PROCEEDINGS OF THE INTERNATIONAL
GEOTECHNICAL CONFERENCE

SOIL-STRUCTURE INTERACTION:
CALCULATION METHODS
AND ENGINEERING PRACTICE

Volume 1

Saint Petersburg
26-28 May 2005




PROCEEDINGS
OF THE INTERNATIONAL GEOTECHNICAL CONFERENCE
DEDICATED TO THE TERCENTENARY OF SAINT PETERSBURG

SOIL-STRUCTURE INTERACTION:
CALCULATION METHODS
AND ENGINEERING PRACTICE

Saint Petersburg, 26-28 May 2005

Volume 1

Edited by Prof. V.M. Ulitsky

ASYV Publishers

Saint Petersburg-Moscow




Proceedings of the International geotechnical conference “Soil-structure interaction: calculation
methods and engineering practice”.

In 1st volume of the Proceedings the lectures and papers presented by the authors in English are
published.

In 2nd second volume of the Proceedings the papers presented by the authors in Russian are pub-
lished.

The text of the various papers in this volume was set individually by typists under the supervision

of each of the authors concerned.

All rights reserved. No part of this publication may be reproduced, stored or transmitted in any
form without the written permission of the Publisher.

Published by: ASV Publishers, 129337, Moscow, Yaroslavskoe shosse, 26.

ISBN 5-93093-362-6

© 2005 ASV Publishers, Moscow

Printed in Russia




Russian society for soil mechanics, International Society for Soil Mechanics
geotechnics and foundation engineering and Geotechnical Engineering

~=
1

ORGANIZED BY

e International Society for Soil Mechanics and Foundation Engineering (ISSMGE)
Technical Committee TC-19 «Preservation of Historic Sites»

Technical Committee TC-37 «Interactive geotechnical design »
e Russian Society for Soil Mechanics, Geotechnics and Foundation Engineering
(RSSMGFE)
e Saint Petersburg City Administration
e Saint Petersburg State University of Highways
e Russian Governmental Committee on Construction (Gosstroy)
e Gersevanov Research Institute on Subsoils and Underground Structures (NIIOSP)

e NPO «Georeconstruction-Fundamentproject»

ORGANIZING COMMITTEE

Acad. V.A. Ilichev, President RSSMGFI, Moscow,
Co-Chairman

Prof. V.M. Ulitsky, President of the NW Branch of RSSMGFI, Saint Petersburg,
Co-Chairman

Prof. V.I. Kovalev, head of St. Petersburg State University of Highways
A.L. Vakhmistrov, Vice Governor of Saint Petersburg

1




N. Rubio, D. Roehl and C. Romanel
3D finite element model for soil-pipe interaction based on a penalty formulation............. 293

L. de Sanctis, A. Mandolini
A simple criterion to evaluate the bearing capacity of a vertically loaded piled raft.......... 299

T. Tamano, H.Q. Nguyen, M. Kanaoka, S. Fukui
Effects of wall panel construction on lateral stress of adjacent soft clay .........c.cccevevueeeene 307

A. Topa Gomes, A. Viana da Fonseca & A. S. Cardoso, J. Almeida e Sousa
Tunnels submitted to non-uniform loads: three dimensional study..........ccccceevievieriennnnen. 313

V.M. Ulitsky, V.N. Paramonov, S.A. Kudryavtsev
Modelling interaction of anchored foundations with frost-heaving soil ...........ccccceerennnee. 319

S. P. Varghese
Elasto-plastic no-tension analysis of laterally loaded piles .........ccocevivieiiiiieiiiiniiiinn 325

C. Yanqui
Discontinuum mechanics of the soil-footing INteraction..............cceeveeeevreeeieeieeeieereeeneene 331

Section 2. Soil-structure interaction under dynamic loads

A.O. Adekunte & K. Gavin
Comparison of Monitored Wind Turbine Foundation Behaviour
With DesiZn PrediCtions ......ooiiiiieiiiieieieiesie ettt st st 339

Barnali Ghosh, S.P.G. Madabhushi
Experimental and numerical modelling of dynamic
Soil Stucture: Interaction (SSI) N 1aVered SOl ..o cocriesiosisivsnmessisssssssamssssisiin sassanismon 345

A. Boominathan, R. Ayothiraman
Dynamic FEM analysis of laterally loaded single pile.........ccccoovieiiiiiiiieniiniiiieeeeeene 355

K. Fakharian, 1. Hosseinzadeh Attar
Effect of soil model type on seismic response of segmental bridge abutments .................. 361

