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Abstract: This paper aims at influence analysis of approaching excavation on adjacent segments for

twin tunnels with variable clear spacing located in Beijing, China. A series of numerical simulations

have been conducted to investigate the influence of approaching excavation on ground displacements

and mechanical responses of segments. What’s more, on-site monitoring was conducted at the

position of the minimum spacing between the twin tunnels. It is found that the deformation of

the measured segment presents a pronounced asymmetric ovalization when the second tunnel

approaches the measured cross-section. During the approaching excavation of the second tunnel,

the normal force increases gradually, whereas the bending moment first decreases and then increases.

The maximum increments of internal forces in the measured segment are both located at the regions

near the second tunnel, in which the springline and shoulder of the segment are mainly subject to the

effect of the circumferential compression and axial tension. The approaching excavation reduces the

horizontal displacements of the ground between twin tunnels and increases the ground settlements

as well as the horizontal displacements of the ground on both sides. The actual tunneling case of first

along the curved trajectory and then along the straight-line trajectory can reduce internal forces of

the segment.

Keywords: twin tunnels; approaching excavation; strain increments; on-site monitoring;

curved trajectory

1. Introduction

The shield tunneling method has the advantages of high safety, fast construction speed and

good construction quality, so it has become the main method for tunnel construction in crowded

urban areas [1–3]. For subway tunnels, twin-tunnels are more common because of two-way traffic.

As compared to one single big tunnel, twin-tunnels have advantages in technical feasibility, less

ground movement and smaller lining force [4]. However, it is challenging to ensure the stability

of the surrounding soil and the safety of the first tunnel structure during the construction of the

second tunnel [5–7]. Tunnel-ground-tunnel interactions are inherent complex especially when the

clear distance is small enough [8]. The interaction mechanisms depend on the tunnel geometries,

geological conditions, and the construction loadings, etc. If the clear spacing is less than the external

diameter of the second tunnel, it is necessary to demonstrate the safety of construction sufficiently,

which was stipulated in the standard specification for shield tunnels proposed by the Japan Society of

Civil Engineers [9].

In order to investigate the interaction mechanisms between twin tunnels, several approaches

have been carried out, which include theoretical analyses, numerical simulations, and field tests.

Appl. Sci. 2020, 10, 98; doi:10.3390/app10010098 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
http://dx.doi.org/10.3390/app10010098
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/10/1/98?type=check_update&version=2


Appl. Sci. 2020, 10, 98 2 of 19

Liang et al. [10] obtained the unloading vertical stress field beneath the new tunnel based on Mindlin

solutions [11]. Kong et al. [12] obtained the analytical solution of the displacement field of twin tunnels

by using the Schwartz alternating theory. The ground settlements during the construction of twin

tunnels were predicted by the experimental and numerical methods [1,13–15]. The influence of the

interaction between twin tunnels on the horizontal and vertical ground displacements will induce the

variations of structural forces during the approaching excavation [16].

The field measurement on the strain (or stress) increments in the segment induced by the

approaching excavation were carried out by Gao et al. [9]. Unfortunately, comparative and

parametric analyses have not been implemented via numerical or analytical methods [17–21].

The finite element modeling was performed to predict the influence of approaching excavation

on the ground displacements and the structural forces in the segment of twin tunnels [22–24]. However,

the construction loadings (e.g., friction force, jacking force, grouting pressure, etc.) were not simulated

in detail. Note that the lateral spacing between twin tunnels in the above investigations is constant

along the tunneling direction, while this condition of equal spacing is often subject to other factors and

cannot meet in actual engineering.

In this paper, twin tunnels with variable clear spacing is taken as a case study. The meticulously

and completely real-time monitoring on the adjacent segment has been carried out. Furthermore,

the influence of the tunnel approaching excavation on the internal forces of the segment and the ground

displacements is researched thoroughly. Finally, the optimization of successive excavation of the

curved tunnel and straight-line tunnel with this project as the background is discussed. The research

results provide references for the shield construction of closely spaced twin tunnels.

2. Case Studied Tunnels

Twin tunnels have been built for the tunnel running from Caoqiao station to Fanjiacun station of

metro line 10 in Beijing, China. A curved shield tunneling with a curvature radius of 840 m is prior to

the second straight-line tunneling due to the restriction of site conditions. The plan view of twin tunnels

of D = 6 m in close proximity to each other is shown in Figure 1a. During the approaching excavation,

the distance between the two excavation faces along the route is larger than 200 m. The lateral spacing

between the first tunnel and the second tunnel is gradually reduced to 2.7 m (less than D/2, D is the

external diameter of the tunnel) and then increases gradually as the second TBM shield advances away.

