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Abstract. In this paper, the underground box structure is discretized as a system with limited freedoms, and
the explosion seismic wave is regarded as series of dynamic force acting on the lumped masses. Based on
the local deformation theory, the elastic resistances of the soil are simplified as the effects of numbers of
elastic chain-poles. Matrix force method is adopted to analyze the deformation of the structure in elastic half
space. The structural dynamic equations are established and by solving these equations, the axial force, the
moment and the displacement of the structure are all obtained. The influences of size ratio, the incident angle
and the rock type on the dynamic response of the underground box structure are all investigated through a
case study by using the proposed method.
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1. Introduction

The dynamic response of the underground structure under the action of the explosion seismic
wave is directly related to the safety of the underground defense project. Thus, the study of the
dynamic response of the underground structure is of great importance and to develop an
appropriate algorithm to study the soil-structure interaction seems necessary and meaningful. The
study of the soil-structure interaction developed fast since the 1970s, R.Nateghi et al. (2009)
studied the effect of the blast vibration on the tunnel lining through the field monitoring.
T.Akiyoloi and K.Fuschida (1984) obtained the solution of the wave equations by using the Bessel
function and used them to study the longitudinal wave's effect on the tunnel lining. J.Penzen et al.
(1988) simulated the dynamic response of the underground structure under the action of the
internal explosion, and obtained the dynamic response equation by using the simplified elastic
support lining. Ma (2008) studied the dynamic response of the concrete lining by using the small
normal weight of explosion. Shen et al. (2007) developed a soil anti-explosion device and studied
the damage effects of the explosion seismic wave on the underground structure by using the indoor
experiments. Xin et al. (2009) studied the dynamic response of different underground structures
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by using the cylindrical explosion simulation device. Gao et al. (2010) studied the effects of the
Poison’s ratio, the shear modulus and the thickness of the lining on the dynamic response of the
lining, which is under the effects of a sudden applied loading. Mazek and Wahab (2015) studied
the impact of the composite materials on the underground structures that performance against the
blast wave. Gu (2015) gave the practical considerations in designing the underground station
structures for seismic wave. Besides, with the fast development of the computer, the numerical
method is also widely used in the analysis of the underground structure under the action of
explosion (Feldgun et al. 2008, Guo et al. 2004, Lu et al. 2005, Shin et al. 2011).

Based on the above analyses, we can find that the study of the dynamic response of the
structure to the action of explosion is mainly based on test (including the indoor experiments and
field tests) and numerical analysis. Although we can obtain much useful information from a
successful test, the explosion test, in so many situations, is difficult, dangerous and what’s more,
too much expensive. Thus, the numerical analysis, which is cheaper and repeatable, seems to be a
good choice for studying this kind of problem. The numerical analysis is mostly based on the
business software, such as LS-DYNA, AUTODYN and FLAC, but the newly developed numerical
analysis method is rare and to some extent, should be encouraged.

In this paper, based on the lumped mass method, the underground structure is discretized as a
system with limited freedoms, and the seismic wave is regarded as series of dynamic force acting
on the structure. The dynamic response of the underground structure under the action of the
explosion seismic wave is calculated by using the matrix force method and the corresponding
dynamic response equations are established. The proposed method can simulate the effects of
different types of shock waves on the underground structure. Compared with the response
spectrum method and the wave theory approaches, the theory of our method is simpler, and the
adaptability of our method to different wave loadings is better.