1. Golebiowska, W. Niemczewska
Application of multiple tuned mass dampers to vibration isolated stamp.............ccccooeee.. 369

Y. Han, Jun Yang
Advanced dynamic analysis for soil — structure INteraction...........c.eceevereeerrerierinererenennns 373

M. Tiba, A. Fujii, S. Koyama, M. Watakabe
Simplified evaluation of building period with soil structure
interaction and comparison with microtremor measurement data..............ccocoeveerereenrenenns 381




F. Jafarzadeh, Hadi Farahi Jahromi, Ehsan Abazari Torghabeh
Dynamic response of buried pipelines in shaking table tests...........cccoeeviiviieiiieiiiiieiiens 387

T. Kalasin, D. Muir Wood
An investigation into permanent displacement of a gravity retaining wall
subjected t6: carth UAKE TNOTIONS wixnmsonsvosmnsreumnsmssmmssmseninms w5 i s s ss s 393

0. Maeso & J. J. Azndrez, J. Dominguez
Analysis of the seismic response of arch dams.
An application of boundary element method.............ocooiiiiiiiiiiiiee, 401

M. Pescatore, V. Roma
Environmental impact caused by high speed train vibrations...........ccccocceveeeveevnereniecnnas 407

D. Pitilakis, F. Lopez-Caballero, D. Clouteau, A. Modaressi
Soil-Structure Interaction analysis using an equivalent linear
model forthe soill.. real case appliCAt 0N wowue s smrmsmsssmen i s 415

A. Sadrekarimi
Modeling of earthquake induced ground reSPONSES. ......ccvvuevieieriiriiiieieieneeeeene e 421

S. N. Moghadas Tafreshi, M. Ghofrani
Soil-buried pipelines interaction by multi-plane

elasto-plastiemodel under dynamic L0adS,. .sx..cvismmes smiin semssmss s ssssammasssmonessooss comsavivwsss sssass 427
V.A. Vasenin

Evaluation of dynamic impacts on buildings and underground

structures caused by hammer piling and vibrodriving ...........c.coeeeeeveeeiieenieenieeceneeeeeiene 437

Section 3. Geotechnical calculations and site investigation

K. Gavin, B. O’Kelly, A. Adekunte, B. Casey & Sh. Donohue
Use of the Cone Penetration Test to derive parameters for shallow foundation design ......455

S.A. Sadrnejad

Elastoplastic model for the interaction of joints in jointed rocks ...........ccccevceivininiiniinnne 461
M. Witzel

Verification of empirical values for skin friction and base resistance

of precast driven StEEL PIIES ....c..ivieiiiiiiieie ettt 469

X1




Analysis of the seismic response of arch dams. An application of

Boundary Element Method.

0. Maeso & J. J. Aznarez

IUSIANI. Universidad de Las Palmas de Gran Canaria.
Campus Universitario de Tafira, 35017, Las Palmas de Gran Canaria, Spain.
e-mail: omaeso@iusiani.ulpge.es ; jaznarez(@iusiani.ulpgc.es

J. Dominguez

Escuela Superior de Ingenieros. Universidad de Sevilla.
Camino de los Descubrimientos s/n, 41092, Sevilla, Spain.

e-mail: jose(@us.es

ABSTRACT: The effects of ground motion spatial variation, the canyon geometry and the bottom sediments on
the seismic response of arch dams is studied in this paper. To do so, a three-dimensional boundary element
model which allows for the rigorous representation of the dynamic interaction between de dam, the foundation
rock, the water and the bottom sediment is used. The dam and the unbounded foundation rock is modeled as a
viscoelastic solids, the water reservoir as a compressible fluid and the bottom sediment as a two-phase poroelas-
tic domain. The analysis is carried out in the frequency domain considering time harmonic excitation due to
longitudinal, shear and Rayleigh waves impinging the dam site from different directions.

1. INTRODUCTION

The seismic response of arch dams is condi-
tioned by a series of characteristic of the foun-
dation-dam-reservoir system in addition to the
dam geometry and its material properties. Three
kinds of factors can be mentioned:

1.- Factors related to the location, geological
and geotechnical characteristic of the site and
local topography.

2.- Factors having a direct influence on the
hydrodynamic pressure, e.g., reservoir geometry
and bottom sediments.

3.- The space distribution of the excitation.
This effect depends of the size of the dam and
the type, frequency and direction of the waves.