Based on the geotechnical investigation report and the similar soil parameters adjacent to the existing

project [25], the specific characteristics of the soil strata (Figure 1b) are summarized in Table 1. Friction

angle and cohesion were obtained by direct shear tests. Young’s modulus and Poisson ratio were

obtained based on the standard triaxial tests and the similar soil parameters adjacent to the existing

project [25]. Density was obtained by the cutting ring method.
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Figure 1. (a) Plan view of the project site; (b) Geological profile of Cross-section B.

Table 1. Soil properties.

Type of Soil
Thickness

(m)
Young’s Modulus

(MPa)
Poisson

Ratio
Cohesion

(kPa)
Density
(kN/m3)

Friction
Angle (◦)

Artificial fill 1 18.5 0.25 16 16.5 12.2
Sandy silt 2.1 26 0.22 28 19.5 24.1

Silty-fine sand 2.7 35 0.26 0.2 20 26.8
Round gravel 6 45 0.3 0.3 20.5 35
Sandy cobble 38.2 130 0.18 0 21.5 40

Table 2 presents the specific specifications of the TBM shield as well as the circular segment consists

of 5 regularly shaped blocks and a small-sized key block. The TBM shield utilized in this project is

Herrenknecht shield machine (S-399), which belongs to earth pressure balance tunnel boring machines

(EPB-TBM). The average advance rate and thrust force are 35 mm/min and 11.2 MN, respectively.

The average rotation rate and torque of cutting wheel are 1.8 r/min and 3300 kN·m, respectively.

Especially, for the curved tunnel, the (double-sided) wedge-shaped segments were applied, the wedge

magnitude and wedge angle of which are 48 mm and 0.46◦, respectively.

Table 2. Parameters for the TBM shield and segment.

External
Diameter (m)

Thickness
(cm)

Length/Width
(m)

Density
(kN/m3)

Elastic Modulus
(GPa)

Poisson
Ratio

Shield 6.28 5.5 8 78 235 0.2
Segment 6 30 1.2 25 34.5 0.2

In view of the particularity and complexity of the approaching excavation, the staged construction

of the second straight-line tunnel will inevitably have an impact on the first curved tunnel, especially

for the position of the minimum spacing between twin tunnels. To ensure the safety of the structure

of the first tunnel, the vibrational chord strain gauges were arranged on the internal surface of the

segment of the first tunnel at Cross-section B (Figure 1a), which hereafter is called the measured

segment or measured cross-section. As shown in Figure 2, the monitoring strain gauges were set in

the three positions (α = 0◦, +45◦, and −45◦), with each position existing two strain gauges that are

oriented towards the circumference and axis, respectively. The initial frequency f 0 was obtained when

the distance from the measured cross-section to the second tunnel face is close to 100 m. Subsequently,
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the monitoring frequency f n was recorded in real-time as the second tunnel advances. Then the strain

increments ε can be estimated by:

ε = k(f n − f 0), (1)

where k denotes the coefficient of the strain gauges calibrated before they are delivered.

  
(a) (b) 

Figure 2. Layout of the on-site monitoring strain gauges. (a) Abridged general view; (b) Zoom view.

3. Description of Numerical Simulations

3.1. Numerical Models

In order to ensure that the numerical modelling is as close as possible to an actual excavation

process, the modeling tunnel length should be sufficiently large in case that condition permitted [26,27].

In the proposed model, an approximate length of 153 m in the tunneling direction is adopted, as

shown in Figure 3a. After the excavation of the first tunnel is finished, the second tunnel sequentially

passes through the cross-sections A, B, and C (Figure 3b). Taking Cross-section B as the measured

cross-section, the positions at the middle, left and right sides of the twin tunnels are respectively

marked as the monitoring axes MP, LP and RP in its lateral view (Figure 3c).
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Figure 3. Cont.
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Figure 3. Finite element model. (a) Perspective view; (b) Plan view; (c) Lateral view of Cross-section B.

