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Abstract. Ground subsidence caused by tunneling is becoming a common
problem in China due to rapid developing of underground space. Superstructures
may crack and/or incline subjected to localized ground subsidence caused by
tunneling. Ground subsidence would also induce breakage of buried pipelines
which may even cause ground collapse due to pipe leakage. Mechanism of
ground subsidence caused by tunneling in clay has been well understood. Vol-
ume of settlement troughs in clay are widely accepted as a constant along the
depth, which is equal to ground volume loss in the ground. However, ground
subsidence caused by tunneling in sand is still not clear considering the change of
volume of settlement trough with depth, which has been observed in practice.
Therefore, mechanism of ground subsidence caused tunneling in sand deserves
in-depth investigation. In this study, ground subsidence caused by tunneling in
three different types of sand with relative densities of 30% (i.e., loose sand), 50%
(i.e., medium-dense sand), and 70% (i.e., dense sand), were adopted in finite
element (FE) modeling. All soils were modeled using Mohr-Coulomb model.
Gaussian-shape displacements were applied at bottom of FE models to simulate
the tunneling effect. FE modeling results demonstrate that Gaussian functions can
provide a good estimation of soil settlement trough at different depth. Trough
width parameter decreased with the depth, while volume of soil settlement
increased with the depth. It was also found that volume of settlement trough in
the loose sand was greater than those in the medium-dense sand and dense sand,
which may be attributed to contraction of the medium-dense and dense sand
during the settlement propagating towards the ground surface. A modified
empirical equation was proposed to calculate the settlement caused by tunneling
in the sand at any depth with consideration of the effect of relative density of the
sand. In the proposed method, the volume change of the settlement through was
also incorporated.
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1 Introduction

Damage of underground facilities and superstructures caused by tunneling-induced
ground subsidence is becoming a common problem in China due to rapid developing of
subway tunnels. For example, on October 1
excavation of the Metro Line #1 in Nanchang city, which caused ground collapse and
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2014, huge amount of water flew into an
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formed a hole with a diameter of 23 m and a depth of 4 m. Two workers injured and
buried pipelines in the range of ground collapse were broken. Characteristics of ground
subsidence caused by the tunneling have attracted wide research attention [1-3].
According to [4], Gaussian function can be employed to fit settlement trough at ground
surface induced by tunneling. Gaussian function has been used successfully in the
previous studies [5—8]. Mair et al. [7] investigated mechanism of settlement propaga-
tion caused by tunneling in clay based on their centrifuge tests results. They reported
that volume of settlement troughs in clay could be treated as a constant along the depth,
which is equal to the volume of ground loss in the ground. They also proposed an
empirical method to predict the subsurface settlement at a given depth. Wang et al. [9]
proposed a modified method for estimating the subsurface settlement caused by tun-
neling in sand with consideration of volume change of settlement trough based on
lab-scale physical model tests. However, the relative density was not taken into account
in Wang et al.’s method, which is essential for granular material and may influence the
settlement propagation mechanism.

In this study, finite element (FE) modeling was conducted to investigate the effect
of sand relative density on the mechanism of settlement propagation caused by tun-
neling in sand. Three different types of sand, namely, loose, medium-dense, and dense
sand were used as the surrounding soil of tunnel, which was simulated using
Mohr-Coulomb model. Gaussian-shape displacements were applied at the bottom of
FE models to simulate tunneling effect. Finally, characteristics of subsurface settlement
and ground subsidence were analyzed and a modified method was proposed to predict
subsurface settlement caused by tunneling in sand.

2 Numerical Modeling

Finite element program ABAQUS® was employed for the numerical modeling in this
study. Considering the symmetry of the numerical model, only half was calculated as
shown in Fig. 1. Vertical boundaries were restrained against displacements in the
horizontal direction. A Gaussian distribution displacement was applied at the bottom of
the numerical model expressed as Eq. (1), where S,,.x and i were set as 0.3 and 2 m,
respectively. Vertical displacements at upper boundary (i.e., the ground surface) were
set as free.

S = Smax (exp( — 0.5(x/is)?)) (1)

where S;,.x 1S maximum soil settlement (m); i is trough width parameter corresponding
to distance from centerline of soil settlement trough to the point of inflection (m); and
x is distance from the interested point to the centerline of ground subsidence zone (m).

