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Abstract. Subway tunnels are often designed as twin or multiline overlapping tunnels. The sheltering effect
from the upper tunnel on the excavation of the lower tunnel is obvious. However, the mechanism of this
sheltering effect has not been examined via detailed systematic research. Therefore, in this paper, centrifugal
model tests on the excavation of vertical twin tunnels under typical sheltering conditions were carried out. Then,
relevant numerical simulations were conducted, focusing on the change law of the ground and pipeline settlements and the principal stress and shear strain of soil under different sheltering conditions. Combining the
results of the centrifugal model tests and relevant numerical simulations, for twin tunnels in an overlapping
arrangement, the maximum ground settlement is caused by the excavation in the sequence of the upper tunnel
ﬁrst. However, for twin tunnels in a shouldering arrangement, the opposite sequence is caused by the sheltering
effect. Sheltering effect is most prominent when the twin tunnels are in an overlapping arrangement. When the
horizontal distance between the twin tunnels is 1DT, the ground settlement caused by excavation in the different
sequences is the same. It is a critical state in which the sheltering effect is balanced with a disturbance effect.
When the horizontal distance is from 1DT to 1.8DT, the sheltering effect gradually decreases, and the disturbance effect dominates as the distance increases. When the horizontal distance is more than 1.8DT, the sheltering effect basically disappears, and only the disturbance effect exists. Finally, the sheltering coefﬁcient C is
proposed, which is related to the horizontal distance between the twin tunnels. By introducing the stochastic
medium theory, an equation is proposed, which can quantitatively predict the ground settlement by excavation
under sheltering effects at different horizontal distances.
Keywords. 3D ﬁnite element (FE) numerical simulation; twin tunnels; sheltering effect; stochastic medium
theory; ground settlement; pipeline.

1. Introduction
With increasing serious congestion in ground transportation, the subway system has been rapidly developing
worldwide. Underground trafﬁc has become networked and
stereoscopic, mainly manifesting in twin or multiline
overlapping subway tunnels. Generally, these tunnels have
been constructed separately for safety. The posterior
excavation will inevitably be sheltered by the priority one,
which is a particularly serious event during construction. In
addition, there are intricate underground pipeline nets for
daily life. Therefore, the inﬂuence on the ground and buried
pipelines caused by the excavation of twin shield tunnels
has been a focus of attention [1].

*For correspondence

For overlapping twin tunnels, when the upper tunnel
construction is completed, the excavation of the lower
tunnel will be restricted this will be referred to as a sheltering effect. It is the manifestation of the interaction
between the soil and tunnels, which is the resistance of the
tunnel to the movement of the surrounding soil. Centrifugal
model tests and numerical simulations are valid research
techniques for tunneling studies. In these studies, the
ground settlement, pipeline settlement, bending moment of
pipeline and soil strain around pipeline caused by tunnel
excavation under different loss rates of the strata are analyzed [2, 3]. For example, the excavation of twin tunnels at
the same depth leads to obvious differences in the ground
settlement and pipeline deformation [4]. The difference
changes with the distance between the tunnels and the
construction sequence [5–8]. The settlement and
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deformation of the ground and pipelines caused by tunnel
excavation under the sheltering effect of the upper tunnel
have not been examined in detail. In particular, the impact
mechanism of this effect and the quantitative analysis of the
ground settlement are still insufﬁcient. Thus, it is necessary
to systematically investigate the sheltering effect of the
excavation of vertical twin tunnels on the ground settlement
and pipelines.
In this study, ﬁrst, centrifugal model tests of the excavation are carried out, under typical sheltering conditions of
twin tunnels beneath an existing pipeline. Then, according
to the working conditions of the tests, numerical simulations are carried out, focusing on the change law of the
ground settlement, pipeline settlement, principal stress and
shear strain of the soil. Based on the results above and the
stochastic medium theory, the sheltering coefﬁcient C is
proposed, which represents the sheltering effect related to
the horizontal distance L between the twin tunnels. The
simpliﬁed method can be used to predict the ground settlement under the sheltering effect.

