier and with lower construction costs. 
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