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Seismic Response of Structure
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ABSTRACT

Seismic analyses of structures were caried out in the post assuming a rigid base and ignoring the
characteristics of foundations and the properties of the underlying soil. Resent soil-structure inferaction studies show
that seismic response of structure can be affected significantly by these fators. Typical effects of the soil-structure
interaction are the kinematic interaction of a rigid massless foundation and the inertial interaction between
underlyng soil and structure. The kinematic interaction effect is particularly important for embedded foundations
and can be ignored for surface foundations with vertically propagating waves. In this study, seismic response of
structure was investigated with four buildings in Mexico City considering only the inerfial interaction effect and
using the E-W components of the 1985 Mexico City earthquake records. The study was carried out for surface
foundations and pile foundations with linear and nonlinear soil conditions, comparing the results with those of the

rigid base.
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1. Introduction can be studied in two separate phrases.”

First, the motion of a massless foundation, before
any structure is built, would be different from that
recorded at the free surface of the soil. The
differences will consist in general of a filtering of
the translational motions in the high frequency
range and the appearance of rotational motions.
This effect is known as kinematic interaction, which
is a function of the geometry of the foundation and
the type of propagating waves, and particularly

Seismic analyses of buildings subjected to
earthquake excitation were carried out in the past
assuming a rigid base regardless of the
characteristics of the foundation and the properties
of the underlying soil. It is, however, recognized
that these factors can affect significantly the
structural response. The effects of foundation and
soil, commonly known as soil-structure interaction,

* member + Assistant Professor, Dept. of Architecture, Mokpo National University important for embedded foundation.
Second, once the structure is built, the inertia
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Seismic Response of Structure on Flexible Foundation

forces generated by the structural vibrations will
give rise to base shear, axial forces and overturning
moments which will alter the motion of the
foundation. The acceleration of the base of the
structure will thus be different from the one that
would be recorded on the free surface of the soil
or the one of the foundation by itself. This effect is
known as inertial interaction.

The kinematic interaction does not affect
significantly the seismic behavior of surface
foundations unless one considers horizontally
travelling waves and the effect can be ignored in
most cases for the analysis. However, the seismic
response of the structure on a flexible foundation
will be affected significantly by the inertial
interaction. In this study, only the inertial
interaction effect was considered to estimate the
effect of flexible surface or pile foundations
including linear and nonlinear soil conditions, on
the response of structures applying the horizontal
seismic motions at the base of the foundation.

2. Modelling of System

A substructure approach was wused for the
analysis of structures on flexible foundations. It was
assumed that the motion at the base of the surface
foundations was the same as that at the free field
neglecting the kinematic interaction.

The foundations stiffnesses were determined in
the frequency domain using a pseudo 3-D finite
element model suggested by Angelides.” Tt was
assumed that the layered soil deposit rests on a
much stiffer rock. The soil was divided into a
cylindrical core region under the equivalent circular
foundation and a far field. The soil in the core
region was modelled by toroidal finite elements
discretizing the displacements in the vertical and
radial ~ directions. The displacement in the
circumferential  direction was expanded into a
Fourier series with n=1 for horizontal and rocking
excitation. The far field was reproduced by a
consistent lateral boundary used by Blaney et al."’
The lateral boundary was placed at the edge of the
foundation for the linear analyses and at a distance
of approximately 15 pile radii from the edge of the
foundation for the nonlinear studies.

The piles in a square arrangement were idealized

assuming an equivalent circular arrangement that
would produce the same rotational moment of
inertia with respect to the minor axis of the
foundation, and the soil annuli were arranged to
coincide with the locations of the piles. It was also
assumed that all piles around a soil ring had the
same horizontal displacements varying with cosf for
the horizontal and rocking excitation. The dynamic
stiffness matrices for the piles considered as 3-D
linear members were then added to the appropriate
terms of the dynamic stiffness matrix of the finite
element region.m

For nonlinear analyses, the Ramberg-Osgood soil
model was used with the yield strain 5x107, a
=0.025 and r=2. The soil properties were adjusted
according to the level of strains at the end of each
linear elastic analysis using an iterative equivalent
linearization method, but the soil in the far field
and the piles were assumed to remain elastic.

Finally seismic analyses of the structure
supported on an elastic medium represented by the
dynamic stiffness matric of the foundation were
performed in the frequency domain applying the

base motions.”

