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Abstract: In this work FEM and BEM combinations are considered to analyse non-
linear soil-structure interactions. The first is employed to model the structure, while
BEM models the two-dimensional body, using the time domain approach (TDBEM)
and mass matrix boundary element technique (MMBEM). The TDBEM approach is
used to model the infinity linear and often distant regions, while MMBEM is adopted
to deal with the yielded soil.

Introduction

The boundary element method (BEM) is recognised as a suitable technique for
treating infinite and semi-infinite regions as the natural ground for example. This
interesting property is even more evident when transient dynamic problems are
considered. In this situation, the time domain boundary element formulation
(TDBEM) has been successfully applied for many practical cases. Coupling of
general building structures and the soil domain is an interesting application for the
dynamic combination of the finite element method (FEM) and BEM. For real
applications, some physical non-linearities may occur in the soil near foundation
structures, requiring therefore proper analysis. As often found in the specialised
literature, FEM is adopted for the non-linear region and BEM to represent the linear
behaviour of the remaining domain.

This work is concerned with the development and applications of an effective
BEM/FEM coupling for analysing non-linear dynamic responses of soil-structure
interactions. The coupling is made by considering that the soil may yield near the
structural foundations. In this situation structures are assumed elastic and will be
modelled by finite elements, while the non-linear soil is modelled by mass matrix
boundary elements (MMBEM) [1,2,3,4] and the elastic soil (distant regions) is
modelled by time domain boundary elements (TDBEM) [5,6].

Weighting Residuals

The weighting residual technique is employed to obtain FEM, MMBEM and TDBEM
procedures. To formulate the technique we start from the dynamic equilibrium
equation of an infinitesimal part of the entire domain given by:

Oy Thj=pii;+ci; (1)
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Multiplying eq. (1) by the weighting function called here «; and integrating the

result over the domain Q results,

J.O'ij,i”'jd-Q+J.bj”lj dQ=Ipﬁju’de+Icuju’de (2)
Q Q 0 Q

where I is the boundary of the analysed body.
For simplicity the substitution of the exact fields by the approximated ones is
omitted. Integrating, by parts, the first term of eq. (2), one finds:

[pju;ar+ [bu; a2 = [ pii;d2+ [ciju; d2+ [oze; d2 3)
r 0 0 0o 0

where the stress tensor symmetry and the Cauchy formula are taken into account.

Considering that u’; =du;, in eq. (3), is the standard virtual work principle
equation used to develop the finite element method. To consider discrete forces in eq.
(3) the Dirac’s Delta distribution can be applied for both domain or surface loads.

Using usual FEM discretization and spatial integration one writes:

KU +CU +MU =Bb + GP + IF 4)

where B, G and [ are body force, surface force and identity matrices, respectively.

e

Taking into account the presence of residual stresses as o i

=cf - ‘75 into the last

i
term of eq. (3) and integrating it by parts one achieves:

[pju;dr+ [oleyda+ [bu;d@=[u;p dr+ (b u;d2+ [ pi p d@+ [ i ja2 - (5)
r P Q r o P o2
Considering the weighting function as the Kelvin fundamental solution for static

problems, i.e., u’; = uzj, eq.(5), turns into the usual displacement integral equation:

Cijttj (5,0)+ [ pig(5,Q e (Q.0)dT + [ pugg (5,9 )ii (q,0)d2+ [cugi(s,q i ;(q,)d2
r Q0 Q0

= [ug(s.0)p (0.0 + [ug; (5,0 )b;(.0)d2 + [ 24 (s.a)o ] (g,£)d2 (6)
I 0 0

where Cy; is the usual free term.

