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ABSTRACT :

Based on the wave propagation theory and the lumess explicit finite element procedure with a loca
transmitting artificial boundary, the substructunethod is formulated with step-by-step integratama central
difference approach. Since the explicit finite eéetnand step-by-step integration scheme is adophesl,
presented method leads to the ability in computatideasibility and the applicability in engineeginin
addition, the local transmitting artificial bounglaresults in the significant reduction in compuiatl effort
with little loss of accuracy. To illustrate the iefficy of the procedure, numerical examples areiedufbr a
structure founded on a rigid foundation which istle@ surface of semi-infinite soil medium. The stiuctural
dynamic predictions under the assumption of rigidnidation on a uniform simi-infinite medium usirgst
substructure method are in good agreement to tieeeree solutions by direct method. Another nunaéric
example is studied for the influence by the bidfre#ss of soil medium on the dynamic charactershef
soil-structure system. This prediction can alsoirbegreement the reference by the typical methduwsé
predictions can display the applied feasibilityeirgineering.
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1. INTRODUCTION SECTION HEADING

Since some structures such as nuclear power @adtfigh building have three-dimensional size effiect of
soil and structure dynamic interaction can be ratily considered only when three-dimension analysis
performed because of structural integrity. Theneehaeen many studies on SSI theories and methoid$ ate
generally classified into direct method and sulastne method either in time domain or in frequedoynain.

In the direct method, the upper structure, thedrfgundation and the bounded soil medium whictdjaeent to
the foundation are modeled as a whole with thdicai boundary. Since all the soil-structure systés
modeled, the computational cost for the complexesyss generally too high even to solve the thriegedsion
linear elastic system. In the substructure methbd, soil-structure system is divided into two orreno
substructures. Each substructure is modeled sepamatd is connected to the general structure girahe
interface of adjacent to other substructures. Trkest substructure developments have been madseveral
effective analytic solutions considering the sinfinite soil zone as homogeneous, isotropic andtiela
medium as substructure [Luco & Westmann, 1971; Ol&v3; Wong & Luco, 1978]. After solving the
impedance function of the simi-infinite soil zortee interaction force which the soil applies to tmual
structure is replaced by the impedance functioridiées & Wei, 1971; Wong & Luco, 1978]. Howeverjst
difficult for the analysis method to solve the ssiflucture interaction problems when the semi-itdisoil zone

is heterogeneous or anisotropic or nonlinear. Lgitehe researcher’s interests have been growmg i
developing the discrete method to deal with thestaicture interaction problems [Shah & Wong, 1,98®lf,
1988; Zhang, Wegner & Haddow, 1999]. Compared wulith direct method, the substructure method can
simplify the computational model, decrease the adatfpnal cost greatly and easily dealt with thenptex
soil-structure system by dividing the whole systento necessary substructures. However, since mbst o
substructure analysis methods are developed toinugkcit equations to solve this kind of problentage
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computational freedoms will be relative to the ctewjty conditions of soil medium and actual uppeucture.
This treatment often also leads to difficulty inaleg with the engineering problems. Since the micaé
procedure using either direct or substructure neettan not directly model the unbounded soil medithm,
finite soil zone have to be considered. The effeictthe truncated soil medium is generally considere
approximately by the artificial boundary such asviscous boundary [Lysmer & Kuhlemeyer 1969], a
superposition boundary [Smiyh, 1974], and sevetiaérs [Lysmer & Waas 1972; Liao et al 1984; E.K&use
1988].

In this paper, a new three-dimension substructumenical procedure is presented for analysis ofadyn
soil-structure interaction. Utilizing the advantagfelocal transmitting artificial boundary [Liao at 1984] for
wave propagation explicit numerical procedure, tie-domain explicit finite element method is forated
with step-by-step integration with central diffecenand lateral difference approach. The key to the
computational efficiency of the numerical procedisrthe application of the explicit procedure foil gone and
local transmitting artificial boundary as well agstructure treatment. Based on this numericalquoe, the
corresponding time-domain explicit finite elemembgram T3DSSI is programmed to analyze the dynamic
soil-structure interaction problems. Program T3DSfs such advantages as simple input data, fast
computational speed and extensive engineering cglylity. Under the assumption of rigid foundatidhe
structure vibration frequencies can be obtainedgu8BAQUS mode-based analysis. The substructuréaudet
computed by program T3DSSI is tested by direct oethnd by a practical example on the vibration
frequencies of a structure on rigid medium. It shathat the soil-structural dynamic predictions byst
substructure method are in good agreement to faeeree solutions.