2. Centrifugal model test
In this paper, two sets of centrifugal model tests were
carried out under two typical sheltering conditions of vertical twin tunnels in a formation with existing pipelines.
The centrifugal acceleration was 60 g. Figure 1 shows the
layout of the centrifugal test. The ﬁrst one is called the
shouldering arrangement (tunnel with a black outline), and
the second one is called the overlapping arrangement
(tunnel with a red outline). To clearly show the sheltering
condition, the upper tunnel was excavated ﬁrst, and the
lower tunnel was excavated second. The pipeline model
consisted of 6016 aluminum tubes with an outer diameter of
31.75 mm, a thickness of 2.08 mm and a length of 1150
mm. According to the scale factors [9], the dimensions of
the model pipeline were equivalent to 1.905 m, 0.126 m and

69 m in prototype, respectively. The model tunnels were
made of aluminum and were 100 mm in diameter and 3 mm
in thickness, which were equivalent to 6 m and 0.18 m in
prototype scale. A set of silicone rubber membranes was
placed inside and outside the tunnel, as shown in ﬁgure 2.
When preparing the test, a heavy ZnCl2 ﬂuid with the same
density as soil was injected into the rubber membrane.
During the test, the heavy liquid was released from the
inner and outer membranes to simulate the gravity loss and
the formation loss caused by tunnel excavation at the same
time. The test scheme and steps in detail are shown in the
paper [8].

3. Numerical simulations
To explore the tunnel-tube-soil interaction under different
sheltering conditions, three-dimensional numerical simulations were carried out. The inﬂuence of the sheltering
effect on the ground settlement and pipeline deformation
was simulated. The numerical simulation schemes are
shown in table 1. By changing the horizontal distance
between the twin tunnels to create different sheltering
conditions. A contrasting excavation sequence is set to
show the difference without the sheltering effect. In table 1,
L is the horizontal distance between the centers of the twin
tunnels, DT is the diameter of the tunnel, and H is the
vertical distance between the centers of the twin tunnels.
Furthermore, S represents the overlapping arrangement,
T represents the shouldering arrangement, U represents the
upper tunnel and L represents the lower tunnel. For
example, S (UL) represents that the twin tunnels are in an
overlapping arrangement, the upper tunnel is excavated
ﬁrst, and the lower tunnel follows. Scheme S (UL)0 is the
same as the overlapping arrangement of the centrifugal test,
and scheme T (UL)6 is the same as the shouldering
arrangement of the centrifugal test. Figure 3 shows the
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Figure 1. Centrifugal test layout [8].

Figure 2. Membrane inside and outside.
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Table 1. Numerical simulation scheme.
Simulation case

L/DT

S (UL)0
S (LU)0
S (UL)1
S (LU)1
T (LU)1
T (UL)2
T (LU)2
T (UL)3
T (LU)3
T (UL)4
T (LU)4
T (UL)5
T (LU)5
T (UL)6
T (LU)6
T (UL)7
T (LU)7

0
0
0.5
0.5
1
1.1
1.1
1.3
1.3
1.5
1.5
1.8
1.8
2.0
2.0
2.2
2.2

H/DT

Arrangement

2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0

Overlapping
Overlapping
Overlapping
Overlapping
Shouldering
Shouldering
Shouldering
Shouldering
Shouldering
Shouldering
Shouldering
Shouldering
Shouldering
Shouldering
Shouldering
Shouldering
Shouldering

p1

Sequence of excavation
Excavate
Excavate
Excavate
Excavate
Excavate
Excavate
Excavate
Excavate
Excavate
Excavate
Excavate
Excavate
Excavate
Excavate
Excavate
Excavate
Excavate

sequence
sequence
sequence
sequence
sequence
sequence
sequence
sequence
sequence
sequence
sequence
sequence
sequence
sequence
sequence
sequence
sequence

from
from
from
from
from
from
from
from
from
from
from
from
from
from
from
from
from

Relationship with centrifugal test

top to bottom
bottom to top
top to bottom
bottom to top
bottom to top
top to bottom
bottom to top
top to bottom
bottom to top
top to bottom
bottom to top
top to bottom
bottom to top
top to bottom
bottom to top
top to bottom
bottom to top

L
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Figure 3. General layout.

relative position of the twin tunnels and pipeline. The top of
the pipeline is 4.8 m below the ground. Where Sp1 is 28.5
and Sp2 is 16.5.