3.2. Characteristics of Three-Dimensional Entity

As shown in Figure 4, the component instances in this model are simulated by solid elements

(C3D8R in ABAQUS), with a total of 264,672. The classical Mohr-coulomb constitutive model was

utilized to model the soil. Descriptions of model parameters are listed in Table 1. In addition,

the dilatancy angle ψ is assumed to depend on the friction angle ϕ, namely ψ = ϕ − 30◦ if ϕ > 30◦,

ψ = 0 if ϕ < 30◦ [28].
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Figure 4. Illustrated simulation of the TBM progressive advancement.

The TBM shield is assumed as a cylindrical shape with conicity ignored [29]. Due to the presence

of the cutter-head as well as chamber, the elastic modulus and thickness of the shield in the models are

10 and 2 times greater than those in Table 2, respectively [30]. Nevertheless, the elastic modulus of

the segments needs to be reduced due to the simulations of longitudinal or circumferential joints are

ignored. Consequently, the modulus of the concrete segments is assumed as 25.9 GPa in the case of the

reduction factor of 0.75 [30].

According to the time-dependent elastic modulus of the grout material [31], the filling grout

(Figure 4) between the excavation interface and the segmental outer wall is defined by the annular

concrete elements with two-phase elastic behaviors. Combined with actual grouting timing and

boring rate, the elastic moduli of fresh grout and hardened grout are assumed as 3 MPa and

500 MPa, respectively.

Unlike the straight-line tunnel, overcutting at the inner side of the curved tunnel needs to be

considered, which is simulated via equivalent, semicircular zone elements with low modulus and thin

thickness (Figure 4). The mechanism of over-excavation for articulated TBM shield is illustrated in

Figure 5, where LM1 and LM2 are the lengths of front shield body and rear shield body, respectively [32].
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Figure 5. Over-excavation of a curved tunnel.
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Considering promptly support after excavation, it is assumed that the overcutting ω is equal to

one-third of the theoretical value (Ga) [33,34]:

ω =

√

(Q + R)2 + L2
M2
− (Q + R)

3
(2)

where Q is the curvature radius of the curved tunnel, R is the external diameter of the TBM shield,

LM2 = 2b, and b is equal to one ring width.

The value of overcutting ω considered in the numerical analyses is 1.14 cm, which is ten times

the calculated value obtained by substituting the following parameters into Equation (2): Q = 840 m,

R = 3.14 m, b = 1.2 m. Meanwhile, the modulus of the elements of overcutting is 13 MPa, which is

one-tenth of the original value [35].

3.3. Modelling of Construction Loadings

As shown in Figure 4, the construction loadings considered in this model from the excavation face

until the shield tail are in sequence of the face pressure [36], the friction force between the shield skin

and the ground, the jacking force and the grouting pressure [37–39].

• It is assumed that the pressure exerted by the TBM on the excavation face varies linearly with

elevation according to ground density. The reference pressure at the tunnel axis is usually set as

half of the sum of stresses at the tunnel crown and invert [40]. During the actual construction,

an additional pressure of about 15 kPa is enforced on the excavation face [41]. As a result,

the face pressures at the axes of the first and second tunnels are assumed as 141 kPa and 148

kPa, respectively.

• It is assumed that the grouting pressure acting on both the ground and segment is uniform

distribution, and is related to the ground overburden pressure at tunnel crown [42]. As a

result, the grouting pressures acting on the first and second tunnels are assumed as 3.3 bar and

3.1 bar, respectively.

• In order to simplify the simulation, the total force of hydraulic jacks is loaded equally on the

circumferential surface of the installed segment [27]. For both the first curved tunnel and the

second straight-line tunnel, the jacking force per unit area is about 2.1 MPa. However, it is worth

noting that the direction of the jacking force vector is not perpendicular to the acting surface for

the first curved tunnel. In other words, an angle between it and the central axis of the newly

installed segment exists to achieve a curved trajectory.

• In ABAQUS, the friction force indirectly exerted on the soil is simulated via a contact pair consisting

of the excavation interface and the shield skin. Furthermore, the Coulomb friction law is assumed,

and the friction coefficient is set as 0.25 [30].

3.4. Shield Tunneling Process

Due to the large quantities of elements in this model, the appropriate reduction of the step numbers

is performed to improve the calculation efficiency. Specifically, the process consists of a sequence of

excavation steps, with each step following a set of procedures that result in the advancement of the

width of two rings. The excavation of the first tunnel is conducted from step 1 to step 66; the excavation

of the second tunnel is conducted from step 67 to step 128.