2. THE THREE-DIMENSION SUBSTRUCTURE METHOD IN TIME DOMAIN

As shown in Fig.1 (a), a soil-structure dynami@ratction model is composed of actual upper stracturface
foundation and finite soil zone with the artificlabundary. Under the rectangular coordinate sygkeny-, z-),
the model is applied to the analysis of S wave @ggagon through the semi-infinite soil medium te #rctual
structure.
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Figure 1 (a) A typical computational model for gwl-structure dynamic interaction analysis; (beTh
interaction forces among soil medium, rigid platel apper structure
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2.1. Equation of motion of soil domain

As shown in Fig. 1 (a), the finite soil zone isided in two parts as the artificial boundary domaimd the
internal computational domain. Also as shown in Eiga), the nodes of the finite element mesh inzeme are
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divided into the artificial boundary nodes, theeimial nodes, and the nodes connecting with thedfation. To
internal nodes of soil domain, when the explicihped-mass finite element method in time domairdgpged,
the equation of motion can be expressed as:

{Up™=2{u} "t g, - M [T K +ﬁ K Y, p—Z[ﬁ][(n}Ud“} F*? @)

where M], [K ], and {F }denote the diagonal lumped-mass matrix, the sti#ffficients matrix , and the external

loading vector, Y } { U } and {U } denote respectively the displacement, the vejoaitd the acceleration of
internal node denotes the viscosity damping coefficient in prtipa to the velocity of internal node. The
subscript or | denoteghe internal node and subscnptienotes the relationship between the internal nede
the nodd adjoined with node. The superscrigp refers to the increment number and the relatignbbiween
timet and no negative increment numipas t=p/\t.

The history of seismic wave is assumed to be iepuftom bottom the artificial boundary nodes, ahd t
scattering wave can be transmitted out through thEéme motion of the artificial boundary nodes can be
computed by equation (2.1) since the motion of soddich connect the artificial boundary but outside
computational zone is unknown. As shown in Figa)l 4ssumed the node J on the artificial boundbeynode
J-1, the node J-2, ...are denoted to locate the sammal line of the artificial boundary as the natland
arranged near the nodéndide the soil computational zone in turn. Thepldisements of the scattering wave at
the node J at momenpf1)/At on the artificial boundary can be determined by dmplacements of the
scattering wave at the node J, and the node JXlIndbe J-2, ...at timpAt and (p-1)At,..., the recurrence
formulation is [Liao et al 1984] :

U P =2(4) "C{ U (2.2)

where {U .} "L denotes the displacement vector of scatting watleeanode J on the artificial boundary at the
moment p+1)At, N is the transmitting ordersCr’]\' is the binomial coefficient, and the displacement

vect0|{Un} is denoted as:

{Un} Z{{UJ} P {UJ—}.L p_nﬂ{ UJ}Z Pt o U}_n p_n+l}T (2.3)

where {U } ™1 denotes the displacement vector of scatting wavkeanode J on the artificial boundary at

the moment gn+1)At, and {U,_} P! denotes the displacement of scatting wave at e d-i near the
artificial boundary inside the soil zone at the nemin@-n+1)/\t. Therefore, the displacements field of the
whole wave field at the nodeflJ } **on the artificial boundary can be determined ds¥al

U™ ug g ™

where the displacement vecfbt,} "1 denotes the free field value when the node J ishenside artificial

boundary, or the input wave value when the nodeod the bottom artificial boundary. The motiortloé nodes
connected with the foundation is decided by thenétation motion which will be presented in sectitd

2.2. Equation of motion of structure
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In this section, the actual upper structure modetimplified as a three-dimension lumped-mass beam
element model as shown in Fig. 1 (a). All the nooleseam elements are classified as the interndésio
and the nodes connected with the foundation. WighRayleigh damping, the equation of motion to the
internal nodes of structure can be expressed as:

{Urm=2{uy r{y
—At?2 ﬁ a P_ p-¥ _ p
{ At [Mi]iZ{(HAt)[Ki.HE[ MiJ}U} lZ fg K], +% MY 9, "{-}F } (2.4)

where M], [K ], {F }, {U }, {U } and {U } denote similarly to the equatio(2.1), anda, B denote the
Rayleigh damping coefficients. The motion of thele® connected with the foundation is decided by the
foundation motion which will be presented in nexttson.