2. The matrix force method
Assuming that the underground box structure is closed, replacing the unknown force with

chain-pole and representing the loading acting on the structure as {p}.
The sizes of the underground structure and the shock wave acting on the structure are shown in
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Fig. 1 The model of the underground box structure
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Fig. 1(a), the structure is simplified as the composition of numbers lumped masses with limited
freedoms, which is shown in Fig. 1(b). According to the compatibility of deformation, the
equations for the matrix force method of the whole structure is

[F. Ix]+[F,llp]1=0 (1)

the internal force matrix[S], which represents the internal force caused by the external force and
the unknown force on the studied points, can be expressed as

[S1=[7, 1lp]+ 17 1X] @
[F.] and [F,,] are the flexibility matrixes of unit force and unit external force

[F =R T R [F,]1=[FT[R],] ®3)

where [F;]is the flexibility matrix of the whole structure, [rsp]is the variant matrix of unit
internal force that is caused by the unit external force, [7..1is the variant matrix of unit internal
force that is caused by the unit unknown force.

3. Dynamic equations of the structure

The forced vibration of the structure that can take the systems’ flexibility into consideration can
be expressed as the following non-homogeneous differential equation system

y+FMy+FCy=Fp 4)

where p ={p,},is the column vectors of the dynamic force, M =[m,],, is the diagonal matrix
of the lumped mass, F =[f}ls.ais the unit displacement matrix of the lumped mass, C=[C;],,is
the damping matrix, y={v}s, , V={0.}s , ¥={V.,}s, are respectively the vectors of the
displacement, velocity and acceleration of the lumped mass.

3.1 The load, mass and damping matrixes

The column vector p of the dynamic force can be expressed as the sum of the column vector of
every wave k, i.e.

n

p=> p* (5)

k=1

where 7 represents the number of the waves that is simultaneously taken into consideration, and
the element of p* ={p/},, can be expressed as

pi=SIE (i=12,...,34) (6)

S* =[S/1,,is the maximum value of the concentrated dynamic force under the situation that the
k-th wave acting on the lumped masses; the elements in F* ={F/},, represent the variant of the
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dynamic force, which is caused by the i-th wave, with time, and it is can be expressed as the
following form

P :[",553 5<rf,-—rg,.—r)+%5(t—rﬁ-—zéi)}-a(t—réf)-réi(r;‘i—réi——t> O

Tyi Ty — Ty

where té‘i , lei and Tfi are respectively the arrival time, the increase time and the duration of the 4-th
wave on the i-th point, and J(¢) has the following form

0= 125) ®

0,,0,,05,0,4in Fig. 1(b), represent the maximum pressures of the waves on the studied points,
and the distribution of the pressure acting on the structure can be expressed as

eft - -]
-V

where oﬁl and o" are respectively the maximum pressure and angle corresponding to the arrival
of the k-th wave at the structure, v is the Poisson’s ratio, kg is the reflection coefficient and has the
following form

b - 2
’ 1+Csps/(ckpk)

where C; and C; are respectively the velocity of the wave in the soil and structure, p, and py are
respectively the density of the soil and the structure.

The included angles between the normal axis of the structure and the normals of each section
are

(10)

O/ i=1
_ /2  i=2 11
=17 =3 (11)

/2 i=4
the lumped mass matrix of the system is

my, 0
m
M = L (12)
0 M34,34 34x34

where m;(i=1,2,...,34) are the masses of the studied points and can be expressed by the piecewise
function
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1 1 .
%-—Zpkahk +13—6psahs i=12,3334
—p,ah, "'_8/%‘”’5 i=3,---613,---22,29,---32 (13)
my; =
ia +1b pihy +(ia +ibjpshs i=7,81112,23,24,27,28
12 4 36 12
%pkbhk +%psbhs 1=9,10,25,26

where 4, and A, are respectively the thicknesses of the structure and the vibration medium around
the structure, a,b are the lengths of the structure, as shown in Fig. 1(a).

When calculating the dynamic response of the structure, the viscous friction model is adopted
and the damping matrix of the system can be expressed as

C=0a,M +o,K (14)
where ag and a4 are the coefficients, K is the stiffness matrix.