Taking the step of digging ground slice “n” as an example (Figure 4), the consecutive procedures of

simulating the second shield tunneling may be referred to [35]. Particularly, with the advancement of the

TBM shield from slices “n–3” to “n–1”, the segment is installed by activating slice “n–3”. The prescribed

grouting pressure on both the ground and segment is loaded at slice “n–3”. Simultaneously, the elements

of fresh grout and hardened grout are activated at slices “n–3” and “n–8”, respectively.
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4. Numerical Analysis Results and Comparisons

4.1. Influence of Approaching Excavation on Ground Displacements

4.1.1. Ground Surface Settlement

In order to avoid the influence of the model boundary, the calculation results from step 67 to step

76 and from step 119 to step 128 are not included in the following analysis. In other words, the range

from step 77 to step 118 (corresponding to the excavation of the second tunnel from Cross-section A to

Cross-section C in Figure 3b) is taken as the effective influence range of the approaching excavation.

Figure 6 shows the evolutions of ground surface settlement at the measured Cross-section B

during the approaching excavation. When the second tunnel is far from the measured cross-section

(at Cross-section A), the transversal settlement trough is approximately symmetric with respect to

the curved tunnel axis. It indicates that the small overcutting of this project has little effect on the

surface settlement. When the second tunnel approaches the measured Cross-section B, the settlement

trough shifts toward the second tunnel due to the construction loadings caused by the approaching

excavation. When the second tunnel approaches Cross-section C, the peak value and width of the

settlement trough is increased, and the settlement 80% larger than that when approaches Cross-section

A is not located over the middle position between twin tunnels. This asymmetric characteristic of the

settlement trough was also predicted by experimental, analytical and numerical methods [16,32,43,44].
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Figure 6. Ground surface settlements at measured Cross-section B during the approaching excavation.

4.1.2. Horizontal Ground Displacement

Figure 7 shows the evolutions of the horizontal displacement of the ground located at the middle

position between twin tunnels (i.e., the MP axis located at Cross-section B in Figure 3) during the

approaching excavation. Positive values on the abscissa indicate the ground inclines to the second

tunnel, and negative values indicate the ground moves towards the first tunnel.

When the second tunnel is far from the measured cross-section (at Cross-section A), the ground

within a span of D/2 nearby the tunnel axis inclines to the second tunnel; while the ground nearby the

surface moves towards the first tunnel. When the second tunnel approaches the measured Cross-section

B, the ground moves towards the first tunnel, which is mainly affected by the construction loadings

during the approaching excavation.
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Figure 7. Horizontal ground displacements along the MP axis during the approaching excavation.

As a result, the peak value of horizontal displacement that inclines to the second tunnel (at about

17 m below the surface) reduces by 82% as compared to that when approaches Cross-section A; while

the peak value that moves towards the first tunnel (at about 12 m below the surface) raises by 159%.

When the second tunnel approaches Cross-section C, the ground again moves towards the second

tunnel, which is mainly affected by the ground loss [45] during the approaching excavation. As a

result, the peak values that inclines to the second tunnel and the first tunnel are 0.5 mm smaller than

those at Cross-section B.

Figure 8 shows the evolutions of the horizontal displacement of the ground located at the left

side and the right side of twin tunnels (i.e., LP and RP axes located at Cross-section B in Figure 3c)

during the approaching excavation. Positive values on the abscissa indicate the ground inclines to

twin tunnels, and negative values indicate the ground moves outward. When the second tunnel is

far from the measured cross-section (at Cross-section A), the ground at both sides presents similar

variations as compared to that at the MP axis. The peak value of the displacement that moves outward

at the LP axis is larger than that at the RP axis.
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Figure 8. Horizontal ground displacements along the LP and RP axes during the approaching excavation.
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When the second tunnel approaches the measured Cross-section B, the ground nearby the tunnel

axis moves outwards. The increment of displacement that moves outward at the RP axis is fairly

pronounced, the peak value of which is close to that at the LP axis. This is a consequence of the existing

(first) tunnel, which obstructs the transfer of lateral pressing effect. When the second tunnel approaches

Cross-section C, the ground nearby the tunnel axis again moves outward; while the ground nearby the

surface moves towards the tunnels. The increment of the former movement is smaller than that of the

latter one. Under the dual action of ground loss and ovalization of the tunnel structure, the peak value

of the displacement that moves outward at the LP axis (nearby the tunnel axis) is 0.3 mm larger than

that at the RP axis. However, the peak value that inclines to the tunnels at the LP axis (nearby the

surface) is 0.8 mm smaller than that at the RP axis.

