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The present study asnto calculae the stress field around tunnels, of various shapes under
seismic loading of S waves liie use of Analytical Relations and the three dimension
Numerical Cae of Finite Differences . In this Case only the seismic loading is taken into
account.

The shear waves S are composed of two subtypes according to the plane of oscillation of the
particle motion .In case of SH waves the particles osciltadeplane perpendicular to the
vector of the wave propagation direction and in case of SV waves the particles oscillate within
the plane to which the vector of the wave propagation belongs.

The response of the underground structures alters accordimgydeismic excitation, SH or

SV waves, due to the different boundary conditions on the cross section.

The Wave Equation is solved by calculating the wave potentials, w in the case of SH waves
and 0 & Q@ respectively i n esshguantities sneternsfof SV
displacenents and having the propertthat these or their derivativesverify the Wave
Equation. Thus, in case of SH waves the wave potential w expresses the total displacement,

whereas in case of SV waves, the total displacement , is defined by the relation:
0O N n

The Underground Structure is considered to be founded on linear elastic gitwend.
Undeground $ructure is subjected to seismic excitation, simulated by andmacnseismic

shear wave S, SH or SV vertically propagating.



In the framework of the Analytical Solution and in case of SH or SV Waves respectively, the
calculation of the Wave Potentials is achieved by the expansion in finite number of terms, of
BesselHankel Fourrier Series, in combination with the implementation of the proper boundary
conditions on the section. Additionally taking into account the Complex Variable Theory and
especially the conformal mapping transformations the solution congeme cyclic hole can

be expanded to cross sections of other shapes aseedlijuare, hoop shadaed or unlined.

For the curve depicting each shape, it is essential to have parametric equations. In order to
simulate the depth where the UndergroBtducturesare founded(deep foundation full

space, shallow foundatigmalf space), relevant transformation relationships in combination
with the implementation of proper boundary conditions are proposed in each case of SH or SV

waves.

The compilationof all transformatins for each different shapand boundary conditions as
well as the solutions of treystem of the equatiorfer the calculation ofhe Wave Potentials,
are made by composing the relevant computimdes inthe language of technicabmputing
MATLAB .

Initially the case of cavities of various shapes, unlined or lined, in full space under seismic
loading of SH waves were examined and the relevant analyses were perfohme@rious

shapesin the plane w are transformed onto the aimgle inthe plang@ cent erwith o cent
the implementation of proper Mapping Functions. Due to the characteristics of SH waves the

only existing displacement is that in direction z, along the axis of the tunnel andgbigtan

of plane displacaenté. The traction fr ee,ragurestthe bourdaryy e s u
conditiont;,=0. Relevant computingodes irthe language of technical computing MATLAB

are composed for the calculation of the wave potentials( the incident and the staitertbe

cavity).

Consequently thease of cavities of various shapes, unlined or lined, in half space under
seismic loading of SH waves were examined and the relevant analyses were performed. In this
casethe problem of the hapacebecomes a poblem of full space, when consideéhe
symmetrical crossection, in relation to the surface of the grouflaus the regionbetween

the free surface and the cressction is equivalent to the outer space of two symmetrical-cross
sections, with the axis of symmng the free surfacelhe stress field around the cross section

result from the total solution of the model and from the calculatiortted wave potentials



(the incident the reflected and the two scattered each from one cavity), takiagcotmt the

proper boundary conditions

The case of cavities of various shapes, unlined or lined, in full space under seismic loading of

SV waves were examined and the relevant analyses were perfdreedarious shapes

the plane w are transformedtorthe unit circle in the plane cent er withthe cent e
implementation of proper Mapping Functions. Due to the characteristics of SV ,waves
displacements exist in the twdirectiors of the cross section of the cawitThe traction free

unitcirclk s ur f a c,eequiras thgdownadary conditions tr #F0. Relevant computing

codes inthe language of technical computing MATLAB are composed for the calculation of

the wave potentials( the incident and the two scattered from the cavity)

Thewave potentials, in case of a tunnel at depth H below the free surface under seismic loading
of SV waves are: the incident , the reflected , two scattered wave potentials from the cavity and
two scattered wave potentials from the free surface. In thmefsark of the proposed
methodology the closed form solution is developed in two stagethe first , by applying

the Complex Mapping Theory, a mapping is proposed so as the region in the plane w
consisting of the half space with a cavity of varishiapes (circulaellipsis, square, hoops
mapped conformally onto the region consisting of the half space with a uniticittle plane

g, founded atan equivalent depthéh In thesecond stage proper transformations are proposed
for theimplementation of the boundary conditions. Hoeindaryconditionsare