Three different soils, namely, loose sand, medium sand, and dense sand, were used
in the FE modeling. Elastic perfect plastic responses of soil to tunneling were charac-
terized by using the Mohr-Coulomb failure criterion. Properties of soils in the numerical
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Fig. 1. Finite element model

Table 1. Properties of the sand used in FE modeling

Parameters Loose sand | Medium sand | Dense sand
Elastic modulus (MPa) |20 40 80
Relative density (%) 30 50 70
Possion’s ratio 0.3 0.3 0.3
Density (Mg/m®) 1.8 2 2.1

Internal friction angle (°) | 28 35 40

Dilation angle (°) 5 20 25
Cohesion (MPa) 0.001 0.001 0.001

Note: cohesion of sand was set as small values intentionally to avoid
divergence convergence.

model were adopted from Balkaya and Moore (2013), as tabulated in Table 1. Soil
materials were modeled as isotropic solids, employing C3D20 type twenty nodded
(quadratic) brick elements. A finer FE mesh was used near the symmetric plan of the
model, as shown in Fig. 2. The groundwater effect on the tunneling-induced ground
subsidence was not considered in this study.
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Fig. 2. Finite element mesh

3 Numerical Results Analysis

Figure 3 shows the variation of soil settlements obtained from FE models at selected
depths of 0, 1.05, and 2.1 m for three cases. It is seen that the soil settlements increase
with an increase of depth from the ground surface, which presents as Gaussian curves.
Equation (1) was therefore employed to characterize the soil settlement troughs with
values of coefficient of determination, R, greater than 0.95. The maximum settlement
at a given depth decreased with an increase of the relative density.

Figure 4 shows the variation of trough width parameter (i;) with the depth. It is seen
that the is values increased with decrease of the depth. Width of settlement trough in
sand can be calculated by the following expression (Wang et al. [9]),

iy = —0.36(Zy—2) /(Zo +0.75) (Zo—Z) )

where Z, is depth of the tunnel axis (m); Z is depth of the calculated settlement from
ground surface (m).

Figure 5 shows the relationship between normalized width of settlement trough of
the sand (i) obtained in this study by that calculated one by Eq. (2) (i) and nor-
malized relative density of the sand (D,) in this study by that in Wang et al. [9] (i.e.,
62%). The relationship between iy/i’ and D,/0.62 was expressed as follows:

i) =12 3)

Volume of soil settlement trough (denoted as Vi) was calculated by the following
equation (Vorster [3]):
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Fig. 3. Variation of soil settlement with the depth: (a) loose sand; (b) medium sand; and
(c) dense sand
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Vs = V2SS maxis (4)

where all parameters and their units were defined in Eq. (1).

Figure 6 shows the variation of volume of soil settlement trough (V) with the depth
(Z). 1t is seen that the V, values increased with an increase of Z with an order of
Vioose sand > VMedium sand > VDense sana- YOlume of the settlement trough of the sand
can be also determined by (Wang et al. [9]),
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Fig. 7. Relationship between normalized relative density of the sand and normalized volume of
settlement trough

V, = VL[1.82—(Zy—Z) /Zy) /1.85 (5)

where V_ is volume of ground loss per unit length in tunnel (m*/m); other parameters
and their units were defined in Eq. (2).
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Figure 7 shows the relationship between normalized volume of settlement trough of
the sand (V') obtained in this study by the calculated one using Eq. (5) (V") and
normalized relative density of the sand (D,) in this study by that in Wang et al.
(2016) (i.e., 62%). A linear equation was derived using the least-square-root method to
quantify the relationship between V/V{' and D,/0.62, as expressed by the following
equation:

V!/V! = —0.69In(D;/0.62) + 1.05 (6)

Substituting Eq. (2) through (6) into Eq. (1) can be used to calculate settlement
caused by tunneling in sand with considering the effect of relative density of the sand:

(—0.69In(D; /0.62) + 1.05)Vy.(1.82—(Zo—Z)/Zo/1.85 x r ()

' 1.2v/21(-0.36(Zy—2)/Zy +0.75)(Zy—Z) exp( 1.2v/2(—0.36(Zy—Z) /Zo +0.75)(Zo—Z)

4 Conclusions

Finite element modeling was conducted to investigate the characteristics of soil set-
tlement trough caused by tunneling in sand. Three different types of sand, loose
(D, = 30%), medium (D, = 50%), and dense sand (D, = 70%), were used in this study.
Gaussian function displacements were applied at the model bottom to simulate the
tunneling effect. Based on the numerical results in this study, the following conclusions
can be drawn:

(1) Maximum soil settlements caused by tunneling increased with an increase of the
depth. Surface and subsurface settlement troughs are all fit for Gaussian curves.

(2) Trough width parameter increased with a decrease of the depth, while volume of
soil settlement decreased with a decrease of the depth.

(3) Values of volume of settlement trough at a given depth increased with a decrease
of the relative density of sand.

(4) A modified equation was proposed to calculate the settlement caused by tunneling
in the sand at any depth with consideration of the effect of sand relative density on
the settlement propagation mechanism.
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