Following a well-known procedure one finds the boundary integral equation for
stresses, as follows:

o (s.)= [ &30 (5.0 ;(Q.)AT(Q)=[ piju (5.0 ;(Q.)AT(Q)+
& (5,000 (0.0)d2(q) = [ ¢ Exgu (.90 (4.0)d2(q) +

= [ PER (5,0l 1(4.00d2( )+ [ g (5.9)05:(4.0d2(0)+ &iggea ], (s.1) @
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From usual the spatial BEM discretization one finds:

HU(t)+CU(t)+MU(t)=GP(t)+Bb(t)+0c”? (1) (8)
o(t)=G' P(t)-H'U(t)+B'b(t)-M'U(t)-CU(t)+Q " (t) 9)

From equation (3), without dumping, integrating by parts the last term and all
equation regarding time, results the following TDBEM integral equation.

c,g.j;uj(s, o)f(t —r)dr=[;jru,’;(g,z—r,-s/f)pj(Q,r)drdr—

—j;jr pii(O.1— r,'s/f)uj(Q,r)dFdr—irI;_[ij (q.0 g (gt —tis/ [ )ddz +

[ puig(a.tis/ (.02 = [ piijg(a.t:s/ [ Ju;(4.0)d02 (10)
where f(t) is the time behaviour of the fundamental load of the Stokes fundamental
solution.

Adopting the usual TDBEM time and space discretizations results:
H,U, =G,U, +F, (11)

where 1 is the first time step and n, the actual one.

Bearing in mind that Newmark’s time integration scheme is used to integrate eq.
(4) and Houlbolt’s scheme for eqs (8) and (9), the resulting time marching equations
together with eq. (11) can be written for a prescribed time step as:

H(UU(U =G(i)U(i)+F(i)+Fp (12)
where F? comes from eq. (9).

It is possible to apply the sub-region technique for any number of sub-regions
represented by an equation as (12). The non-linear procedure is completed

remembering that F* is calculated by an iterative procedure taking into account the
global sub-region equation.

Examples
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Figure 1. Geometry, external loading and discretization
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A cylindrical cavity under an internal pressures, as depicted in Fig. 1, is analysed and
discussed. The physical properties are: Young’s modulus E = 94,6769ksi; Poisson’s
ration v = 0,2308; and the mass density p = 3,5 slug/ft3.

After adopting the time step At=2s, the points are 4 and B were selected to
conduct the analysis. The results compare very well with reference [3] values (Fig. 2).
The Drucker Prager yielding criterion is adopted with the following parameters: ¢ =
0.9 ksi, ¢ = 0,70 ksi, ¢ = 0,50 ksi and ¢ = 30".
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Figure 2. Radial stress components for points A and B

Simple stretched rod

A simple stretched rod is subjected to a suddenly applied load as depicted in Fig. 3, in
which the physical parameters are also given. Two discretizations are adopted as
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shown in Fig. 4. The adopted time step for MMBEM is 4¢,,,,pe,m = 0.00012s , while for
the Coupling (MMBEM/TDBEM/FEM) is 4t ,jing = 0.0002s . This difference is due
to the stability conditions for TDBEM when dealing with finite bodies. The upper end
displacements are illustrated in Fig. 5.
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Figure 3. Geometry, loading and physical parameters
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Figure 4. Discretizations
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Figure 5. Displacement of the loaded surface.
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The results are in almost perfect concordance, despite the difference of the adopted
discretizations.

Conclusions

The BEM/TDBEM/FEM coupling has been successfully implemented. The first
example has confirmed that the MMBEM performance for non-linear analysis is
excellent. The applicability of the three-dimensional coupling for general problems is
demonstrated by the example two. This example is a rather difficult problem for
TDBEM analysis, demonstrating therefore that the technique is well implemented,
accurate and stable. Due to the degree of difficulty of example two, it is obvious that
the resulting formulation is a powerful tool for general soil-structure interaction
problems and others reinforced medium cases.
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Abstract. The dynamic interaction between two close three-dimensiona
structures, through the underlying or surrounding poroelagtic soil, is investigated
by coupling finite and boundary elements. A three dimensiona problem is
considered, using a finite element beam formulation for the structures coupled
with a boundary element formulation for the soil. The materia of the structuresis
linear elastic with structural damping. The foundation soil is a half-space which
is a homogeneous, isotropic and viscoelastic or poroedlastic materid. The
structures simulated are two adjacent towers supported by two identical square
foundations embedded in a soil stratum. A harmonic force is applied on one of
the structures. On the base of the numerical studies, the effects of the location of
the load and the effects of distance between two foundations are examined.