3.1 Constitutive model and parameters
For the complex problem of the tunnel-tube-soil interaction, an improved subplastic model (HP model) is adopted

In Eqs. (1) and (2), re is the relative pore ratio; Dc is the
critical relative density of soil. ed and ec are the minimum
and critical void ratios under various constant pressure
conditions and e is the void ratio of the soil. As shown in
ﬁgure 4, ei is the maximum void ratios; ei0, ed0 and ec0 are
the maximum, minimum and critical void ratios under
various unconﬁned pressures, respectively, ps is the average stress and hs is the granular hardness. Some deﬁnitions
have been added in the article. The HP model can
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Figure 4. Limiting curves for void ratio [8].
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reasonably consider the stress-state correlation of the void
ratio of soil. When depending on only one state variable, it
can describe the effect on an adjacent pipeline when the
void ratio of the soil changes during tunnel excavation.
The parameters of the soil are shown in table 2. To verify
the rationality, the ﬁrst 8 parameters were taken to simulate
the triaxial drainage compression test [15, 16]. As shown in
ﬁgure 5, the simulation results ﬁt well with the test results,
proving that the HP model and parameters can accurately
reﬂect the properties of sand. In addition, the parameters in
table 2 were used to simulate the triaxial shear test with
consolidation and drainage [12, 17]. As shown in ﬁgure 6,
compared with the unimproved model, the improved HP
model can better describe the nonlinear high stiffness of the
sand at a small strain.

uix ¼ 

g0
ð1  sin hÞ cos h
2

ð4Þ

uiz ¼ 

g0
ð1  sin hÞ sin h
2

ð5Þ

In this paper, a subroutine of ABAQUS software was
written based on the boundary condition of Eqs. (4) and (5).
And used it simulate the volume loss caused by tunnel
excavation.

3.3 Numerical model
Based on the prototype size of the centrifugal test, a
numerical model was established with a width of 60 m and
a height of 45 m. However, the length was set to 120 m to
avoid the inﬂuence of the model boundary. The numerical
model of scheme T(UL)1 is shown in ﬁgure 8. According to
the dimensions and materials widely used in the main
pipelines of municipal engineering, the elastic modulus of
the pipeline is 69 GPa, the Poisson ratio is 0.33, and the
density is 2700 kg/m3. The outer diameter is 1.905 m, and
the thickness is 0.125 m. Based on Coulomb friction theory,
the friction coefﬁcient between the soil and pipeline is
0.513. The limit displacement of the maximum elastic slip
is 5 mm. It means the friction between the tunnel and the
soil is modeled as elastic-perfectly plastic material. A slight
relative sliding is allowed on the interaction surface, and
the limit displacement of the relative slippage is 5 mm. The
element type of the soil and pipeline is C3D8.
After the model was established, the displacement
boundary was set as top free, bottom ﬁxed, and lateral
restricted by the horizontal lateral displacement. Then, the
predeﬁned ﬁelds in ABAQUS software were used for initial
geo-stress balance. If the geo-stress is not balanced, and

3.2 Simulation method of tunnel excavation
A displacement-controlled FE method, which can accurately realize any volume loss of formation, was used to
simulate the excavation of tunnels. Once the volume loss of
formation is known, the gap coefﬁcient g0 caused by the
shrinkage of the excavation section can be calculated by the
Eq. (3):
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
g0 ¼ 2RT ð 1 þ e0  1Þ
ð3Þ
where RT is the radius of the tunnel.
A shrinkage mode of the tunnel excavation section is
shown in ﬁgure 7 [18]. Its displacement expression is
shown in the Eqs. (4) and (5).