3.2 The unit displacement matrix

In order to study the interaction of the soil and the structure, the Chain-pole method is adopted.
The structure is simplified as that shown in the following Fig. 2(a), and in Fig. 2(b), the middle of
the baseplate is fixed, while the middle of the roof is cut and two new sections, which is under the
action of moment X; and axial force X>, are exposed. The regular equation of the structure can be
expressed as the following form

BX =D (15)

where X represents the matrix of the unknowns, B =[d,] is the factor matrix.

When considering the deformations of the structure and rock, under the action of internal force
(including the moment, the axial force and the shear force), the following equations are obtained

X, X,
= 1 T
%a—o D_OE Xig> < X
%}_‘O O_CE Xis> < X,
/o — T N W N R N N W
JITIIYI I ® "2edztid

(a) Chain-pole model (b) Force method
Fig. 2 The schematic diagram of Chain-pole Method
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5”=UU+1{/12"’214 N.N
U, = Lds+ " ds+
X g e

_J0 i#j
Yoy T\WYkbl, (i =

Where E; and G, are respectively the elastic modulus and shear modulus of the structure, J is the
inertia of the studied cross section, 4 is the section area, k is the coefficient of the elastic
foundation, y is the correction factor, /; is the length of the calculated part and can be expressed as

70,0,
G, A

ds (16)

b/4 i=5---817---20 17)

a/6 i=1.-310--1522...24
I =
0 i=491621

taking the effect of the elastic foundation into consideration and its deformation is

i#j
i=jg o

0
Vi = {hz (1— 2v? )/Ezbll-

where h,, v, and E, are respectively the thickness, the Poisson’s ratio and the elastic modulus of
the elastic foundation, thus, the expressions of matrixes B and D can be expressed as

B=L,B,L, +LyByL, +LB,L,+F, D=L}B,L,,+LyB,Ly,+LyB,L,,+F, (19)
where L,,, Lyand L,are the matrixes of the moment, the axial force and the shear force, which
are generated under the action of unit unknown force, LL : Lfv and LTQ are the corresponding
transposed matrixes; LM . Lyrand LQP are the matrixes of the moment, the axial force and the
shear force under the action of unit dynamic force, LLP, Lfvp and LTQP are the corresponding
transposed matrixes; B,, , By and BQ are the flexibility matrixes; F;represents the resistance of
the elastic foundation to the base of the structure; FP represents the build-in effect between the
elastic foundation and the middle of the baseplate. Considering that the expressions of the matrixes
in Eq. (19) are complex, therefore, we won’t give their detailed expressions here.

By solving Eq. (15), the unknown force matrixes are obtained

M=L,X+Ly, N=L,X+Ly,, 0=L,X+L,, (20)
the displacement matrix in Eq. (4) can be expressed as
A=L,B,M+L,,B N +L,,B,0 + 4 (21)
matrix A is added to consid(ithe possible displacement of the middle of the baseplate, as shown
in Fig. 2(b), the elements in 4 can be expressed as
A=d"a (22)

where d represents the elements in the last three rows of matrixD, a represents the elements in the
last three rows of matrix X.
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4. Application

The parameters for the underground box structure are as follows, the thicknesses of the roof,
baseplate and the side wall are respectively 0.8 m, 0.6 m and 0.6 m. The sizes of the outer and
internal contours are 3.6 mx5.2 m and 2.2 mx4.0 m, respectively. The parameters of the medium
around the reinforced concrete structure are shown in the following Table 1.

4.1 Size ratio’s effect on the dynamic response

The size ratio is represented as s=a/b, and when 4 =90°, the incident direction of the wave is in
the vertical direction, in this situation, the dynamic responses of the structure corresponding to
s=1,15,2.0 are as follows.

As shown in Fig. 3, the size ratio has a directly influence on the structure’s dynamic response,
when 9 =90°, with the increasing of s, the horizontal displacement of the side wall will decrease
while the vertical displacement of the roof will increase.

As shown in Figs. 4(a) and 5(a), the larger the value of s, the smaller the maximum values of
the moment and axial force of the side wall, but as shown in Figs. 4(b) and 5(b), the size ratio
seems to has no obvious effect on the maximum values of the moment and axial force of the roof.