By comparing the results when approaching cross-sections A and C in Figures 7 and 8, it can be

seen that the approaching excavation reduces the horizontal displacements of the ground located at

the middle position between twin tunnels; whereas increases those at both sides.

4.2. Influence of Approaching Excavation on Adjacent Tunnel

Figure 9 shows the evolutions of internal forces in the measured segment during the approaching

excavation. The negative values indicate that the forces are in compression and moment anticlockwise.

When the second tunnel is far from the measured cross-section (at Cross-section A), the profiles of

normal force and bending moment are asymmetric with respect to the curved tunnel axis, which is

mainly affected by the overcutting in the curved tunnel. After that, the asymmetric characteristics

become more striking due to the approaching excavation. As the second tunnel approaches and keeps

away from the measured cross-section (i.e., successively approaches cross-sections B and C), Figure 9a

shows the gradual increase in the normal force. The increments at the tunnel springline near the second

tunnel (α = 0◦) and the tunnel crown (α = 90◦) are larger than those at the tunnel springline far from

the second tunnel (α = 180◦) and the tunnel invert (α = 270◦), respectively. When the second tunnel

approaches the measured Cross-section B, Figure 9b shows the decrease in the absolute magnitude of

the bending moment. Nevertheless, when approaching Cross-section C, the absolute magnitude of

the bending moment increases as compared to that when approaches Cross-section A. The changes

of bending moment between the cases of far from and passed over the measured cross-section occur

at the regions near the second tunnel (from α = −90◦ to α = 90◦) are more obvious than those at the

regions far from the second tunnel (from α = 90◦ to α = 270◦). This result is consistent with the results

obtained by Kim et al. and Do et al. [5,16], who reported that the maximum increment of bending

moment in an existing tunnel is located at the regions near a new tunnel.
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Figure 9. Internal forces in the measured segment along the periphery during the approaching

excavation: (a) normal force; and (b) bending moment.
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4.3. Comparison of Numerical and Monitored Results

Figure 10 shows the contours of the circumferential strain and the deformations of the measured

segment at three stages. When the second tunnel is far from the measured cross-section (Figure 10a),

the deformed configuration of the segment, scaled with factor 200, presents a slight difference with

that calculated by Ninić [46] with respect to a straight-line shield tunnel. The difference is that the

deformations at the inner side of the curved tunnel are larger than those at the outer side. The reason

for the asymmetry of deformations on both sides of the curved tunnel is that the resistance of strata

at the inner side of the curved tunnel is weakened due to the overcutting. When the second tunnel

approaches the measured cross-section (Figure 10b), a more asymmetric and increased ovalization is

presented as compared to Figure 10a. This is a consequence of the approaching excavation, which

generates a pronounced lateral pressing effect on the measured segment. As the second tunnel keeps

away from the measured cross-section, the deformations of the segment at Cross-section C no longer

changes significantly.

Ninić 

  
(a) (b) 

 
(c) 

α α 
α 

α 

Figure 10. Circumferential strain and deformation of the measured segment when the excavation face

of second tunnel approaches: (a) Cross-section A; (b) Cross-section B; and (c) Cross-section C.

In order to investigate the spatial effect of the approaching excavation of the second tunnel on

the first tunnel, Figure 11 shows the variations of the longitudinal deformations in the measured

segment during the approaching excavation. Positive values on the ordinate indicate the deformations

in the direction of the TBM advance. During the approaching of the second tunnel to the monitored

Cross-section B, the monitored segment moves toward the direction of the TBM advance. However,

it moves toward the reverse direction during the TBM shield gradually keeps away from the monitored

cross-section. Among them, the variation of the point at the inner side of the curved tunnel (α = 180◦)

is more obvious than that at the outer side (α = 0◦), which is due to the influence of the overcutting.

The variation of the point at the tunnel crown (α = 90◦) is more obvious than that at the tunnel invert

(α = 270◦). These significant variations mainly occurred within about 30 m from the front of the
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monitored cross-section. In other words, the longitudinal range of the impact of the approaching

excavation on the structure of the first tunnel is 30 m (5D).
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Figure 11. Variations of the longitudinal deformations in the measured segment during the

approaching excavation.