3. Seismic Response of Structure
3.1 Introduction

To assess the effect of pile foundation on the
seismic response of buildings, four reinforced
concrete  buildings in Mexico City, supported on
pile foundation, were considered. In addition
analyses were conducted assuming mat foundation
to compare the results. The characteristics of the
buildings are summarized in Table 1. The mass
density of the buildings was assumed to be
uniform along the height and taken as 3535
KN/m', and 5% structural damping was also
assumed. The fundamental period of the buildings
on a rigid base was estimated multiplying 0.1 by
the number of stories.

Rectangular foundations were idealized as
equivalent circular foundations. Young’s modulus
and unit weight of the piles were taken as those of
concrete, 2.07x100 KN/m?> and 236  KN/m'
respectively, and 05% internal damping was
assumed for the piles. Buildings A, C and
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Table 1 Building Properties
(unit : m-sec)
Buildin Pile Equivalent
BLDG | Story Size ) Height Number | Diameter | Length FDqN Radius Period
A 9 | 9.36x23.20 245 21 0.60 { 22.0 8.32 0.9
B 10 | 25.0x40.00 30.0 194 03 35.0 17.84 1.0
C 11 | 13.6x27.86 30.0 47 0.40 20.0 10.98 1.1
D 19 | 30.0x42.76 788 272 0.60 213 20.21 1.9

D have floating piles, while the piles in building B
were end bearing.

The soil has a depth of 35 m, unit weight of 14.1
KN/m’, shear wave velocity of 70 m/sec, a
Poisson’s ratio of 0.4 and 10% internal damping.

The dynamic horizontal and rocking stiffness of
pile groups in an equivalent circular arrangement
were computer at frequencies of 0, 0.25, 0.5, 0.75, 1,
2,3, 4,5 and 10 Hz. The range of primary interest
in this study is 0 to 1 Hz Analyses were
conducted in the frequency domain interpolating
the stiffness for the intermediate frequencies.

The buildings were modeled as single degree of
freedom systems, close coupled muitiple degree of
freedom systems and equivalent shear beams. All
models were subjected to the E-W component of
the record obtained at the SCT building during the
1985 Mexico City earthquake, which had a
predominant frequency of 05 Hz and lasted for
about 180 seconds. This motion was assumed to
occur at the free surface of the soil neglecting any
possible filtering or kinematic interaction effects
caused by the pile foundations.

3.2 Resuilts for Single Degree of Freedom Model

The equivalent SDOF model for each building
was obtained by lumping three quarters of the total
mass of the building at a height equal to two
thirds of the total height, and the stiffness of the
system was computed by matching the natural
frequency of the building. (Table 2)

Table 3 shows for each system the natural
frequency, effective damping and  absolute
acceleration of the mass considering the building on
a rigid base, on a pile foundation or on a surface
mat foundation with linear and nonlinear soil

behavior. It can be seen that in all cases

the flexibility of the foundation
decrease in the natural frequency and an increase
in the

results in a

effective damping, and nonlinear soil
behavior causes a further reduction in the natural

frequency.

Table 2  Characteristics of SDOF Model

{unit : KN-m-sec)

o .. | Equivalent | Equivalent | Equivalent | Damping
Building | Period ) - .
Height Mass Stiffniess | Rato
A 09 16.3 14437 7179. | 0.05
B 1.0 20.0 8105.8 32653. | 006
C 1.1 20.0 3071.2 10225, | 005
D 19 525 | 273258 30493, | 005
Table 3 SDOF Model
{unit : Hz-m-sec)
. . Pile Foundation Surface Foundation
Building | Rigid Base Linear | Nonlinear | Linear | Nonlinear
- fo 111 083 0.80 073 0.66
A D« 0.05 0.10 0.09 0.10 0.10
ame | 241 247 259 R

f, 100 083 ) 066 059
B| Dg | 005 014 015 014 01
Cam | 236 264 273 32 390
i, 091 066 060 060 051
C|Dg| O 010 010 010 o
am | 272 352 13 42 420
£, 052 030 023 026 020
D|Dg| 005 009 012 009 012
am | 813 166 063 101 037

The effect of these changes in the natural
frequency and effective damping is illustrated
graphically in Figures 1 through 4 for the pile
foundations with the linear soil. It is interesting to
notice that for Buildings A, B and C the amplitude
of the peak decreases due to the increase in
effective damping, but the amplitude at 05 Hz,
which is the

predominant frequency of the
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Seismic Response of Structure on Flexible Foundation

earthquake, is higher than for the rigid base. For
Building D, on the other hand, the amplitude
around 0.5 Hz decreases substantially. Due to the
changes in the natural frequency and effective
damping, Building A, B and C experience an
increase in the response acceleration. The increase is
always smallest for the pile foundation with the
linear soil, followed by the pile foundation with
nonlinear soil, the mat foundation with linear soil,
and finally the mat foundation with nonlinear soil.

