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Abstract
Under the action of strong vibration load, the safety threat of deep buried chamber greatly increased,
this bring serious challenges to the excavation of deep underground engineering. Therefore, it is
urgent to carry out the research on the reinforcement and vibration reduction of deep buried chamber.
Based on the continuum mechanics of discrete element method, the vibration reduction and
reinforcement of the rigid support and rigid flexible coupling support of deep buried chamber were
studied. The calculation results show that the traffic vibration stress wave have a wave effect on the
whole metro area, when it act on the metro top, it's distribution will approximate to "horns"; Under
the vibration load conditions, the concrete segment as a strong energy storage body can improve the
passive support strength, but can also lead to the cracks which is caused by the metro extrusion
deformation. After set the concrete energy absorbing layer, the seismic wave which is in the vicinity
of the metro bottom and the propagation process have been effectively attenuation, the deformation
of the soil around metro also reduced. In addition, increasing the strength of concrete segment can
greatly improve metro operation safety.
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Introduction

Along with the increasing of ground traffic shock load, the influence of the strong vibration traffic
load on the soil along the metro line became a technical problem to be solved badly [1-3]. A lot of
practice proves that under the complicated geological conditions, the large surrounding rock
deformation combined with the influence of ground traffic load let the metro control become more
difficulty and even let the metro surrounding rock deformation or broken. Therefore, the further
analysis of the influence of strong vibration traffic load on the soil along the metro lines, and the
shock absorption stability of metro will provide a new method for the metro operation safety, also
have important practical significance.

Domestic and foreign researchers have carried out a lot of research on the ground deformation,
which is caused by Underground engineering excavation and traffic load. Qian Qihu have studied
the challenges faced by underground projects construction safety and it's corresponding measures.
Chen li have investigated the mechanism of deformation body of fill subgrade and the treatment
engineering measures. Dahl F et al. studied the classifications of properties influencing the drill
ability of rocks based on the test method. However, previous studies generally consider the
structural stability of layer based on single factor. In fact, the deformation and damaging process is
closely related to the coupling effects of high building, overhead bridges and traffic load, which are
still in the infant stage.



Under the strong earthquake conditions, this paper use the GPU acceleration technology and discrete
element method of continuous media mechanics to study the soil along the metro line and it's shock
absorption stability, in order to play a guiding role in metro long-term safety operation.

Discontinuous deformation theory

The block in the calculation of discontinuous deformation is formed by one or more finite element
units, continuous structure is used in the block, and discontinuous structure is used on the block
boundary.

Governing equation

The governing equation of the discontinuous deformation calculation theory is the motion equation,
the block body is subjected to internal force and external force. Internal force include the force
which is caused by the deformation of the block and the damping force, external force include the
out boundary force and the force between springs. In mechanics, because of the block body is
regarded as a continuous, isotropic linear elastic body, so its mechanical properties are described by
the basic differential equations of three-dimensional elastodynamics theory, That is:

Equilibrium equation: , , 0ij j i i n if u u     

Geometric equation: , ,
1 ( )
2ij i j j iu u  

Physical equation: ijkkijij G 2

Boundary condition: ii uu  (on the displacement boundary of u ), ijij Tn  (On the force
boundary of  )

In the formula,  ij, ui, fi and Ti respectively represent stress, displacement, volume force and area
force;  and  respectively represent the rock block region and its boundary, =u,  and G are
lame constant,  and  respectively represent mass density and damping coefficient, ij is Kronecker
delta symbol. Based on the elastic variational principle, the governing equation of the calculation is
the motion equation of block body:

          ( ) ( ) ( ) ( )t t t t   M u C u K u Q (1)
In the formula,  ( )u t ,  ( )u t ,  ( )u t respectively represent acceleration array, speed array,

displacement array of all the nodes of block body.  M ,  C ,  K ,  Q respectively represent mass
matrix, damping matrix, stiffness matrix and nodal load array.

The calculation of each time step for solving the governing equations is divided into two parts. The
first step is to loop each deformable block body, and complete the corresponding continuous
deformation calculation. The Second step is to calculate the force of contact surface. Firstly, from
the stiffness matrix and the nodal displacement obtain the elastic force, then, from damping matrix
and nodal velocity obtain damping force, finally, combining the direct integral method and external
force to solve motion equation. Specific equations are:



Elastic force:
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Damping force:
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Combining the direct integral method and external force to solve motion equation:
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As shown in the formula (4), through the resultant force to obtain the acceleration, velocity and
displacement of block body nodes. out

if include the forces of boundary surface and the forces of
contact surface, boundary conditions provide boundary force.