Introduction

The dynamic interaction between adjacent structures on viscoelastic soil have
received considerable attention in recent years. Several methods to couple
structure-soil —structure have been successfully applied in this area.

The dynamic behavior of poroglastic soil has been aso studied recently, with
important contributions to a proper understanding of his influence in the
interaction between soil and structure. Several 2D and 3D studies have been
presented computing compliances for rigid foundations resting on or embedded
in poroelastic soils.
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The aim of this article is to study the interaction between adjacent structures
through the soil, considering the soil as a uniform two-phase fluid-saturated
poroelastic medium.

Basic formulations.

Finite element for mulations. The structures have been discretized by 3D beam-
type finite elements with distributed mass.
The materid is linear eastic with material damping of hysteretic type.
The dynamics equations of the motion are formulated in the frequency domain.
The algebraic system of equation is given by

€S, Syu &lu éP U

aé Ju=e_ ( @
Ssbueubu ePbTU

gsbs
where sand b denote the nodes non-connected and connected to the soil,
respectively. The amplitudes of the loads are represented by P, and Pyt = P, +
Pwo is the summation of the interaction forces with the soil and the directly-
applied forces on connected nodes. The total displacements are denoted by the
superscript t.
When the coupled zones are a viscodastic zone (foundation) and a poroelastic
zone the equilibrium conditions along the interface is:.

- imperviousinterface: P,=-E . TP =-E,. (t°+t)=-E .(t" +f . p")
- perviousinterface: P, =-E . TP=-E; . t°

where T° denote total traction on the poroelastic medium , p° the pore pressure
and f the porosity, and E; the transformation matrix between forces and tractions.
Both conditions are included in the expression

Po=-E.t @
where P, denotes the force on the connect node of the beam. And t. denotes the
tractions over the interface of the connection

Boundary element formulations. 3D-quadratic elements have been used to
model the soil surface. The classical system of linear equations can be written as

éHy Hy ueuu €Gyq Guetu

é aé da= ue a (€)]
eH o Hccueuu chg Geféte o

where u and t are displacements and tractions, H and G the standard BEM
matrices. The subscript g and ¢ denote the non-connected nodes and the
connected nodes to the structure, respectively.
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Using the compatibility conditions at the interface:
- impervious interface! Uinerface = U° @aNd Ujpgerface’ = U™ = W
- pervious interfacel  Uinerface = UP
where the superscript n denote normal displacements to the interface, and the
rigid-solid conditions:
u: =D .u @)

Coupling. A set of coupled finite and boundary elements equations can be
written as follows:

éHyy -Gy {He D} ouanty &t 0
A {" } ue U e u
AH GCC HCC >(D 0 uetc u chgt L’J (5)
é 0 E Sob Sbsuguél} e Po u
é je u e u
60 0 Se S<08usg & Ps @

Numerical studies

In order to study the interaction effects between three-dimensiona structures
through the underlying or surrounding soil, a smple structure-soil-structure
system is chosen, simulating two adjacent towers, taken from Wang and Schmid
[7]. A load P=1.0x10’ N is applied at the bottom of the first tower in the direction
of the aignment of the towers.

The structures have distributed masses and a circular cross section. The
foundations are the embedded at a depth of 2 m. and have a section of 2m x 2m.
The material of structures has a Y oung’s modulus E= 2.6 10'° N/n?, a Poisson’s
ratio n=0.33, a mass density of r =7200 kg/m’®, and a damping factor b=0.05.
Four finite beam elements are used in each tower.