Table 4 shows the maximum base shear and
overturning moment for each building as well as
the maximum relative displacement of the mass
with respect to the ground. The trends for the base
shear and overturning moment are similar to those
for the maximum absolute acceleration of the mass.
The much larger increases in maximum relative
displacement compared to the absolute accelerations
for Building A, B and C are significant from a
practical point of view when considering
neighboring  structures and the possibility —of
hammering effects. However, the reductions of the
maximum relative displacements for building D are
smaller than those of the accelerations.

Table 4 SDOF Model

(unit : KN-m)
Pile Foundation | Surface Foundation
Linear |Nonlinear| Linear | Nonlinear
Vi 006 0.09 0.10 013 020

Building |Rigid Base

Al Vi n. 3550. 373 4027, 064,

Mrax 56868 | 38100, | 60990 6800, 8204,

Viax 006 on 012 018 027

B| Vi 19100 | 21392 | 2139 26121, 31716,

M | 381916 | 427733 | 42636, | 522254 | 635340.

Vinax 008 0.20 0.28 029 050

C| Vi 842 | 10816 | 12992 13072, 16640.

Mme | 166812, | 216246 | 250723 | 261324 | 336

Verex 074 049 031 040 05

M | 1166259, 12365067, |1303415. | 1450009, | 777251

It can be concluded that for the soil conditions
of Mexico City the flexibility of the foundation has
a negative effect on the seismic response of
building having an initial natural frequency on a
rigid base of about 1 Hz. The buildings perform
better on pile foundations than on a surface mat
foundation. However, the building which has an
initial natural frequency on a rigid base close to the
predominant frequency (0.5 Hz) of the earthquake,
benefits from the inertial interaction effects, showing
more pronounced effects for surface mat
foundations.

3.3 Results for Muiti-Degree of Freedom Models

To assess the validity and accuracy of the
equivalent SDOF model, the buildings were also
modeled as close coupled MDOF systems with
lumped masses of each story and connecting
springs. The stiffness of the springs was selected to
provide the same natural frequency. The main
difference between this model and the equivalent
SDOF system will be the inclusion of the higher
modes of vibration of the structure.

The results for the MDOF models are
summarized in Tables 5 and 6. It can be seen that
the natural frequency of the first mode with a
flexible foundation is essentially the same as
computed for the SDOF systems, and the effective
damping associated with the first mode is similar
to that of the SDOF model. The maximum
acceleration at the top of the building the
maximum shear force and overturning moment at
the base, and the maximum relative displacement at
the top are somewhat larger than those of the
equivalent SDOF system, even for the rigid case.
However, the general effects of the foundation
flexibility are similar to those discussed for the
SDOF models.

The analyses with the MDOF models indicate
again that the flexibility of the foundation has a
detrimental effect on the seismic response of
buildings with a natural frequency on a rigid base
of about 1 Hz, and is beneficial for the building
with a natural frequency on a rigid base close to
0.5 Hz.

M1 Mg (8d HM1E) 1997.3
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Table 5 MDOF Model
{unit © Hz-m-sec)

Pile Foundation Surface Foundation

Building | Rigid Base
Lincar | Nonlinear | Linear | Nonlincar

fi 1.11 0.83 080 0.74 0.66

A | Der 0.03 0.09 008 009 0.08
dnax 267 292 315 355 158

. 1.00 083 079 067 0.60

B | De 0.05 0.14 0171 0.13 0.13
A 258 3.09 3281 416 2.22

f 0.91 0.66 0.60 1 0.60 0.52

C | Dur 0.05 0.09 0091 009 0.10
Amay 3.04 445 366 571 7.60

£ 0.52 0.30 0231 026 0.20

D D 0.05 0.08 0.10] 008 0.10
| dma 0.76 3.32} 181} 233 . 1.59

Table 6  MDOF Model

{unit : KN-m)
Rigid Pile Foundation Surface Foundation

Building -
Base Lincar | Nonlincar| Lincar |Nonlinear
Vi 0.06 0.13 015 (.19 0.31
A Vi 4147, 40, 063, 155 31 BRI 5 5%
VMew | 5764, 6492, 6018, AR5, 1 9351,
Vina 007 0.16 0.18 0.7 0.40