An analysis of the influence of these factors
was done by the Authors using a three-
dimensional boundary element model in the
frequency domain. See e.g, Maeso &
Dominguez (1993), Dominguez & Maeso
(1993), Maeso et al. (2002), Maeso et al. (2004)
and Aznarez et al. (2005).

In this paper, this boundary element model
for the seismic analysis of arch dams is shown.
The model is fully three-dimensional and is able
to represent properly the dam-water-foundation
interaction, the effects related to the location,
reservoir geometry, bottom sediments and space
distribution of the excitation.
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2. BOUNDARY ELEMENT MODEL

A dam — reservoir — sediment - foundation rock
system with realistic geometry is studied. The
Morrow Point Dam has been selected following
the previous work of Hall & Chopra (1983) and
Fok & Chopra (1987). This dam is a quasi-
symmetric 142 m high arch dam that is assumed
symmetric for the present study. The canyon
and surface topography are also symmetric.

The dam concrete is assumed to be a linear
isotropic viscoelastic material with the follow-
ing properties: density p, = 2481.5 kg/m’,
Poisson’s ratio v; = 0.2, shear modulus G, =
11500 MPa and internal damping ratio &, =
0.05. The foundation rock is also assumed to be
linear viscoelastic with the same shear modulus,
Poisson’s ratio and damping ratio as the dam
concrete and density oy = 2641.65 kg/m®. Water
is assumed to be an inviscid compressible fluid
under small amplitude motion with density p,, =
1000 kg/m® and pressure wave velocity ¢, =
1438 m/s.

The bottom sediment is considered as a two-
phase porous material whose behavior is repre-
sented by Biot’s theory (Biot, 1956). The
properties of this region will be presented in
another section

All domains (dam, reservoir, foundation and
sediments) are discretized using boundary




elements. Two types of elements are used in this
model: nine node quadrilateral elements and six
node triangular elements. Both of them have
quadratic variation of geometry and boundary
variables. No free surface elements are required
for the water since the fundamental solution
satisfying the zero pressure condition on the
surface has been used.

Boundary equations are written for the four
different regions and coupling conditions
(equilibrium of traction and pressure and
displacement compatibility) are imposed at the
interfaces.

3. SEISMIC EXCITATION AND RESPONSE
QUATITIES REPRESENTED

The different excitation cases analyzed are
summarized in Figure 1. The coordinate origin
is located at the midpoint of the dam crest with
the x axis along the canyon axis and the y-z
plane tangent to the dam midsurface. Plane
harmonic waves impinging the dam site from
infinity with directions contained in the vertical
y-z plane and forming an angle 6 with the
horizontal directions are considered. Three
types of these waves are considered: SH waves,
SV waves and P waves. The effect of the spatial
distribution of Raleigh surface waves is also
studied. Waves propagating upstream and
downstream forming different angles with the
canyon axis are considered.

Rayleigh
wave

Figure 1. Description of the problem. Plane waves
impinging the dam site.

The amplitudes of the complex-value fre-
quency-response functions are represented.
They are acceleration components of points
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located at the dam crest on the upstream face of
the dam due to harmonic waves that would
produce unit ground acceleration at the coordi-
nate’s origin of the foundation rock were a
uniform halfspace. The upstream acceleration (x
axis) of the dam crest point located at the plane
of symmetry (x = y =z = 0) is shown for SH, P
and Rayleigh waves. For SV-waves excitation,
the upstream acceleration of the dam crest point
located at an angle of 13.25 from the plane of
symmetry is shown.

In each case the amplitude of the accelera-
tion in plotted versus dimensionless frequency
for a significant range. The dimensionless
frequency for SH, P and Rayleigh wave excita-
tion is defined as w/w;s, where ® is the excita-
tion frequency and s the fundamental reso-
nant frequency of the dam on rigid foundation
and empty reservoir conditions for a symmetric
mode. For SV wave excitation, the dimen-
sionless frequency is ®/m;a, where ;4 is the
fundamental resonant frequency of the dam on
rigid foundation and empty reservoir conditions
for antisymmetric mode.

4. EFFECTS OF CANYON SHAPE ON DAM
RESPONSE.

The analysis of influence of the canyon geome-
try is done using the boundary element discreti-
zation shown in Figure 2. Three canyon shapes
are considered. The first is a 142 m deep canyon
(Canyon 1), the second a 284 m deep canyon,
double of the first, (Canyon 2) and a third one
where the canyon width gradually increases
upstream of the dam (Canyon 3). Two different
situations are considered: empty reservoir and
full reservoir. In both cases, reservoirs without
sediments are considered in this section.