Model boundary

Figure 1 show the normal and tangential spring of the interface. j
nF and j

sF are normal and
tangential forces of springs, j

nK and j
sK are normal and tangential stiffness of springs, j

nd
and j

sd are normal and tangential displacements of springs.

Figure. 1 The normal and tangential spring of the interface

Three dimensional calculation model and parameter selection

The study object is an excavation section of metro engineering, its numerical calculation model size
is 24m × 17m × 17m. Circular cross section is adopted to calculate, and its size is ￠ 3m×15m.
Elastic plastic model as the calculation model, and the calculation model is divided into four layers，
from top to bottom: gravel-boulder bed (5m), roof layer (3m), excavation layer (6m), bottom layer
(3m) [4,5]. A total of nine measuring points set on the top plate, the bottom plate and the two sides
of model, (The distance between the measuring points is 0.5m. From left to right, the number of the
measurement points on both sides of the model are respectively No.1 to No.6.,the bottom plate
measuring point is from top to bottom for 7 to 12), row spacing of U-shaped Steel is 2m. The
three-dimensional numerical computation model is shown in figure 2. The local geological data is



the reference of parameters of the calculation model, and its values are shown in Table 1.

The boundary conditions of model are respectively: bottom surface is full constraint, flank is
horizontal constraint, and the top surface is free. Considering the surrounding building load
(200-meter- high building, overhead bridges and traffic load), the initial stress of the model
boundary as follow: the maximum horizontal stress is 20 MPa, the minimum horizontal stress is 18
MPa, the vertical stress is 17 MPa.

Fig.2 3-D calculation model

Table1 Computing model parameters

Material
name

Elastic
modulus

/E(GPa)

Poisson
ratio

/

Density

/  (kg/m3)

cohesive
strength

/C(kPa)

Internal
friction angle

/￠(°)

Yield
strength

/(MPa)

Gravel-b
oulder

bed
80 0.25 2300 50 30 42

Roof
layer

100 0.2 2440 55 40 60

Excavati
on layer

3.5 0.28 1700 29 25 20

Bottom
layer

90 0.22 2200 52 35 57

Concrete
energy

absorbin
g layer

68 0.35 400 — — 25

Duct
piece

210 0.31 7850 — — 350

seismic surface wave



Study on the propagation law of the vibration stress wave in soil

Figure 3 shows the calculation results of vertical velocity at different time. From the results we can
know that the metro is strong affected by the vibration load. When t=0.5s, the influence of vibration
load on metro has enhanced. The vibration load has an upward pushing influence to the floor and
both sides of the metro, it also has an downward influence to the metro roof. When t=1s, the
vibration influence continue to increase, the influence of vibration load on the metro roof is
approximated to the shape of sheep horns, the whole metro have an upward tendency.

(a) 0.5s (b) 1.0s

Fig. 3 The results of vertical velocity at different time

Analysis of the concrete segment support action under the vibration load

Figure 4 shows the relationship between vertical stress and time, as well as the vertical stress curves
of the monitoring points. From the data analysis we can know that the vertical stress of monitoring
points 7, 8 and 9 are basically negative. The vertical stress of monitoring point 8 fluctuates between
positive and negative, and the positive value is about 100MPa. The curve of monitoring point 7 has
the largest fluctuation, it vertical stress is negative which the average value is about 200MPa. The
vertical stress of monitoring point 10, 11 and 12 also greatly fluctuate between positive and negative.
The vertical stress of measuring points indicated that the U steel protection has improved the passive
support strength, but under the condition of vibration load, it is easy to produce stress concentration
[6-8]. Under the effect of vibration load, the rigid support as an energy storage body will produce
serious stress concentration. Once the damage, it will have a great influence on the deformation of
the metro.
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Fig. 4 Vertical stress curves with time



Figure 5 and Figure 6 show the calculation results of vertical velocity and vertical displacement at
different times. The results of vertical speed show that the rigid support metro is obviously
influenced by vibration load. when t=0.5s, the action of vibration load on metro has enhanced. It has
downward action to the metro roof plate, and upward action to the metro bottom plate. Vibration
load on the metro both sides has a local concentrate phenomenon, and its distribution is similar to
the "bat wing". When t=1s, the effect of vibration load on the metro top roof continue to increase,
the distribution of vibration load is similar to the "helmet". Vibration load on both sides of the metro
has enhanced, the "bat wing" area is obviously increased. The result of vertical displacement shows
that the rock and soil around the metro obviously affected by vibration load, the metro top plate has
downward trend, and the metro two sides are squeezed toward inside. The result of metro level
profile shows that there are lots of severe displacement deformation area on the metro top and
bottom plate, which have a significance influence to the metro deformation failure.