Bl Vi | 2621 29069, 3176, B2 A2

Mewe | 381272 | 487144, 210049, | &00BL5. | 3L,

Vit 010 029 043 0.8 076

Clve | 913 | w04 | 1630 | 1660 | 2060
Mo | 160081 | 2601 | 204155 | 20000, | s700a
Vo 094 073 048 060 | 040
D! Ve | 1206 | au8L | 24 | %1 | 1009
Moso | 11967308 | 251000, | 1374719, | 1500488 | o192,

3.4 Results of Shear Beam Models

In addition to the MDOF models, the buildings
were modelled as continuous shear beam with
uniform mass and stiffness along the height. The
corresponding results are presented in Tables 7 and
8. The results are very similar to those obtained
with the MDOF models.

Table 7 Shear Beam Model
{unit : Hz-m-sec)

Pile Foundation | Surface Foundation
Building Rigid Base |— — - —
Lincar { Nonlincar| Lincar | Nonlinear
£, L1 053 080 0.7 (015
A D 0b 0.10 009 0.09 0.9
A 262 28 308 340 131
f, 100 0.83 079 067 0.4
B | Da 005 015 0.18 0.14 (.13
A 261 301 318 3% 1%
f. 091 060 060 060 052
C | Du 0% 0.0 09 009 0.10
dean 30 1% 540 oM W7
f. 0.53 0.30 023 0% 0
D D 005 08 0.10 0.08 0.10
s 9% 315 169 219 ¢ LR

Table 8  Shear Beam Model

{unit © KN-m)
Buildi Rigid Pile Foundation | Surface Foundation
e Base Linear | Nonlinear | Lincar | Nonlincar

Virw 006 012 013 0.17 02
A | Vi A316. 78, 4761 232 6118
Muo ] 57078 S35, 62573, | 67318 BR2L
Vi 0.07 014 0.16 0.5 037
B Veo| MR 2067, 264, | 383222 0.
Mo | 380974 | M6 | 169677 [ 0187, | 673217,
Vs 0.10 0.27 039 040 070
C Vo | 10211 1338 15750, | 1567, 19341
Do | 16918 | 224068 271908 | 27L6T. | 3408
Vita 093 070 046 08 ¢+ 0
Do Vi | 25283 1920, 4. [ 246 13770,
| M | HOS0040, | 250415, | 1395575 | IG123. S064%

4. Conclusions

This study shows clearly that the flexibility of
the foundation can have a very significant effect on
the seismic response of buildings with soil
conditions like those in Mexico City. For buildings
with a natural frequency of about 1 Hz on a rigid
base, soil structure interaction lead to an increase in
accelerations, forces and particularly displacements
aggravating their situation. A pile foundation (and
particularly bearing piles) is to be preferred from a
dynamic point of view because of the increased
rotational  stiffness. Bearing piles have, however,
problems associated with the continued consolidation
of the clay deposit. Buildings with a natural
frequency of 0.5 Hz, which is the natural frequency
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of the soil deposit and the predominant frequency
of the earthquake motions, would experience a very
large response on a rigid base, and interaction
effects are beneficial pushing the system away from
the area of maximum earthquake energy and
resulting in considerable reductions in the
accelerations, forces and displacements. A mat
foundation considering nonlinear soil behavior, if
acceptable from a static point of view would be
even more beneficial in this case.

References .

1. Roesset, JM., A Review of Soil-Structure
Interaction, Lawrence Livermore Laboratory,

June 1980, 125pp.

. Angelides, D.C, and Roesset, ] M. "Nonlinear

dynamic stiffness of piles," Research Report
R80-13, Dept. of Civil Engineering, M.LT, 1980.

. Blaney, G.W., Kausel, E, and Roesset, ]M,

"Dynamic stiffness of piles," Proceedings, First
International Conference on Numerical Methods in
Geomechanics, ASCE, 1976.

. Tyson, TR, and Kausel, E, "Dynamic analysis

of axisymmetric pile groups," Research Report
R80-07, Dept. of Civil Engineering, M.LT., 1983,
67pp-

. Kim, YS.,, "Dynamic Response of Structures on

Pile Foundations," Ph.D. Dissertation, University
of Texas at Austin, May 1987, 272pp.

M HIS (83 M13) 1997.3

U= F A =Ra 17