Table 2. The HP model parameters of Toyoura sand in Finite Element Analysis.
Parameter

Value

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Critical state friction angle (g0 ¼ 2RT ð 1 þ e0  1Þ) a
a
Granulates hardness (hs)
Exponent (n) a
Minimum void ratio at zero pressure (ed0)a
Critical void ratio at zero pressure (ec0)a
Maximum void ratio at zero pressure (ei0)a
Exponent a (a)b
Exponent b (b)b
Parameter controlling the initial shear modulus upon a 180° strain path reversal and during initial loading (mR)
Parameter controlling the initial shear modulus upon a 90° strain path reversal (mT)b,c,d
Size of the elastic range (R)b,c,d
Parameter controlling the rate of degradation of stiffness with strain (br)b,c,d
Parameter controlling the rate of degradation of stiffness with strain (v)b,c,d
Coefﬁcient of at-rest earth pressure (K0)
a

Data from Herle et al 1999 [11];

b

Data from Yamashita et al 2009 [12];

c

Data from Niemunis et al 1997 [13];

d

b,c,d

30°
2.6 GPa
0.27
0.61
0.98
1.10
0.14
3
8
4
0.00002
0.1
1.0
0.5

Data from Hong. et al 2017 [14]
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Figure 5. Triaxial drainage compression test measured and
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only gravity is applied, the model will deform under the
action of gravity. In actual engineering, when we apply a
load, the deformation caused by gravity has already
occurred, and the deformation caused by the additional
stress is obtained. The geo-stress/initial stress state is calculated by assuming the entire computational domain just
contains soil. The pipeline was activated by the ‘‘wished-inplace’’ assumption, which means that the construction
process of the pipeline was ignored. In the model, a single
tunnel was designed to be excavated in six sections. The
soil in the pre-excavated tunnel section was killed by birthdeath element of ABAQUS, and the displacement boundary
on the surface of tunnel was applied via subroutine. After
six iterations, a single tunnel excavation was completed.
The steps above were repeated until the twin tunnel excavation was completed.

Figure 7. Displacement boundary caused by tunneling.

4. Centrifugal test and numerical simulation
results analysis
The centrifugal test and numerical simulation results are
shown in ﬁgures 9(a) and (b). Where S is the surface settlement, X is the distance from the center line of the right
tunnel. The black dots and red line from the experiment
corresponding to P(UL) scenario and the blue line is the
numerical result for the P(LU) scenario. Centrifugal
experiment cannot be performed under P(LU) scenario.
Because the upper and lower tunnels need to be pre-buried
in the soil before the test. Therefore, the P(LU) scenario
will inevitably have a sheltering effect. However, for the
numerical simulation such a situation will not appear.
Consequently, the comparison of P(LU) and P(UL) shows
that the sheltering effect dose exist. For the shouldering
arrangement, the maximum ground settlement caused by
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Figure 8. Numerical model.
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The distribution of the maximum ground settlement caused
by excavation in table 1 is shown in ﬁgure 10. The surface
displacement is deﬁned as the difference surface displacement between geo-stress balance and after the second
tunneling. Notably, the measurement position of ground
settlement obtained is 3 times the pipeline diameter, and the
settlement is not affected by the pipeline [8]. As shown in
ﬁgure 9, the pipeline is located on the X axis and is far from
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Figure 9. Ground settlement curve by centrifugal test.

excavation in the sequence of the lower tunnel ﬁrst is 12%
larger than that of the upper tunnel ﬁrst. In contrast, for the
overlapping arrangement, the maximum ground settlement
caused by excavation in the sequence of the upper tunnel

Maximum greenfield surface settlement, S/DT(%)

Normalised ground surface settlement, S/DT(%)

0.0

ﬁrst is 18% larger than that of the lower tunnel ﬁrst. The
maximum ground settlement caused by these two types of
arrangements under different sequences is the opposite.
Because of the different excavation sequences and
arrangements lead to different sheltering effects. Next, the
results of the numerical simulation will be shown in detail
to describe the inﬂuence on the ground and pipeline under
different sheltering effects caused by excavation at different
distances between the twin tunnels.
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Figure 10. Maximum ground settlement distribution caused by
twin tunnels excavation under different horizontal distance in
opposite sequences.