4.2 The incident angle’s effect on the dynamic response
The incident angles adopted here are ¢ =0°, 30°, 45°, 60°, 90° and the dynamic responses are as

follows.

Table 1 Physical parameters used in the analysis

Medium density p (kg/m®) Elastic modulus £ (GPa) Poison’s ratio v
Reinforced concrete 2500 37.8 0.2
soil 1950 0.07 0.42
0.068 0.024
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(a) Horizontal displacement of the side wall
Fig. 3 Time-history curves of the displacement
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(b) Vertical displacement of the roof
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Fig. 8 Time-history curves of the axial force

As shown in Figs. 6(a) and 7(a), the larger the incident angle, the larger the horizontal
displacement and moment of the side wall, but as shown in Figs. 6(b) and 7(b), with the increasing
of the incident angle, the vertical displacement and moment of the roof will first decrease and then
increase. In Fig. 6(b), the vertical displacement will decrease when ¢<0.17s and increase when

t>0.17s, but in Fig. 7(b), the time to separate the decrease and increase phasesis ¢ =0.20s .

As shown in Fig. 8(a), with the increasing of the incident angle, the axial force of the side wall
will change from pressure to tension, and the axial force of the side wall reaches its minimum
value when @ =45°. The variant of the axial force of the roof, which is shown in Fig. 8(b), is
similar with that of the vertical displacement and moment shown in Figs. 6(b) and 7(b), but the
difference is that, with the increasing of the incident angle, the axial force of the roof will increase
when ¢ <0.24s, and decrease when ¢ > 0.24s , i.e., first increase and then decrease.

4.3 The rock type’s effect on the dynamic response
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In order to investigate the rock type’s effect on the dynamic response, five kinds of rock are
chosen and the corresponding physical parameters are shown in the following Table 2 and the
incident angle is 6 =90°.

As shown in Fig. 9, with the decreasing of the rock rigidity, both the horizontal displacement of
the side wall and the vertical displacement of the roof will increase obviously.

Table 2 Physical parameters of the rock

Rock Density p (kg/m®) Elastic modulus E (GPa) Poisson’s ratio v
1 2700 33 0.15
2 2600 20 0.22
3 2400 10 0.26
4 2200 3 0.32
5 2000 13 0.33
0.035 0.025
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Fig. 11 Time-history curves of the axial force

As shown in Fig. 10(a), as the rigidity of the rock decreasing, the moment of the side wall will
increase sharply. But as shown in Fig. 10(b), although the moment of the roof will increase with
the decreasing of the rigidity of the rock, compared with the effect of the rock rigidity on the
moment of the side wall, the rock rigidity’s effect on the moment of the roof is not so obvious.

As shown in Fig. 11, with the decreasing of the rock rigidity, both the axial force of the side
wall and the roof will increase obviously, but the curve of rock 5 in both Figs. 11(a) and 11(b) also
show that the axial force will decrease if the rock rigidity is too low, which means, it is possible to
relieve the axial force concentration by adding an elastic layer of lower impedance to the interval
of the rock and structure.

5. Conclusions

In this paper, based on the matrix force method, a new method is proposed, the dynamic
response of the underground box structure subjected to the explosion seismic wave is analyzed
with the new method and the following conclusions are obtained.

* Both the size ratio s and the incident angle & have obvious effects on the dynamic response of
the underground box structure. Generally speaking, the displacement, the moment and the axial
force will reach their maximum values, under the situation either the size ratio s =1 or the
incident angle 6 =90°.

» The rigidity of the rock has a significant effect on the dynamic response. Both the
displacement and the moment of the structure will increase with the decreasing of the rock rigidity,
the axial force concentration corresponding to the rock of lower rigidity will be smaller, and it is
possible to relieve the axial force concentration by using elastic layer of lower impedance.
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