For a full reservoir conditions, in the three
canyon shapes, the reservoir is assumed to
extend from the end of the BE models to infin-
ity as a water channel with uniform cross-
section. This assumption is obviously geometri-
cally unrealistic, however, in the present model,
it is only used at a rather distance of the dam
and the only purpose is to represent the water
wave radiation out of the region close to the
dam. To represent this condition, an absorbing
boundary in the water channel is used (Domin-
guez, 1993) as shown in the BE mesh of Fig.2.




Figure 2. Boundary element model for arch dam on
compliant foundation rock. Effects of the canyon
shape.

Figs. 3 and 4 show the dam crest amplifica-
tion for the three canyon geometries in empty
and full reservoir conditions, respectively, and
vertical SH wave coming vertically (6=90°).

The influence of the canyon shape is rele-
vant when the reservoir is full as can be seen
from the figures. It should be noticed that the
reservoir geometry is the same for Canyon I
and Canyon 2 and the differences in the dam
response are mainly due, also in this case, to the
traveling wave and free-field amplification
effects. However, the reservoir geometry is
different in the case of Canyon 3. The main
difference is on the depth of the reservoir at
certain distance from the dam. This fact pro-
duces a certain increase in the first natural
frequency of the system.
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Figure 3. Response at dam crest to SH-wave excita-

tion for different canyon geometries. Empty reser-
voir. Incident angle: 6 = 90°.
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Figure 4. Response at dam crest to SH-wave excita-

tion for different canyon geometries. Full reservoir.
Incident angle: 6 = 90°.

5. EFFECTS OF SPACE DISTRIBUTION OF
EXCITATION.

When seismic waves impinge on a large dam,
the excitation of the dam-foundation rock
interface is not uniform. Different points along
this interface are under the effect of different
foundation acceleration values at the same time.
In other words, the seismic waves travel along
the dam-foundation rock interface. The impor-
tance of this effect depends of the dam size, the
length of the seismic waves and its direction of
propagation. How it will see, the assumption of
an uniform excitation along the dam-foundation
rock interface may lead to erroneous conse-
quences.

In this section, some numerical examples are
presented to show the influence of the angle of
incidence of the waves on the seismic response
of the dam. Results of amplification at the dam
crest to SH, SV waves propagating in the y-z
plane and arriving to the dam site with different



angles 0, are shown in Figures 5, 6 respectively.
Result of amplification for Rayleigh wave with
incident angle o are shown in Figure 7. In all
this examples, the canyon shape corresponds to
Canyon 1 and the reservoir is full of water. The
response of rigid foundation conditions is also
included in figures for SH and SV excitations.
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Figure 5. Travel wave effect. Response at dam crest
to SH-wave excitation. Full reservoir.
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Figure 6. Travel wave effect. Response at dam crest
to SV-wave excitation. Full reservoir.
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Figure 7. Travel wave effect. Response at dam crest
to Rayleigh wave excitation. Full reservoir.

It is clear from Fig. 5 (SH-wave) that foun-
dation rock flexibility reduces the amplitude of
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the resonance peaks and the first natural fre-
quency. In addition to that, the traveling wave
effect and the angle of incidence of the wave
modify the response in all the frequency range
represented. For SV-waves (Fig. 6) (critical
angle = 52°) and Rayleigh waves (Fig. 7) the
effect of the angle of incidence is more impor-
tant. For SV-waves a very important increase of
the response at the fundamental frequency takes
place as the angle of incidence decreases. For
Rayleigh waves the amplitude of the dam
motion increases substantially as o tends to -90°
for an important part of the frequency range. In
particular, for frequencies close to the dam
fundamental frequency. The effect of the angle
of incidence is smaller and it is reduced to a
smaller frequency range for upstream propagat-
ing waves than for downstream propagating
waves. Notice that the scattering effect of the
reservoir and the phase difference between
displacement components are different in these
two cases.

Similar conclusions can be drawn for the
response in the case of reservoir empty of water,
not shown for sake of brevity.