The viscodastic soil properties ,corresponding to a dense sand, are taken from
Kassir and Xu [5]: shear modulus of the skeleton G= 3.2175 10’ N/n, Poisson’s
ratio n=0.25, porosity f = 0.35, density of the solid material r = 1000 kg/nT,
apparent added density r, = 0; permesability k = 10* m.s* (corresponding to a
seepage force constant b = 1.1986 x 10’ N.s/m* ); and Biot's constants Q = 4.61 x
10° N/n? and R = 2.4823 x 10° N/nt . All dements used in the neighbourhood
of the foundations are selected smaller then one haf of the shear wave length.
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Fig 1. Model scheme of the towers

Fig 2. BEM mode of the soil and foundations

The relative position of the two foundations is defined by the distance between
the two centres and is called D. For the purpose of examining the influence of the
distance between two foundations, the displacements u, and u, of the bases of the
towers are shown in fig. 3, with two different distances: D = 6 m. and D=10 m.
The results are plotted versus the frequency normalized by the first natura
frequency of the tower.
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uy - bases of the towers
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Fig 4. Movements of the bases of the towers. Differents models of

the soil. D = 4B

The distance has a great influence on the interaction, and the induced effect in
the passive structure decreases quickly when distance increases. The excited

structure is not significantly affected by the distance.

To show the influence of the conditions at the interface, the displacementsin the
cases of impervious and pervious conditions are presented in fig. 4. They are also
compared with the response of the structure with a equivalent drained soil

(viscoelastic soil with identical shear modulus and Poisson’s modulus to the

poroelastic soil).
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The differences are important, specially between impervious and pervious
interfaces, and they are caused by the equivaent damping effects of the drainage
of the water. Drained soil has a similar response to the impervious one, but more
pronounced in the neighbourhood of the resonant frequency of the structures.
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Abstract. A boundary element technique for the computation of dynamic
stiffness of piles and pile groups is presented in this paper. The approach is
based on the boundary element formulation for time harmonic viscoeastic
media. Quadratic elements are used for piles and free surface discretization.
Results are obtained for single piles and pile groups. The computed values are
compared with others existing in the literature. The agreement is very good.

Introduction

Boundary Element Methods (BEM) based on boundary integral equations
are very well suited for dynamic soil-structure interaction problems. They have
become a very extended approach for the solution of this type of problems dueto
their ability to represent boundless regions in a natura way. The radiation of
waves towards infinity is automaticaly included in the model, which is based on
an integra representation valid for interna and externd regions. An extensive
treatment of these BE applications can be found in [1].

Dynamic Stiffness
The dynamic stiffness matrix of afoundation relates the vector of forces

(and moments) R, agpplied to the foundatiion and the resulting vector of
displacements (and rotations) u.

R=Ku @
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The dynamic tiffness terms for a time harmonic excitation, are
functions of frequency wand are usualy written as:

Kij = ij (kij +iaOCIj) ()

where K is the static value of the ij stiffness component, k; and ¢; are the
frequency dependent dynamic stiffness and damping coefficients, respectively,
a, is the dimensionless frequency

_2wWR

8 ©)

and ¢, the soil shear-wave velocity

c.= [— @

Figure 1. Pile group and coordinates definition

Due to the use of a fundamental solution corresponding to the complete
space, not only the soil-foundation interface, but aso the soil free-surface, should
be discretized. However, in practice only asmall region around the foundation has
to be included in the model since there is a smal effect of the free-surface far
away from the foundation on the computed values of the gtiffness coefficients.
Some authors have used the haf-space fundamenta solution for the BE andlysis
of problems involving a haf-space. In such a case, the soil free-surface is
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automatically taken into account and no discretization of this part of the boundary
isrequired. However, thereisa price paid for the smplification. Since thereis no
closed form expression for the half-gpace fundamental solution, which depends on
boundless integrals, rather involved approximate procedures are required for its
eva uation. The author's experience shows that the use of afull-space fundamental
solution is very smple and produces accurate results with discretizations of the
free-surface redtricted to a rather smal region around the foundation. In the case
of piles, preiminary results show that an accurate representation of the dynamic
behavior is obtained with afree soil discretization extending up to a distance from
the pile top equal to its length,

