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Abstract. The majority of tunneling projects entail designing and building two adjacent tunnels, referred to as twin tunnels. Because the 

interaction of two parallel tunnels within a slope affects the slope's stability, it's vital to understand the impact of this interaction on the 

stability. In this paper, the vertical displacement (settlement) of a road above twin tunnels in a fill slope was researched and validated 

using field measurements.  This case study is located in Guizhou province in kaili city in south west of china. The most important part of this study is 

that the tunnels ‘entrance is in fill soil, which constitutes an unstable body for the tunnel and the slope, especially during excavation. Piles foundation have 

been used to improve the slope stability. Predictions of settlement were made using the finite element method (FEM) with PLAXIS 3D program, as well as 

the analytical solution method (new equation). The results appear that the largest displacement was due to the fill entrance. And without the fill, the 

displacement was too small with non-overlapping shape of displacement. Furthermore, with certain restrictions, the new analytical solution equation is 

suitable for twin tunnels in a slope.  
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Introduction 

The need for better travel facilities in many big cities has been led to pay more attention to the development of tunnels 

project. Around the world, the population of towns and cities is increasing, thus urban areas need to develop in dense 

environment.  

Many previous scholars have studied induced settlement due to tunnel excavation in a slope. [1] made numerical analysis 

and model test to analyze the influence of excavating single tunnel in a rock slope, the results show that tunnel excavation 

cause disturbance to the displacement field of the slope. [2] investigated the impact of building an intersecting new tunnel on 

an old tunnel in a subterranean environment along a rock slope under 54 circumstances, including tunnel location, backfill 

presence or absence, and various load magnitudes. The results suggest that a critical interval length must exist between the 

two tunnel lines. [3] analyzed old tunnels in unstable slope by investigating the behavior of tunnel liner numerically in the 

context of interaction with the slope. The results focused on relating the reduction of stress in the liner with the increase in 

convergence. [4] used 2D and 3D finite element and finite difference methods to investigate two tunnels next to a slope and 

the results related between the plasticity zones around the tunnel and the slope stability. [5] determined the stability of twin 

tunnels in jointed rock slope and made validation with a project in Himalayas in India and concluded that the invert of the 

tunnel is more stable than the crown. [6] analyzed a tunnel in unstable slope and concluded that the excavation of tunnels 

leads to a slope destabilization due to more or less deconfinement of the surrounding rock. However, none of the previous 

studies mentioned the fill in the slope, which consider a new geological condition and cause excessive deformation and 

settlement. moreover, there is no detailed researches about twin tunnels interaction in a slope. 

In addition, many studies have mentioned the slope and the methods of stabilization ([7], [8], [9], [10]). none of these 

researches consider the excavation action in a supported slope. Furthermore, there are many studies related to twin tunnels 

interaction such as ( [11], [12],[13]) and many studies related to twin tunnel interaction with another structure such as ([14], 
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[15], [16]). But none of these previous research focused on the interaction between twin tunnels in a slope with other structures. 

The importance of this research located in investigating the settlement characteristics in a fill supported slope under the 

excavation action with making comparison with the settlement when there is no support. In this paper PLAXIS 3D software 

was used to estimate the vertical settlement of the road owing to the twin tunnel excavation using finite element analysis 

(FEM). In addition to use the analytical solution, which contains a novel equation for predicting twin tunnel settling.  

 

1. Project Description 
Building twin tunnels under a road in Guizhou province's Kaili city in southwest China is the case under investigation. 

The first phase of development began in 2018, and the project opening to the public in 2020. Many slopes run through Kaili 

city, and tunnels go through them. This case study is one of such tunnels. This town is densely inhabited. As a result, new 

highways and tunnels are required to vacillate the city's transportation system.  

The landform of Luobang Tunnel site is a dissolution-erosion type low-middle mountain landform. The surface is 

strongly corroded and eroded, and the terrain is undulating. The elevation of the site is 912.0～1121.0 m, and the relative 

elevation difference is 209.0 m. The entrance of the tunnel is located in the fill of the waste dump. The topography of the 

tunnel entrance is shown in Fig.1. the geological profile of the case shown in figure (2). The two previous mentioned figure 

have been taken from the project data. 

 

 

                          Figure 1. landscape of tunnel entrance                             Figure 2. Geological profile for case under study 

2.Methodologies involved 

2. 1 Finite element analysis FEM 

A series of 3D finite element models have been conducted to evaluate the vertical settlement (UZ) due to excavate twin 

tunnels in many conditions. These conditions have been studied in the parametric study part in addition to analyze the main 

case study. For the analysis, two major models were utilized: the first, which used pile foundations to make the slope more 

stable before digging the twin tunnels, and the second, which did not use piles. The piles have been distributed in three rows 

in the road and three rows in the slope above the tunnels as shown in figure (3). The distance between the piles was 1.5m in 

each direction. The piles material consists of steel from the outside and grout inside it. The characteristics of piles appear in 

table (1). While the soil parameters are shown in table (2). FEM model has been shown in figure (3). 