2.3. Equation of motion foundation

The connection part between the actual upper streicand soil medium structure is the foundation by
which the interaction forces from the unbounded m@dium are transferred. Since the foundatiorftesno
stiff and thick, it is often assumed to be a rigidte in computational model. That is to say thatmotion

of the foundation only includes the six componewtsich are three concentrated force components
(Fx.Fy,Fz) and three concentrated moment componevits ¥1,, M,) applied to the centre of the rigid
plate. The total forces applied to the rigid platdch given by the actual upper structure and m&tlium
make the rigid motion of the foundation. The keghgem analyzing the dynamic soil-structure inteact

is to decide the total forces applied on the fotinda The model used to describe the interactione®
among soil medium, rigid plate and upper structsihown in Fig. 1 (b).

The nodek is assumed the one of the connecting points betweisoil and the foundation. Since the
deformation of soil domain, the force at node Kleggpby the soil domain is

[F}={Fe Fy, Fo M, M, M} (2.5)

where F,, F,, F, respectively denote the concentrated force compisn& nodek along thex-, y-,

and z coordinate directions, andM, , M, , M,, respectively denote the concentrated moment
components at nodealong thex-, y-, andz- coordinate directions, and then

_ H p H, p-1
{F}=-> 1+ KU +.2Zt[ KH G, (2.6)

The total force at the foundation applied by thi damain is computed as:

{FD} =Zm:[A]1{Fk} (2.7)

where {FD} :{FDX Fov Fo;, Mgy Mg, MDZ}T is the total force vector at the foundation
applied by the soil domaimis the total number of the nodes connecting withftundation, and
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where AX, ,AY, ,AZ, is respectively the relatively coordinate valuéshodek to the shape center of
rigid plate.

The nodei is assumed the one of the points of the uppectsire, but it is not connected with the
foundation. Since the motion of structure, the tinefiorce at node will bring about applied forces to the
foundation. The inertia force of nodes given:

[FY={r. 7, F, M, M, M} (2.8)
I IX y 1Z IX y V4

where F,, F,, F, respectively denote the concentrated force comysra nodé along thex-, y- and
z coordinate directions, and/,, M,,, M,, respectively denote the concentrated moment coemtsn

at node along thex-, y- andz- coordinate directions, and then from equation)(2t¥ inertia force of node
i is given:

= - ﬁ ﬁ p_ p-1
(F)=-Xtermik 12y -3 £ v 9)

where all the variables have been denoted in equg®.4). Similarly, the total forces on the founoia
applied by the structure can be expressed as:

{F}=21AI'{R) (2.10)

where { FS} ={ F&« Fs F Mg Mg, Mg}T is the total force vector at the foundation applgd

the structuren is the total number of upper structure nodes edttepnodes connected with the foundation,
and the definition of matrix4j] is the same as the equation (2.7).

From the equation (2.7) and equation (2.10), the forces applied by both soil domain and upper
structure are:

{F} ={Fo} +{Fs} =Em:[MT{Fk}+Zn‘,[A]T{E} (2.11)

M

components have been denoted in the last two ssctio
The equation of motion of rigid foundation is wett

(M1{u} ={F} (2.12)

where the total force vectofF} ={FX, F., F

z!

M,, MZ}T, and the meanings of other

X!
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where M] is the diagonal lumped-mass matrix of rigid pjdtee nodes connecting with the foundation of
soil medium and actual upper structure, gt denotes the acceleration vector of rigid plateesys

and {F} has been denoted in last equation.

Using the explicit lumped-mass finite element mdthotime domain, the motion equation (2.12) ofdig
plate can be expressed as:

{Ud ™ =2{u} £ U " -APOM{TF (2.13)

where {U} " denotes the displacement vector of rigid platthatmomenp/\t and the other variables

have been denoted in this and last two sections.nidtion of the nodes connected with foundatioheeit
in the structure or in the soil domain is decidgdhe® rigid motion of plate. The expression of thetion
of these nodes can be given as follow:

{urrq A u ™ (2.14)

where {U} ", [A], and {U} " have been denoted in this and last two sections.