-Thestress r ee boundary conditionés$i=din=0d he cavity
-Thestress r ee boundary conditi ons=tast=0t he free S

The stressfree boundaryconditions at the free surfaceare amongthe most complicated

boundary conditions to be satisfied in phys{¢sn etal., 2010) Up to now the problemhas

been solved approximately Taking into accountthe propertiesof conformal mapping
analyticalrelationshipsare proposedn this study that solve exactly the problem Thus the

proposed transformation, that alters according to the shape of theseatis®, transforms the

region in the plane w, consisting of the half space witlavity of various shapes, founded at

dept h H, ont o t wo Vv ewithdistarecd of their centérebs Analyses ardn e p |
performed according to the above proposed Analytical Relationships in case of underground
structures with several unkd cross sections, founded at depth H. Relevant computing codes

in the language of technical computing MATLAB are composed for the calculation of the

10



above quantitiescthe equivalent depthéhthe transformations of the half space and the hole,
the wavepotentials (incident, reflected, two scattered from the cavity and two scattered from

the free space), the stress field around the cross section displacements and stresses.

In order to validate the proposed methodology an analysis without taken intantatoeu

scattered wave potentials from the free surface (relaxed boundaries) has been developed, for
various cavity shapes and the results of the two methodologies were compared. This
assumption is realistic because the values of these potentials ardrsthalcase the problem

becomes a full space case under incident and reflected SV waves, as the only existing boundary
condition is that of the tractieh r ee uni t ci r cthnetnggs=0r f ace i n pl 8

The comparison of the two methods entails to satisfactory results. Thus, the proposed analytical
methodology solved the problem of the calculation of the stress field around cavities, founded
at depth H, in case of half space under seismic loading of S¥svAdditionally the proposed
transformation for the stress free boundary conditions at the free surface;, > =0, can be

expanded also in other cases with similar boundary conditions.

In the framework of the numerical solution and in order nousate the dynamic response of

the underground structures, tl8 Numerical Code of finite differences FLAC 3D, is used.
This software has a large application in Geotechnical Engineering for the solution of the
differential equation of motion. The sairucture model is considered elastic and is subjected
to seismic excitation, simulated by an harmonic vertically propagating shear wave S, of SH
or SV type. In addition the FLAC 3D code incorporates the language FISH, for further

programming and for themelioration of the model.

The generation of the grids for the several different shapes of the cross sections of the Tunnels
(cyclic, elliptic, square, hoop) is conducted as follows: in case of cyclic and square cavity
shapes the grids are composed adogrdb the standard FLAC 3D elements, while for the
more complicated cavity shapes as elliptical and hoop, the grids are composed with the FISH
language routines based on conformal Mapping Theory. The seismic excitation is induced in

terms of stress histy, according to the type of S Wave, SH or SV.

The soitstructure interaction effect is expressed by the flexibility ratio F, a measure of soil
stiffness relative to the flexural stiffness of the liner. In case of a cyclic or square cavity shape,

the valueof the flexibility ratio F is given according to formulas from the bibliography, while

11



in case of an elliptic or hoop cavity shape, relevant relations are proposed, in the framework of

this study.

A series of dynamic parametric analyses were perfornmethe elastic region taking into

account:
-The type of S Wave, SH or SV

-The thickness of the soil layer H above the structure. When the foundation is deep it is a full
space case, in the opposite it is a half space case. In this study, the structuté ideihe
distance between the structure and the free surface measured centreline, considered two radius

in case of a cyclic cavity or twgequivalent radiusin all other cases.
-The shape of the cavity (cyclic, elliptic, square, hoop)

-The relative sffness between the soil and the cavity, simulated by the flexibility ratio

F(unlined or lined cavity rigid or flexible)

-The hysteretic damping of Rayleigh type, independent of the frequency. In this study damping

i s cons2%dered 3

The aforementionethctors play a crucial role in the calculation of the stress field. All the

analyses verified the properties and the boundary conditions both of SH & SV waves.

Comparing the Analytical methodology with the Numerical the former calculated
displacements areithin the same order of magnitude while the former calculated stresses
differ significantly and are larger than those derived from the Numerical methodology.

Seismic excitation causes significant deformations and stresses to the underground Structure.

12
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