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1. 1mtroduction

ln the earthquake rest)01lSe analysis of a shield

tunnel and a submerged tunnel. one-dimellSional

sprlllg-mass System proposed by Tamural) has been

widely used as the ground model. The model was

verified by vibaration tests on the ground models

including tunnels. However, the application of the

model is ｡Illy appropriate to the groulld where the

grotlnd colldition is considered to be ulliform ilユーhe

direction perpendicular to the line on which

resp()nse analysis is perforllled.

A shield tunnel, Which is one of the represelltative

ttlnnels in tlrban area in Japan, is usually constructed

in alluvial soft ground. The topography of alluvium

is generally complicated and bounded by diluvium

irregularly. Ill Order to grasp dyllamic behaviors of

the alluvial ground. it is necessary to take these

factors into consideratioll, but llluCh cost alld time

and laborious works are needed. So that, Tamura

proposed a simple two-dimensional spring一mass

system as a mathematical model in 19832) In the

system, however, there was a pr()blem il一 represent-

ing Poisson's ratio of the ground soil.

The authors have been conductil唱　earthquake

observations of shield tunnels in such alluvial

groulld and found out that the three-dilllellSional

grotlnd structure is olle Of the major factors govern･

ing behaviors of shield tunnels during earthquakes3).

In this paper, the mathematical model of ground

for the analysis of dynalllic bahaviors of t111der-

★ °ept. of Applied Physics and Applied Mechanics,

Institute of lndLIStrial SciellCe, UIliversity of Tokyo.

ground structureswill be introduced for practical

use.　The new model is a developed one from

Tamura's Model alld only the fulldamental shear

vibration is takell into accoullt aS the former model

does.　However, it can easily deal　with three

-dimensional geologlCal structures. The characteris-

tics of the model is the fact that it is a composite

model of FEM and sprlng一maSS System.　By

illtrOducillg FEM, the spring cnnstants of the sprillgS

co1111eCting the lumped masses Can be reasonably

determined and the meChallical colldition of the

ground is adequately expressed.

2. A Quasi-Three-Dimensional Ground Model

ln the first step, We consider a rectallgular grotllld

element I shown in Figl At nodal point i, the

constant (EF)z is defilled in the followings :

(EF,2-I"'EWFl(a)dz　　　( 1 )

where, H～(a) ; Thickness of surface layer at point

～

E;(a ) ; Vertical distribution of Young's

modulus at nodal point i

Fl(i) ; Horizontal displacement function at

lュOdal point ∫ defined by equati()n

(2)

Z ; Depth

Fz(a)
fz(i)

_/.''i I,/ ':,.;告I;:),/こ

(2)

where, m't(i) ; Soil mass of unit cross-section at

point /
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Fig.1 A Rectangular Ground Elemellt ∫ and Its Composition

fz(a) ; Modal vector of the fundamental

shear vibration at point z'

Fz(a) means the horizontal movements of soil

column　～　along the depth and normalyzation is

carried out as shown in equation ( 2 ) so that Ft(i)

may equal to 1.0 at the depth corresponding to the

center of the inertia force of the soil column. The

equivalent Young's modulus (EF)a in equation ( 1 )

is calculated by the integration of E'l(a)･Ft(Z) in

the direction of depth. Therefore, the soil column

can be transformed to the plate element with unit

thicklleSS andwith Young's modulus of (EF)a at

point i. As the values of (EF)i are　given by

equation ( 1 ) at four nodal points of an element,

Young's modulus E, of plate element I can be

calculated as follows :
F

∑ (IllI/ )I

EF (3)

In the same manner, Poissoll's ratio of plate elenlent

ノis determined as follows :

t昔-i伍'(Ld三上"' Fl(i)I)'l(<T)dz( 4 )

where, VJ : Poisson's ratio of plate element I

～7',(～7) : Poisson's ratio of nodal point l'

lll : Average Poisson's ratio at nodal point

～

The applicability of equation (3) and (4) is

limited to the case that there is no large difference

in dynamic characteristics amollg four nodal poilltS.

If the shape ()f an elemellt is fairly different from

rectangular shape, the figure　4　-　denominator in

eqtlations (3) and (4) must be replaced by other

figures, taking the relative locations of nodal points

into consideration. When the shape of an element is

triangular, for example, the denominators in equa-

tions (3) and (4) are3.

In the next stage. the soil mass at nodal point i

should be determined.

Defining that the mass of soil column at point ～ is

m., the soil mass concentrating on nodal point i is

given by integrating m1 over the influence area

(L4REA)I Shown in Fig. 2.

Mz-ml･(AREA)Z　　　　　　　　　　(5)

Thus, sprlng COllStant　〟3,Which is the sprlng COn-

stallt betweell the base groulld and the soil mass, is

calculated usillg the fundamental period of the soil

column and soil mass MZ at point i.

K3,a-Mz･(貿)2　　　　　( 6)

Fig.3 illustrates a drowned valley sedimented by

alluvial　soil and its simple modelization by the

proposed method. As shown in Fig.3, aHuvial layer

is substituted for springs K｡,Z, Soil masses Ml and a

plate with material properties EJ and VJ. Using EJ

and VJ of the plate element I. it is possible to form

rigidity matrix lK｡] connecting soil masses by finite

element mehtod. The stresses of the soil plate are

analyzed under plane-stress condition in this model.

The equation of motion is as follows :
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Fig.2 Soil Mass MZ and Influence Area (AREA)i at Nodal Point i

二
〟=

(b) Alluvial Ground Model

Fig.3 A Schematic Representation of the Proposed Method to Modelize Alluvial Ground

lM]･li]･lc]･li]･lKHXy]--lMe]･[#] (7)

where, lM] ; Mass matrix composed of Mz

[C] ; Damping matrix

[∬] ; Rigidity matrix, which is the sum

of lK2] and lK,]

X, Y ; Displacements of soil masses in I

and 〟 direction, respectively

U,W ; Accelerations of base ground in I

and 〟 direction, respectively

lMe] ; Effective mass matrix

Effective mass matrix is composed of effective soil

masses Me.い　And Me,とis glVen by the followlng

equation :

Me,i-(AREA)i
(I"'m'l(a)fz(i)dz)2

I"zm'Z(i )fz2(a )dz
(8)

Using the equations mentioned above, the behavior

of the ground during earthquakes based on the

fundamental shear vibration, which may majorly

influences on underground structures during severe
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tremors, can be analyzed. The ground displace･

ments transmitted to the underground structure are

easily calculated as the product of the ground

displacement at nodal point i (Xl and Yl) and

horizontal displacement function at nodal point i

(Fz(I)).

3. Conclusions

The authors presented a quasi-three-dimensional

ground model for earthquake response analysis of

underground structures. The characteristic features

of the model are as follows :

(1) It can deal with three-dimensional geological

structures.

(2) It is a composite model of FEM and spring

-mass system.

(3) By the introduction of FEM, mechanical condi-

tions connecting lumped masses (Soil masses)

can be reasonably determined with the assump-

tion of plane-stress condition.

The authors will report the results of the verifica-

tion of the model, Comparing the analysis and

vibration tests using Shaking table, to the IleXt issue

of "SEISAN-KENKYU".

(Manuscript received, November ll,1986)
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