3. NUMERICAL EXAMPLES

Case one: dynamic response of rectangular rigid foundatiomamiform simi-infinite medium

As shown in Fig.1 (a), a structure with a rigidcthiplate foundation is founded on the surface @& th
semi-infinite soil layer. Moreover, the actual upgéructure simplified to a 9 three-dimension beglament
system is ignored to test the Program T3DSSI. Tineewlsion and the density of rigid plate arexW X
H=78mx77mx6.5m, and 2.5T?mrespectively. The simi-infinite soil medium isrgilified uniform medium,
and the transmitting artificial boundary is usedrtmcate the soil medium. The incident S waves@imed as a
unit pulse with the width of 0.2s from the bottorintlee transmitting boundary. The three-dimensiorsimis
used to model the truncated soil medium. The dimezthod for this kind module has been used in npapers
[Liao et al 1984; Yang et al 2007]. The horizorgetelerate history of rigid foundation using theedi method
and substructure method in this paper are shovigii2. Form Fig.2, the results are agreement vealy wihen
shear wave velocitys in the rigid plate and uniform medium are cha28®0 m/s and 200 m/s, respectively.
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Figure 2 The acceléfiation time history of thedigi  Figure 3 The horizontal acceleration time histdiry o
foundation the highest node of the structure

Casetwo: The dynamic effect of the soil-structure interactimder the big stiffness of soil medium
Also as shown in Fig.1 (a), the actual upper stmecsimplified to a 9 three-dimension beam elensgatem is
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added to the last example. The parameters sucheabetam size, area, mass, rotary inertia and moofent
inertia are given in Table 1. In addition, the paegers of elastic modulus, shearing modulus of lsgargiven,
respectively as:

E=3.0x10° and G=1.2x18.
The dimension of rigid plate, the transmitting festal boundary and the incident S wave are assutinegame
as last case. The three-dimension mesh is useddelnthe truncated soil medium. As we known, whea t
stiffness of soil zone below the upper structurbigsenough, the structure applied force by thésaicture
interaction will have a little influence to the wtture nature vibration frequencies. This charasteften used
to prove the effective of the adopted methods. Bigestiffness soil medium parameters include shemare
velocity Vs=5000m/s, cut frequendy¥25Hz, the densities of soil=2.5TImPoisson rationv=0.25, and the

damping ratio of bear&=0.00.

Table 1 the characters of beam

Area of Moment of inertia o
, Rotary inertia (i)
Number Length across Mass  (x10%kgm?)

ofbeam (m)  section (x10%kg)

(m? X- y- z X- y- z
6.0 274.7 17040 12.11 1211 10 16790®7900 10000

6.2 274.7 19930 1417 14.17 10 16790®7900 10000
5.8 276.1 19740 13.8 13.8 10 16490164900 10000

6.3 276.8 12040 8.24 8.24 10 1548054800 10000
7.5 175.0 11670 4.05 4.05 10 1625062500 10000
8.0 148.2 14700 4.46 4.46 10 1391089100 10000
10.7 80.6 9300 2.83 2.83 10 76600 76600 10000

8.0 70.3 3850 1.94 1.94 10 39200 39200 10000

© 00 N oo 0o A~ w N P

115 64.4 35.2 0.79 0.79 10 29600 29600 10000

The structure nature frequencies computing eithetrénsfer function method for T3DSSI or mode-based
analysis for ABAQUS can give similar results aswghan Table 2. These results proved the three dsoen
soil-structure interaction analysis procedure araymam T3DSSI to be reasonable under the big ssfrsoil
medium.

Table 2 The horizontal nature frequencies of stmactvith damping ratig= 0.0 for the structure
Nature vibration frequencies

1 2 3
Adopted method
ABAQUS (mode-based analysis 5.031 10.966 18.813
T3DSSI (transfer function method) 5.079 11.038 33.8

The highest node horizontal acceleration time hysbd substructure module given by T3DSSI is shawRig3.
To compared, the upper structure with a rigid fatimh is modeled using direct method of the commérc
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software ABAQUAS. With the same unit pulse with thiglth of 0.05s incident S wave inputted from tiggd
plate, the acceleration time histories of the hsgjim®de of the structure is also shown in Fig.8nFFig.3, the
dynamic acceleration time history by T3DSSI is aod agreement to the reference solutions using ABSQ

4. CLOSURE

A fully numerical procedure is presented to solkie problems of thee-dimension soil-structure irttoa
analysis. The procedure starts with time-domairssubture idea. The explicit finite element andresponding
transmitting model are taken to model the infirstel medium. These procedures can solve the highioo
three dimension soil structure interaction compaoitatusing direct method. After studying problems on
foundation-soft soil medium and big stiff of soiledium-structure systems, the proposed procedurds an
programs are found to possess reasonable resdltsgincomputational cost.
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