Boundary element model and numerical results

Single pile in uniform half-space. This is a fundamental dynamic soil-
structure interaction problem for which some other numerical results exist. In
the present analysis, both the pile and the surrounding soil are assumed to be
uniform viscoelastic media with a 5% internal damping. The ratio between the
material modulae is: EJ/E,=107, E being the elastic modulus of the soil and E,

that of the pile. The ratio between the densties isir S/r b = 0.7; and the
Poisson's rationg =0.4 andn, = 0.25, respectively. The pile aspect ratio is
L/R =40, where L isthelength and R the radius (see Figs. 2 and 3).

The boundary element discretization is as shown in Fig.2, where all the
elements are nine-node quadratic elements. Time harmonic displacements
aong the vertical axis z, a horizontal axis, aswell as arotation perpendicular to
the pile, are prescribed at the pile top surface. Compatibility and equilibrium
conditions are prescribed on the soil-pile interface. The computed values of the
vertical and horizontal stiffness coefficients are shown in Figs. 4 and 5,
respectively. These values are in good agreement with those presented in [2].

Pile group in uniform half-space.  Figure 3 shows the boundary element
discretization for the problem of Fig.1. The top surface of the four piles are
assumed to be connected to a rigid body. Once again, horizontal, vertical, and
rotational unit motions are prescribed at the top to compute the corresponding
stiffness coefficients. The computed values are compared in Figs. 4 and 5 with
those obtained in [2]. There is agood agreement between both sets of results.

Conclusion

A robust BE approach for the dynamics analysis of piles and pile groups
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Figure2. Boundary discretization for single pile in a half-space

Figure3. Boundary discretization for 2 X 2 pile group in a half-space

has been presented in this paper. Different to other approaches the pile
are assumed to be linear vicoelastic ®lids and the compatibility and
equilibrium conditions between piles and the soil are imposed

rigorougly.
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Figure 4. Vertical dynamic damping and stiffness coefficient for single
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Acnowledgements
The authors would like to acknowledge the financial support of the

Ministerio de Ciencia'y Tecnologia of Spain (Projects DPI2000-1217-C02-01
and DPI12001-2377-C02-01).

EdsR Gallego & M H Aliabadi Copyright 2003



470

4,0
L — Miuraeta. (1994)
[ ° MEC
30
" L
g o
X7 L .
2 x 2 pilegrou
52’0 B pile group
> L
&
10
i single pile
OO|||I|||I|||I|||I|||I|||

00 0,2 04 0,6 08 1,0 12

20 [
- — Miuraetal. (1994)
r ° MEC
15
é : 2x2pi|egroup>/=—=\
E 1,0 : < A T T 3 T > T
: \
Xx 'ow——v—""//
05 | single pile
0'0 I S S S R S S S

Figure 5. Horizontal dynamic damping and stiffness coefficient for
single pileand 2 X 2 pile group
References

[1] J. Dominguez, 'Boundary Elementsin Dynamics, CMP and Elsevier
Applied Science, Southampton-New Y ork, (1993).

[2] K. Miura, A.M. Kaynia, K.Masuda, E. Kitamura, Y. Seto, ‘Dynamic
behaviour of pile foundations in homogeneous and non-homogeneous
media’, Earthquake Engineering and Structural Dynamics, 23, 183-192,
(1994).

ISBN 0904 188965



Author Index

Abascal R.
Abdullah J.
Albuguerque E.L.
Alessandri, C.
Alfonso Perez J.
Aliabadi M.H.

Alonso Rasgado M. T.