Sådhanå (2021)46:48
the monitor points. Figure 10 shows that when the horizontal distance between the twin tunnels is 1DT and the
maximum ground settlement caused by opposite excavation
sequences is the same, which is 1.03DT%. When the horizontal distance between the twin tunnels is 1DT to 1.8 DT,
with increasing distance, the settlement difference caused
by the excavation in opposite sequences becomes increasingly larger, and the sheltering effect gradually weakens.
When the horizontal distance between the twin tunnels is
larger than 1.8DT, the difference is basically constant, and
the sheltering effect essentially disappears. The sheltering
effect is deﬁned as the existence of the upper tunnel
weakens the disturbance range of the soil by the excavation
of the lower tunnel. Figure 10 shows the maximum ground
settlement distribution caused by twin tunnels excavation
under different horizontal distance in opposite sequences
where the maximum ground settlement distribution is the
result of the combined effect of the sheltering effect and the
soil disturbance. The maximum ground settlement in ﬁgure 10 is the maximum value of all the monitoring points
shown in ﬁgure 11. Therefore, the maximum value each
time is not necessarily the same monitoring point. The
L/DT = 0–1.8 is where the presence of the other tunnel has
any sheltering effect. Beyond this range, the inﬂuence of
tunnel excavation on soil disturbance still exists. As shown
in the ﬁgure 10, the two curves coincide only at one point
(L = DT). The ground settlement caused by excavation in
the different sequences is the same. It is a critical state in
which the sheltering effect is balanced with a disturbance
effect. For L \ DT, the upper tunnel ﬁrst has a greater
impact on the surface settlement than the lower tunnel ﬁrst.
Because the upper tunnel ﬁrst and then the lower tunnel was
excavated, the soil was disturbed twice. On the contrary,
when the lower tunnel is ﬁrst excavated and then the upper
tunnel, the upper tunnel is located in the soil disturbance
area where the lower tunnel is excavated ﬁrst, so this
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disturbance is reduced. Figure 12 shows the ground settlement diagram when the horizontal distance between twin
tunnels is L = 1DT. When only one tunnel is excavated,
the ground settlement caused by the excavation of the upper
tunnel is much larger than that of the lower tunnel. After
the twin tunnels are excavated, the maximum ground settlement caused by opposite excavation sequence is almost
the same, with a difference of only 0.006%. It is clear in
ﬁgure 12 that the position, where the maximum ground
settlement caused by the excavation in the sequence of the
upper tunnel ﬁrst, moves to the right, compared with that in
the sequence of the lower tunnel ﬁrst. The result further
indicates that if the upper tunnel is excavated ﬁrst, it will
cause an obvious sheltering effect on the ground settlement.