6. EFFECTS OF RESERVOIR BOTTOM
SEDIMENTS.

In this section, a porous sediment bottom
layer with a depth equal to 20% of the maxi-
mum dam height, and extending in the upstream
direction up to a distance of 172 m from the
dam will be assumed. This bottom sediment is a
two-phase poroelastic domain whose dynamic
behavior is represented according Biot's theory,
with the following properties (taken from
Bougacha & Tassoulas, 1991): porosity ¢ = 0.6,
shear modulus of the solid skeleton G, = 7.7037
x10° N/m?, Poisson’s ratio v, = 0.35, internal
damping ratio of the solid skeleton & = 0.05,
solid material density p, = 2640 kg/m’, pore
water density p, = 1000 kg/m’, added density
pa = 0, and dissipation constant b = 3.5316x10°
Ns/m* (corresponding to a permeability k = 10°
m/s). Two different saturation conditions are
assumed: one is fully saturated sediment (Biot’s
constants = 8.2944x10° N/m* and R =
1.24416x10° N/m?); the other, is partially
saturated sediment with a saturation degree
99.5%, and Biot’s constants O = 8.9328x10’
N/m” and R = 1.3399x10" N/m’,




The boundary element discretization of the
dam-water-sediment-foundation ~ system  is
shown in Figure 8. In this model, the canyon
shape corresponds to Canyon [ in Fig.2.

N

Figure 8. Boundary element model for coupled dam-
water-sediment-foundation rock system.

The short wavelength in porous sediments
determines the size of the element used in the
discretization of this region. The use of non-
conforming elements simplifies the mesh
definition.

The sediment effects on the response has
been analyzed by others authors (see e.g.
Cheng, 1986 and Dominguez et al.,, 1997).
Those authors concluded that bottom sediments
can change the dynamic behavior of the system,
in particular when they are partially saturated
(presence of undissolvable gases in the sedi-
ment). The Figures 9 and 10 shows this effect
for the response of arch dams. These figures
show the dam crest amplification for vertical
SH and P waves respectively. Three different
situations are considered: full reservoir without
sediments, full reservoir with a fully saturated
bottom sediment layer, and full reservoir with a
partially saturated bottom sediment layer
(99.5%).

It can be seen from figures that the existence
of a fully saturated sediment layer has a very
small influence on the system response. On the
contrary, the effect of a partially saturated
sediment layer is important. It reduces the first
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symmetric natural frequency, reduces the peak
amplitude at that frequency, changes the posi-
tion of other natural frequencies and reduces the
system amplification at higher resonant fre-
quencies except for some parts of the upstream
(SH-wave) excitation case.
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Figure 9. Influence of sediment saturation degree.
Response at dam crest to SH-wave excitation.
Incident angle: 6 = 90°.
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Figure 10. Influence of sediment saturation degree.
Response at dam crest to P-wave excitation. Incident
angle: 6 =90°.

7. SUMMARY AND CONCLUSIONS

A three-dimensional boundary element tech-
nique for the seismic analysis of arch dams
including  dam-reservoir-bottom  sediment-
foundation rock interaction has been presented
in the present paper.

The model presented clearly exploits two of
the advantages of Boundary Elements: one is
that only the boundary has to be discretized; and
the other, that the foundation rock boundary
discretization can be left open with automatic
satisfaction of the radiation conditions, and
without spurious wave reflection. These two
advantages make possible to accomplish a
realistic representation of the actual geometry




and the three-dimensional effects existing in
this kind of problems.

The main factors affecting the seismic re-
sponse of arch dams have been briefly studied:
the canyon geometry, the spatial variation of the
excitation and bottom sediments. In addition to
other phenomena such water compressibility,
foundation rock flexibility have a significant
influence on the dam response. The boundary
element model used in this paper allows for a
realistic representation of all these phenomena.

The effect of the spatial variation of the ex-
citation has been studied by considering differ-
ent types of harmonic waves impinging the dam
from different directions. P-waves, SV-waves,
SH-waves and surface Rayleigh waves have
been considered. The obtained results show that
the direction of propagation of the exciting
wave has an important influence on the seismic
response of the dam in particular in cases where
the reservoir is full. The amplification of the
seismic motion is particularly sensitive to the
angle of incidence of the waves in the vicinity
of the system fundamental frequency, which in
most cases is where the amplification of the
seismic motion is higher.

The main factors affecting the hydrody-
namic pressure on a dam has shown in the
results presented. The canyon depth and the
reservoir geometry have an important influence
on the global dam response. The existence of a
partially saturated sediment layer changes very
significantly the hydrodynamic pressure on the
dam and consequently its response. Therefore,
the seismic analysis of a 3-D arch dam requires
the identification of bottom sediments, the
adequate evaluation of their properties (in
particular saturation degree and consequently
compressibility), and the use of a numerical
model which includes proper representation of
these bottom sediments.
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