Almeida F.P.A.
Alvermann S,
Amali R
Amini S

Ang W.T
AntesH.
Antonio J.
Araujo F.C.
ArizaM.P.
Aznarez J.J.
Basemin AK.
Benegdetti |.
Bigoni D.
Blazquez A.
Brun M.
Bucher H.F.
Bush M.B.
Capuani D.
Cholewa R.
Christianson H.D.
Cisilino A.
Coda H.B.
Comino L.

Correa E.

139

385

347

85

391
93,347,359,369
275,315

453

225
379,439
295

267

225
197,209
253

27

465
385

65

103

57

103

307

117

103
415

321
45,171
203,453
165

125

Crann D.
Davey K.
Davi G.
DaviesAJ.
Dehghan K.
Denda M.
DiPisa C.
Dirgantara T.
Dobson A.
Dominguez J.
DorsC.
Elleithy W.M.
Elliott L.

Englund J.
Fan H.

Fernandez D.
Gallego R.

Garcia-Sanchez F.

Gagspar C.
Giner V.
Godinho L.
Gonzalez J.A.

Gospodinov G.
Guangxian Shen

Guzik A.
Haas M.
Hashizume T.
Hirose S
Ingham D.B.
Jafari M.K.
Kalthoff J.F.

321
275,315
65

321

231

13

369

93

191
7,27,459,465
253

79

281,445
71

267

57
131,165,183
7

327

421

209

139
19

155

79

333

301

215
281,445
231

57



Kamalian M.
Kamiya N.
Katsikadelis J.T.

Kinnas SA.

Kuhn G.
Lee Sang-Youl .

Leitao V.M.A.
Lesnic D.

Li Ming

Liu Deyi

Liu E.

Liu Yongjian
Luzon F.
Maeso O.
Magluta C.
Mallardo V.
Mansur W.J.
Mantic V.
Marin L.
Martinez G.
Martinez-Castro A.E.
Matsumoto T.
Mattingly E.
Mera N.S
Mesquita A.D.

Mikhailov SE.
Milazzo A.

Millian M.A.
Minutolo V.

Mohamad |brahim M.N.

Morales P.
Munoz D.
Munoz S.
Nerantzaki M.S.
Nixon SP.
Norooz S
Nowak A.J.

231
301

353
405
333

131

341
237,281,445
155

155

191

145

391

465

307

85
253,307
111,125
445

421

183
177,261
13

237

203

289
65

459
397
385
57

111
421
353
295

379,439
415

Nunez J.P.
Ortiz J.

ParisF.
Purbolaksono J.
Rap A.
Razmkhah A.

Reutskiy S
Rudas M.

Ruocco E.
Rus G.
Saez A

Sanchez-Sesma F.J.

SanchisA.
Sancho M.
Schanz M
Sebastain J.L.

SHlier A.
Sensale B.

Shiah Y.C.
Smoes N.
Sadek J.
Sadek V.
Sohrabi A.
Sollero P.
Tadeu A.
Takakuwa S.

TanC.L.
Tanaka M.
TellesJ.C.F.

Tiago C.
Tsukamoto T.
Tucker L.
Venturini W.S

Vera-Tudela CAR.

Vinney J.
Wang C.-Y
Wen X.

111

45
111,125
359

281

231

427
117

397
131
7

391
421
421
225
421

433
171

51

209

243

243

231

347
197,209

261
51
79,177,261

1

341

177
379,439
203,347,453
1

379,439

215

281



Wessel C.
Wrobel L.C.
Yao Zhenhan
Young A.

Yu Chunxiao
Zhang Ch.
Zhang Z.J.

171
307,415
145
369
155
215,243
191



	beteq2003-book-revisted-final.pdf
	beteq03-book.pdf
	sancho.pdf
	Introduction
	Method

	wrobel.pdf
	Review of the Virtual Assembly Technique
	The Block Wavelet Transform


	wrobel.pdf
	Review of the Virtual Assembly Technique
	The Block Wavelet Transform

	sancho.pdf
	Introduction
	Method