 
Table 1. Pile characteristics 

E (KN/𝑚2) γ(KN/𝑚3) D(m) 

59000000 59 0.108 
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Table 2. geotechnical parameters for simulation process 

material C (kN/𝑚2) Ф(degree) E (kN/𝑚2) µ γ(kN/𝑚3) 

Fill 24 10 30000 0.4 18 

Rock 200 30 600000 0.2 24 

 
  

(a) 3D model configuration with piles 
(b) 3D model configuration 

 

Figure 3.Model configuration and boundary 

2.2 analytical solution (new equation) 

The superposition technique is recommended for estimating settling caused by twin tunnel excavation. In this approac

h, the settlement prediction is based on a single-tunnel prediction formula. The diameter, size and depth of the second tunne

l is assumed to be the same as the first tunnel. This analytical formula contains two types of settlement: uniform convergen

ce and vocalization as appear in figure (4). These two types have been summed to be adopted for twin tunnels. 

 
 

Figure 4. tunnels deformation modes (González and Sagaseta 2001 

 
Convergence mode: 

𝒖𝒙𝒄 = 𝒖ԑ
𝒙𝑹

𝒙𝟐+𝒚𝟐     (1) 

 

𝒖𝒚𝒄 = 𝒖ԑ
𝒙𝑹

𝒙𝟐+𝒚𝟐      (2) 

 
 
Ovalization mode: 

𝑢𝑋𝑜 = 𝑢𝛿

𝑥𝑅

3 − 4µ

(3 − 4µ)(𝑋2 + 𝑌2)2 − (3𝑌2 − 𝑋2)(𝑋2 + 𝑌2 − 𝑅2)

(𝑋2 + 𝑌2)3
     (3) 
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𝑢𝑦𝑜 = 𝑢𝛿

𝑌𝑅

3 − 4µ

(3 − 4µ)(𝑋2 + 𝑌2)2 − (3𝑋2 − 𝑌2)(𝑋2 + 𝑌2 − 𝑅2)

(𝑋2 + 𝑌2)3
     (4) 

 
 

Where: R: the radius of the tunnel, H: the tunnel depth to the spring line, µ: The Poisson’s ratio, X: the vertical distance of the sec

tion. 𝑢𝛿: max.deformation due to ovalization occurs at the tunnel cavity. 𝑢ԑ: max.deformation due to convergence occurs at the tunnel c

avity. Y: the horizontal distance of the section. Based on the superposition principle, the settlement for two tunnels could be exp

ressed as the following: 

 
 

𝐔𝐘𝐭𝐨𝐭 = 𝐔𝐘𝟏 + 𝐔𝐘𝟐   (5) 
 

 

𝐔𝐱𝐭𝐨𝐭 = 𝐔𝐱𝟏 + 𝐔𝐱𝟐 (6) 
 

Where: Uy1: (𝑈𝑌1 = 𝑈𝑦𝑐 + 𝑈𝑦𝑜): the first tunnel’s vertical settlement (mm), Uy2: (𝑈𝑌2 = 𝑈𝑦𝑐 + 𝑈𝑦𝑜): the second tunnel’s vertical settlem

ent (mm), Uyc: Settlement due to the convergence mode (mm), Uyc: Settlement due to the ovalization mode (mm), 𝑈𝑥1: (Ux1=

Uxc+Uxo): the first tunnel’s horizontal settlement (mm), UX2: (Ux2=Uxc+Uxo): the second tunnel’s horizontal settlement 

(mm), 𝑈𝑥𝑐: Settlement due to the convergence mode (mm), 𝑈𝑥𝑜: Settlement due to the ovalization mode (mm). 

 

3. Results and Parametric study 

The results include two main parts, the first part is general results for the main case, a comparison between excavating 

the tunnel in supported and unsupported slope, and using rock instead of fill to investigate the effect of fill on the 

settlement value and shape, moreover the analytical solution has been used to verify the numerical analysis results (FEM). 

The second part is a parametric study includes. 

3.1. Validation of numerical results with site 

This verification was in the road above each tunnel during the excavation. The most significant aspect of this validation 

is that the simulation's maximum settlement matches the maximum settlement in the field, as illustrated in figure (5). the 

field measurements from the site obtained by putting many instrumentation during the excavation in six monitoring points. 

 

 

Left tunnel                                                                                    (b) right tunnel 

 

Figure 5. . Validation of numerical model compared to site  
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3.2 the difference in settlement characteristics with and without piles 

The piles seem to have reduced vertical displacement in several locations, according to the findings. Not only the 

vertical displacement values have been reduced, but the settlement overlaps have also been eliminated .Figure 6 depicts the 

difference in vertical settling when piles are present vs when they are not. In the presence of piles, the highest settlement 

value was 1.2cm. while in absence of piles the maximum settlement reached to 1.8cm.  