Taking the strain values when the second tunnel approaches Cross-section A (step 77) as the

initial values, after each excavation step, the strain increments due to the approaching excavation

are calculated as shown in Figure 12. The strain increments at each monitoring point remain small

until the excavation of the second tunnel with a lagged distance of about 24 m (10 steps) behind the

measured cross-section. After that, the strain increments develop gradually and reach the peak values

when the second tunnel face arrives near the measured cross-section. Eventually, the strain increments

are going to stabilize after the TBM shield passes over the measured cross-section. In particular,

the fluctuation amplitudes of circumferential strain increments are larger than those of axial strain

increments. Concretely, the variations of the strain increments nearby the measured cross-section are

summarized as follows:

• The circumferential strain increment at C1 firstly develops as tensile strain; then fluctuates towards

the reverse direction; finally stabilizes in the compressive strain state. The circumferential strain

increment at C2 mainly fluctuates within the range of compressive strain. These variations indicate

that the impact of the approaching excavation is significant on the measured segment at the tunnel

springline and shoulder regions, which are mainly subject to the circumferential compression.

• The circumferential strain increment at C3 firstly develops as tensile strain and subsequently

stabilizes. It shows that the impact of the approaching excavation is slight on the measured

segment at the tunnel base region.

• The variation of axial strain increment at A2 is similar to that at A1. The fluctuation amplitude

of the former is smaller than that of the latter one. These variations indicate that the impact of

the approaching excavation is significant on the measured segment at the tunnel springline and

shoulder regions, which are mainly subject to the tensile compression.

• The axial strain increment with small value at A3 firstly develops as tensile strain; then fluctuates

towards the reverse direction; finally stabilizes in the compressive strain state.
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Figure 12. Numerical results of (a) circumferential strain increments and (b) axial strain increments.

According to the monitoring data, Figure 13 presents the variations of the circumferential and axial

strain increments in the measured segment during the approaching excavation. The results obtained by

numerical simulation agree well with the monitored results, but the peak values achieved from on-site

monitoring are larger than those from the numerical model. The most probable reason for this difference

is due to the interference of excavation equipment, construction procedures, and ambient temperature.

Furthermore, numerical simulation is conducted in an ideal condition. Ignoring the influence of

longitudinal or circumferential joints will inevitably exaggerate the stiffness of the segmental linings.
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Figure 13. Variations of strain increments in the measured segment during the approaching excavation:

(a) circumferential strain increments; and (b) axial strain increments.

5. Optimization of Construction Schemes

The above tunneling case of first along the curved trajectory and then along the straight-line

trajectory is taken as the case I, and the construction case of first along the straight-line trajectory and

then along the curved trajectory is taken as the case II. In this section, the numerical simulation of

case II is performed to compare the differences between these two cases on ground displacements

and internal forces. When the second tunnel approaches Cross-section C, the results (at step 118) are

observed for the contrastive analysis.
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5.1. Ground Displacement

Figure 14 shows the variations of ground surface settlement at the measured Cross-section B

(Figure 3a) and horizontal ground displacement at LP, MP and RP axes (Figure 3c) in two construction

cases. As seen in Figure 14a, the peak value of the settlement in case II is about 0.2 mm larger than

that in case I and is closer to the middle position between twin tunnels. As seen in Figure 14b, for

the ground at both sides (LP and RP axes), little difference can be observed between these two cases

on horizontal ground displacements. For the ground at the middle position between twin tunnels

(MP axis), the peak value of the displacement that moves towards the curved tunnel in case II is about

1.3 mm smaller than that in case I.
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Figure 14. Comparisons of ground displacements in two construction cases: (a) ground surface

settlement; and (b) horizontal ground displacement.

5.2. Internal Forces in the Segment

Figure 15 shows the variations of internal forces in the measured segment of the first tunnel in

two construction cases. The profiles of normal force and bending moment in these two cases are

asymmetric with respect to the tunnel axis. The peak values of internal forces occur at the regions

near the second tunnel. As seen in Figure 15a, the peak value of normal force in case II (α = 180◦) is

about 189 kN/m larger than that in case I (α = 0◦). As seen in Figure 15b, the peak value of the negative
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bending moment in case II (α = 165◦) is about 9 kN·m/m larger than that in case I (α = 345◦); The peak

value of the positive bending moment in case II (α = 90◦) is about 17 kN·m/m larger than that in case I

(α = 75◦).
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Figure 15. Comparisons of internal forces in the measured segment of the first tunnel: (a) normal force;

and (b) bending moment.