(a) 0.5s (b) 1.0s

Fig.5 vertical velocity results at different times (perpendicular to the metro profile)

(a) 0.1s (b) 0.5s

Fig. 6 vertical displacement results at different time (parallel to the metro profile)

Stability analysis of underground concrete absorption energy layer

Figure 7 shows the relationship between vertical stress and time, as well as the vertical stress curves
of the monitoring points. From the data analysis we can know that the vertical stress of monitoring
points 7, 8 and 9 are basically negative. The vertical stress of monitoring point 8,9 fluctuates



between positive and negative, and the positive value is about 100MPa. The monitoring point 7 data
is negative, its curve fluctuation is the largest and the average value is more than 200MPa.
Compared with the monitoring point 7, the value of the monitoring points 8 and 9 greatly reduced,
which shows that the concrete energy absorbing layer can effectively reduce the strength of the
seismic source wave. The monitoring point 10 data fluctuation is small, monitoring points 11 and 12
data fluctuation is greater, which shows that the seismic wave near the metro bottom plate has
weakened [9-11]. Compared with the u-steel support metro, the concrete energy absorbing layer has
a larger deformation space, which shows that the deformation of the R-F-R protection metro has
obviously reduced, and the metro stability also enhanced[12,13].
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Fig.7 The relationship between vertical stress and time

Figure 8 and figure 9 show the calculation results of vertical speed and vertical displacement at
different times. The result of vertical speed shows that the effect of vibration load on the metro has
weakened after the concrete energy absorbing layer set up. when t=0.5s, the effect of vibration load
on metro has enhanced, the effect of vibration load on the roof is downward, on the bottom plate is
upward. When t=0.5s, the vibration load on both sides of the subway is similar to the "bat wing".
The distribution area is larger, but the concentrate phenomenon is not obvious. when t=1s, the effect
of vibration load continues to increase. The vibration load has wave action to the metro, but the
concentrate phenomenon is not obvious, the distribution of vibration load on the metro roof plate is
similar to the "helmet", on the metro both sides is similar to the "bat wing". The vertical
displacement results shows that the rock and soil around the metro obviously affected by vibration
load, the metro top plate has downward trend, and the metro two sides are squeezed toward inside.
However, this change has little influence on the metro deformation, this is due to the coordinated
deformation of concrete absorbing layer can reduce the surrounding rock deformation. The metro
vertical stress and horizontal displacement have obviously reduced, this is due to the concrete energy
absorbing layer good coordination deformation performance enable metro can reduce the vibration
and vibration intensity, and maintain itself stability [14,15]. Compared with the data of rigid support
metro, the vertical force curve volatility decreases and the vertical force of measuring point 8 and 9
also reduced, but the horizontal displacement almost the same. In addition, because the concrete
energy absorbing layer has large deformation, so the overall deformation of metro have significantly
reduced and there is no obvious deformation concentrated area in the surrounding rock vicinity. This
is indicated that the rigid flexible coupling support can fully coordinate deformation, which can
reduce the vibration load, improve the impact resistance of deep underground projects, but also
conducive to maintaining the stability of the metro.



(a) 0.5s (b) 1.0s

Fig.8 Vertical speed results of vertical roadway section

(a) 0.1s (b) 0.5s

Fig.9 Vertical displacement results of parallel roadway section

Conclusions

Based on the continuum mechanics for discrete element calculation method, the shock resistance
stability under the action of seismic wave of rigid support and rigid-flexible coupling support deep
buried chamber was analyzed. The strengthening and damping action of different protective bodies
on the chamber are studied. And the main conclusions are obtained.

Under the condition of vibration load, rigid support as a strong energy storage body can improve the
strength of the passive support, but the damage of shock instability becomes easier, and these will
lead to the metro extrusion deformation even the overall closure failure;

Concrete energy absorbing layer can effectively the attenuated seismic wave, in the propagation
process or near the metro bottom. Under the action of coordinated deformation, the surrounding rock
soil deformation tends to be mild and reduced, the stability of the metro enhanced.

Under the action of strong vibration load, the safety of deep buried chamber can be greatly improved
by increasing the strength of rigid support and setting up the flexible deformation buffer layer.
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