 

Figure 6. Difference between the vertical displacement with and without piles 

3.3 Verification the numerical results by analytical solution method 
The analytical solution has been used to make verification with the numerical one (FEM) analysis. Two sections have been 

considered, the first one is directly above the tunnel, the second is 4m above the twin tunnels. According to the previously mentioned 

formula, the value of settlement seems to be almost the same as the finite element method. Still there is deviation in the centerline of 

the tunnel in the numerical simulation as appear in fig 7, which leads to consider that this relation is applicable for twin tunnels in a 

slope with considering the deviation.  

 

 
                directly above the tunnel                                                                      4m above the tunnel 

Figure 7. verification the FEM fill and rock model 

3.4. Rock instead of fill 

As previously mentioned, the location of fill in the tunnel's entrance was the most notable geological feature. Instead of 

fill soil, rock of limestone similar to the first soil layer was used to study the impact of fill soil. Fig. 8. Shows that the rock 

converts the shape of displacement from (v) shape to (w) shape. 
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Figure 8. Effect of change fill to rock on settlement 

3.5 Parametric study 

Three major parametric studies have been carried out. The first included changing the distance between the two tunnels. 

The second was about the sequence of excavation, the third includes soil parameters variation such as the modulus of 

elasticity (E), the cohesion (C) and the friction angel. 

3.5.1 Effect of The distance between two tunnels 
In this case study, the distance in the site between the two tunnels was 21m, then two distances have been made 2m and 

40m. the results appear in figure (9). The results show that with increasing the distance the displacement in the road has been 

decreased. Also when the distance has increased the shape of the settlement will be different because of preventing the 

overlapping in the settlement. Thus, it can be concluded that with increasing the distance between twin tunnels the (v) shape 

of settlement will convert to (w) shape. Figure (10) shows the variation of the maximum settlement with the distance 

variation. 

 

 
Fig. 9: the effect of the distance on settlement                         Figure 10.maximum settlement with distance between tunnels 

3.5.2 Sequences of excavation 
The first 25 meters of the left tunnel have been dug at the site, and the excavation of the following tunnel has begun. 

The two major examples in this parametric research are: constructing both tunnels at the same time, excavate the whole first 

tunnel then the whole second tunnel, in addition to the main case which is excavate the first 25m of the first tunnel then 

excavate both at the same time. The results are shown in figure (11). 
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Figure 11. Settlement various with sequences of excavated (one by one-both tunnel). 

3.5.3 Modulus of Elasticity, cohesion and friction angel 
For the fill soil, various values of the modulus of Elasticity (E), cohesion (C), and friction angel (phi) were employed 

in this parametric research, to know the impact of these values on the shape and values of displacement on the road. The 

results shown in the following figures. Based on the three distinct soil characteristics, it appears that the variation of 

friction angel and cohesion affect the settlement value and shape (convert the settlement shape from U shape to W shape), 

The elasticity modulus, on the other hand, affects the settlement value but not the shape. In both figures (12 and 13) it can 

be note that with increasing the modulus of elasticity and cohesion the vertical displacement will decrease. However, 

increasing cohesion has a greater impact on settling value than the modulus of elasticity. figure (14) illustrates how the 

friction angle affects the form and values of the settlement. The figures (15-17) shows the maximum settlement with the 

(modulus of elasticity, cohesion and friction angel). 

 

 
 

  
Fig. 12: The effect of modulus 

of elasticity on settlement 

Fig.13 the effect of cohesion on 

settlement 

Fig.14.the effect of friction angel on 

settlement 
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Fig.15: maximum settlement with 

modulus of elasticity variation 

Fig. 12: Maximum settlement with 

cohesion variation 

 

Fig.13:maximum settlement 

with friction angel variation 

 

 

Conclusion 

The impact of the execution twin tunnels on the settlement trough and values is shown in this paper. the results of 

numerical model are calibrated based on the measured data from site.in addition, the numerical results have been verified 

with analytical solution method which includes new equation to predict the settlement. moreover, this paper includes main 

case and a parametric study which includes many conditions. the following conclusions can be obtained: 

 

1. Using piles during the excavation of twin tunnels in a slope prevents settlement overlaps. 

2. The fill makes the settlement between the two tunnels overlaps, while when replacing the fill in rock, the displacement 

was smaller and the overlaps between the settlements of the two tunnels decreased. 

3. The cohesion and friction angel affects the value of settlement and the settlement trough (overlapping) more than the 

modulus of elasticity.  

4. The most effective factors which increases the settlement was the closest distance between the tunnels which was 2 m, 

because it permits large interaction. 

5. Using the analytical solution to verify the numerical results gives good agreement.  

6. The analytical solution may be utilized in practical engineering to estimate settlement above twin tunnels on a slope 

while taking the tunnel centerline deviation into account. 

7. MC model for rock simulation shows good agreement with site readings. 
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