4.2 The sheltering effect on the bending strain
of the pipeline
The ground settlement caused by the excavation of the twin
tunnels leads to an additional stress on the pipeline,
resulting in pipeline deformation. The longitudinal bending
strain of the pipeline is shown in ﬁgure 13. The stress is
released by tunnel excavation, which loosens the soil at the
bottom of the pipeline and increases the stress of the soil at
the top. The position, where the maximum bending strain
caused by the excavation in the sequence of the upper
tunnel ﬁrst, moves to the right, compared with that in the
sequence of the lower tunnel ﬁrst. It also indicates the
sheltering effect of the upper tunnel. The sheltering effect
changes the deformation of the soil and thus changes the
inﬂuence of the subsequent excavation of the lower tunnel
on the pipeline.
As shown in ﬁgures 14 and 15, the pipeline also has a
sheltering effect on the ground settlement. Figure 14 shows
the pipeline settlement when the horizontal distance
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Figure 11. The location of the monitoring point for maximum
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Figure 12. Ground settlement caused by excavation when the
horizontal distance between twin tunnels is L = 1DT.
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between twin tunnels is L = 1DT. The value was obtained
at the bottom axis of the pipeline. Figure 15 shows the
ground settlement above the pipeline. Comparing ﬁgures 14
and 15, the maximum pipeline settlement caused by the
excavation in the sequence of the lower tunnel ﬁrst is
16.8% larger than that in the sequence of the upper tunnel
ﬁrst. However, the maximum ground settlement above the
pipeline is the same in the opposite excavation sequences.
The value is 0.91 DT%, which is less than the maximum
ground settlement in the free displacement ﬁeld (ﬁgure 12).
The free displacement ﬁeld is deﬁned as the position of the
monitoring point away from the pipeline 3 times the
diameter. That is, the sheltering effect of the pipeline
weakens the inﬂuence of tunnel excavation above the
pipeline.
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4.3 The sheltering effect on the pipeline-soiltunnel interaction
In this study, to further explore the mechanism of the
sheltering effect, the interaction between the pipeline, soil
and tunnel is analyzed in detail.
The principal stress distribution of soil under two typical
conditions of the overlapping and shoulder arrangement of
the twin tunnels is shown in ﬁgure 16(a) and (b), respectively. The long line of the ‘‘cross’’ in ﬁgure 16(a) and
(b) represents the value of the maximum principal stress,
the short line represents the value of the minimum principal
stress, and the rotation of the ‘‘cross’’ represents the rotation of the principal stress axis. From ﬁgure 16(a), when the
twin tunnels are in an overlapping arrangement, the principal stress around the upper tunnel decreases after the
second tunnel excavation is completed. The decrease in the
principal stress of the soil at the bottom of the upper tunnel
is larger than that at the top. The result indicates that the
earlier excavated upper tunnel has an obvious sheltering
effect. When the horizontal distance between twin tunnels
is L = 1DT, the change in the principal stress around the
upper tunnel is similar after the excavation of the twin
tunnels. With a further increase in the horizontal distance
between the twin tunnels, the change degree of the principal
stress and the axis rotation constantly decreases until the
sheltering effect disappears.
Figure 17(a), (b), (c) and (d) shows the shear strain
distribution of soil after the excavation of the twin tunnels
(some of the typical sheltering conditions). The shear strain
of the soil reﬂects the disturbance effect caused by tunnel
excavation. The larger the shear strain is, the greater the
disturbance effect is. Contrasting ﬁgure 17(a) and (c), when
the horizontal distance between twin tunnels is L = 1DT,
the shear strain zone of each tunnel overlaps between the
tunnels. However, there is no overlap in ﬁgure 17(c). The
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Figure 16. Soil principal stress distribution.

earlier excavated upper tunnel has a sheltering effect on the
excavation of the following lower tunnel. The lower tunnel
is in the main inﬂuence zone of the upper tunnel. When the
distance between the twin tunnels is 1.8 DT, at the edge of
the shear strain area of the twin tunnels, there is a line zone
with little shear strain, which is at a 45° angle to the horizontal. At this position, the sheltering effect between
tunnels has disappeared, which ﬁts the fact that the main
inﬂuence zone of tunnel excavation on the ground is the
zone surrounding the 45° tangent at the bottom of the
tunnel [19].
Comparing ﬁgure 17(a) and (b), the maximum shear
strain of the pipeline caused by the excavation in the
sequence of the upper tunnel ﬁrst is larger than that in the
sequence of the lower tunnel ﬁrst. It means that the disturbance in the soil around the pipeline is greater when the
excavation in the sequence of the upper tunnel ﬁrst. However, as shown in ﬁgure 14, when the horizontal distance
between twin tunnels is L = 1DT, the pipeline settlement
caused by the excavation in the sequence of the lower
tunnel ﬁrst is larger than that in the sequence of the upper
tunnel ﬁrst. Because the sheltering effect of the earlier
excavated upper tunnel weakens the inﬂuence of the
excavation of the following lower tunnel on the pipeline.