Furthermore, the safety factors of the concrete member are introduced to make a comparison

of the construction schemes [47]. If the eccentricity e0 of a rectangular concrete member is less than

one-fifth of its thickness h (i.e., e0 ≤ 0.2h), the bearing capacity of the concrete member is controlled by

its compressive strength. If e0 > 0.2h, the bearing capacity is controlled by its tensile strength. Then the

safety factors (Kc or Kt) can be estimated by:

Kc =
β1β2Rcb1h

N , (e0 ≤ 0.2h),

Kt =
1.75β1Rtb1h

N(6e0/h−1)
, (e0 > 0.2h)















(3)

where β1 and β2 denote the buckling and acentric coefficients, respectively, Rc and Rt denote the

ultimate compressive and tensile strengths of concrete, respectively, and b1 denotes the width of the

member. Specifically, e0 is the ratio of bending moment (M) to normal force (N) calculated above,

h = 0.4 m, β1 = 1, Rc = 36.5 MPa, Rt = 3.1 MPa, b1 = 1 m, while β2 can be calculated by:

β2 = 1 + 0.648
e0

h
− 12.569(

e0

h
)

2
+ 15.444(

e0

h
)

3
(4)

The safety factors for the two construction cases are obtained by Equations (2) and (3). As shown

in Figure 16, the distribution of safety factors along the periphery in case I can effectively cover the

results in case II. Moreover, the minimum safety factor in case I (13.6) is larger than that in case II (6.0),

which indicates that the concrete member in case I is safer.

In general, the selection of a reasonable construction scheme requires the integrated consideration

of the influence of approaching excavation on the displacements of the surrounding environment and

the internal forces of the tunnel structure. If the case I is selected, it will result in smaller internal forces

of the segment. If the case II is selected, it will result in a smaller horizontal displacement of the ground

between twin tunnels. In actual construction, the case I is selected as the implementation scheme.

From the perspective of effectively controlling the vertical displacement of the ground and the

internal forces of the tunnel structure, this decision is relatively reasonable. Note that the construction

loadings should be reasonably controlled to prevent excessive horizontal displacements.



Appl. Sci. 2020, 10, 98 16 of 19

 

0

30

60

90

120

150

180

210

240

270

300

330

0

10

20

30

40

6.0
13.6

 Case I

 Case II

S
af

et
y
 f

ac
to

rs
 

Segment

Figure 16. Comparisons of safety factors.

6. Conclusions

A series of numerical simulations and on-site monitoring have been conducted in this paper to

analyze the influence of approaching excavation on adjacent segments for twin tunnels in Beijing, China.

The effects of the approaching excavation on the ground displacement and segment internal forces were

discussed. The contrastive analysis was performed with two construction schemes. The achievements

of the present study are possible to be drawn as follows:

(1) The deformation of the measured segment is asymmetric with respect to the tunnel axis due

to the influence of the overcutting. Under the influence of lateral pressing effect induced by

approaching excavation, a pronounced asymmetric and increased ovalization is presented on the

measured segment when the second tunnel approaches the measured cross-section.

(2) As the second tunnel approaches and keeps away from the measured cross-section, the peak value

of the ground settlement at the monitoring cross-section always shifts toward the second tunnel,

and the ground nearby the tunnel axis on both sides always moves outward. Under the influence

of construction loadings, soil loss and ovalization of the segment, the approaching excavation

reduces the horizontal displacements of the ground between twin tunnels and increases the

ground settlements as well as the horizontal displacements of the ground on both sides.

(3) When the second tunnel is far from the measured cross-section, the profiles of internal forces in

the measured segment are asymmetric with respect to the curved tunnel axis, which is mainly

affected by the overcutting. After that, the asymmetric characteristics become more striking

due to the approaching excavation. As the second tunnel approaches and keeps away from the

measured cross-section, the normal force increases gradually, whereas the bending moment first

decreases and then increases. The maximum increments of normal force and bending moment

are both located at the regions near the second tunnel.

(4) For the curved tunnel and straight-line tunnel required for excavation in this project, the tunneling

case of first along the curved trajectory and then along the straight-line trajectory will result

in smaller internal forces of the segment. However, the construction case of first along the

straight-line trajectory and then along the curved trajectory will result in a smaller horizontal

displacement of the ground between twin tunnels.
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(5) The variations of strain increments obtained by numerical simulation agree well with the monitored

results. The impact of the approaching excavation is significant on the measured segment at

the tunnel springline and shoulder regions, which are mainly subject to the circumferential

compression and axial tension.
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