Therefore, when predicting the effect on surrounding
structures of twin tunnels excavated with a short spacing
(L \ 1.8DT) in different sequences, it is necessary to reasonably analyze the sheltering effect of the earlier excavated upper tunnel. When the distance between the twin
tunnels is relatively long (L [ 1.8DT), the sheltering effect
can be ignored. In addition, a comparison of ﬁgure 17(c) and (d) shows that with the excavation in the
sequence of the lower tunnel ﬁrst, although the distance
between the twin tunnels is 1.8DT, there is no clear line
zone with little shear strain between the twin tunnels. The
result means that if the excavation is in sequence of the
lower tunnel ﬁrst, then there is still an interaction between
the twin tunnels when the spacing is the same as in the
contrary excavation sequence.

5. Ground settlement prediction equation
considering the sheltering effect
According to the above analysis, the sheltering effect truly
exists, and it is related to the horizontal distance between
the twin tunnels. Taking the sheltering effect into account,
the stochastic medium theory is applied to predict the
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(a) T(UL)1

(b) T(LU)1

ground settlement caused by the excavation. The stochastic
medium theory was proposed by a Polish researcher [20].
Initially, it was widely applied to the mining industry. In
the 1990s, the theory was applied to underground engineering [21]. Based on the statistics, it is believed in the
stochastic medium theory that the effect on the ground of
the tunnel excavation is equivalent to the sum of an inﬁnite
number of tiny elements. Combined with the deformation
shrinkage of the tunnel, the prediction equation of the
ground settlement caused by tunnel excavation was proposed by Eq. (6).


ZZ
tan b
p tan2 b
2
x0 ð xÞ ¼
exp 
ð
x

n
Þ
dndg ð6Þ
g2
Xx g
where X is the excavation section, x is the shrinkage section, and b is the main inﬂuence angle whose value depends
on the soil and sheltering effect of adjacent structures [22].
According to the shrinkage mode of tunnel excavation
(ﬁgure 7), the curve of the ground settlement caused by
single tunnel excavation can be obtained by integrating
Eq. (6). However, Eq. (6) is a double integral that cannot be
directly calculated. Furthermore, the boundary of the tunnel
section with non-uniform shrinkage is so complicated that it
is difﬁcult to ﬁnd the limit of the double integral to obtain
the settlement curve. Therefore, a simpliﬁed theoretical
Eq. (7) of stochastic medium theory was proposed to obtain
the settlement curve by single tunnel excavation [23].


pRg tan b
p tan2 b 2
exp 
x
ð7Þ
x 0 ð xÞ 
H
H2
where g is the gap coefﬁcient, which can be obtained from
Eq. (3); R is the tunnel radius; and H is the depth of the
tunnel. In addition, based on the superposition principle, the
Eq. (8) predicting the ground settlement caused by the
excavation of the twin tunnels at the same depth was proposed [23].

(c) T(UL)5

(d) T(LU)5
Figure 17. Soil shear strain.



pR1 g1 tan b1
p tan2 b1 2
x0 ð xÞ ¼
exp 
x
H1
H12


pR2 g2 tan b2
p tan2 b2 2
exp 
x
þ
H2
H22

ð8Þ

However, it is unknown whether Eq. (8) is applicable for
the excavation of the twin tunnels at different depths. To
explore the applicability, in this paper, a numerical simulation result was selected in which the horizontal distance
between twin tunnels is L = 1DT in opposite excavation
sequences. The curve of ground settlement was ﬁt when the
ﬁrst tunnel excavation was completed. Then, the tan b1 of
the shallow buried tunnel is obtained as 1.0766, and the tan
b2 of the deep buried tunnel is 1.0139. Simply applying the
superposition principle, the curve of the ground settlement
of the twin tunnels at different depths after excavation is
shown in ﬁgure 18. The ﬁtting curve does not satisfactorily
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Figure 18. Ground settlement ﬁtting curve based on superposition principle.

ﬁt the numerical simulation result. It indicates that for twin
tunnels at different depths, based on only the superposition
principle, the sheltering effect of the upper constructed
tunnel on the ground settlement caused by the following
excavation of the lower tunnel is difﬁcult to demonstrate.
Therefore, in this paper, the sheltering coefﬁcient C is
proposed, which considers the sheltering effect of the upper
constructed tunnel. The coefﬁcient C is related to the main
inﬂuence angle as Eq. (9).
tan b2 ¼ C tan b1

ð9Þ

where b1 is the main inﬂuence angle of the upper tunnel
ﬁrst excavated and b2 is that of the lower following tunnel.
According to the analysis above, the sheltering coefﬁcient C is relevant to the horizontal distance between the
twin tunnels. Therefore, Eq. (8) associated with Eq. (9) was
applied to ﬁt the ground settlement curve of 5 sheltering
conditions in the excavation sequence of the upper tunnel,
ﬁrst in table 1. The sheltering coefﬁcients of the twin tunnels at different horizontal distances were obtained, as
shown in table 3. Notably, all the conditions are in the
excavation sequence of the upper tunnel ﬁrst, so the value
of the sheltering coefﬁcient obtained by ﬁtting reﬂects the
sheltering effect.
Furthermore, to explore the relationship between the
sheltering effect and the horizontal distance between the
twin tunnels, the sheltering coefﬁcient C was ﬁt with the
horizontal distance L. As shown in ﬁgure 19, C is linearly
related to L, and Eq. (10) is obtained.

the strongest. Under this condition, the value of the sheltering coefﬁcient C is the smallest. With increasing horizontal distance between the twin tunnels, C increases, but
the sheltering decreases until it disappears. Therefore, the
sheltering coefﬁcient C is negatively correlated with the
sheltering effect.
Combining Eq. (8), Eq. (9) and Eq. (10), the prediction
equation of ground settlement caused by twin tunnel
excavation is proposed (Eq. (11)). The equation takes the
sheltering effect at different horizontal distances between
the twin tunnels into account.


pR1 g1 tan b1
p tan b21 2
 exp 
x
x ð xÞ ¼
H1
H12
ð11Þ


pR2 g2 C tan b1
pC 2 tan b21 2
þ
 exp 
x
H2
H22
where b1 is the main inﬂuence angle of the ﬁrst excavated
upper tunnel and can be obtained by ﬁtting with Eq. (7).
To verify the rational of Eq. (11), the ground settlement
curves of two centrifugal tests [7, 8] were ﬁtted. As shown
in ﬁgure 20, the predicted curve agrees well with the
experimental data and can be used to predict the ground
settlement in sand under sheltering effects.
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According to the previous analysis of the sheltering
effect of the upper tunnel, when the twin tunnels are in an
overlapping arrangement (L = 0), the sheltering effect is
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Figure 19. The relationship between C and the horizontal
distance between twin tunnels.
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Figure 20. Veriﬁcation of the ground settlement prediction
equation considering the sheltering effect.

6. Conclusion
(1) For twin tunnels in a vertical arrangement, the excavation sequence has a signiﬁcant effect on the pipeline and
ground settlement. When the upper tunnel is excavated ﬁrst,
it has a clear sheltering effect on the lower tunnel, which is
most obvious when the twin tunnel is in an overlapping
arrangement.
(2) When the horizontal distance between the twin tunnels is 1DT, the ground settlement caused by excavation in
opposite sequences is the same. As the horizontal distance
increases, the maximum settlement of the ground and
pipeline in the sequence of the lower tunnel ﬁrst gradually
increases; however, that in the sequence of the upper tunnel
ﬁrst is nearly constant. Then sheltering effect weakens.
When the horizontal distance is more than 1.8DT, the
sheltering effect basically disappears.
(3) Based on the stochastic medium theory, the relationship between the sheltering effect and the horizontal
distance between the twin tunnels was analyzed. A prediction equation of ground settlement considering this
sheltering effect was proposed and veriﬁed via centrifugal
tests. It can be used to quantitatively predict the settlement
under the sheltering effect.
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