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CHAPTER 1. Introduction

One of the different aspects of the earthquake engineering is soil-structure interaction (SSI). Out of various problems
attributed to SSI, this study is concerned mairly with answering the question how the dynamic response of a structure
subject to earthquake excitation varies due to cross-interaction, i.e., when there is another structures near the one under
investigation. The effect of spatial variation of ground motion is also taken into account for the definition of the ground
motion input to the structure.

Early attempts to deal with the SSI problem from a structural engineering view of point goes back to 1970’s when the
first analytical solutions were given for the problem of vibration of a circular foundation on the surface of a homogeneous
halfspace. Since the finite-element technique was already in a state of maturity at that time, naturally it was used
afterwards by many researchers to deal with more difficult problem like irregular footings and sites as well as embedded
foundations. The boundary element method came second, to which the experience of researchers with finite element
method was a precious resource. This method attracted many because it reduced size of the problem by one order. It
was dealing only with the boundaries, hence its name, contrary to the finite element that was a method with which one
had to assume elements inside the volume also to analyze the system. Recently attention of researchers working on the
soil-structure interaction problem has been mainly concentrated on improved models of ground, more advanced theories
for wave propagation in different soils, experimental works, and so on.

While it seems that much more research is needed toward upgrading the theoretical models of soils and foundations,



applicablity of the analyses methods to response of real structures is something with equal if not more importance.
Considering this fact it is concluded that a more detailed study on the response of structures themselves, resting on
flexible soils seems to be necessary. Especially, as the recent studies on adjacent foundations has been revealing,
cross-interaction of structures under spatial variation of the earthquake ground motion in a deterministic or random

pattern has to be investigated in detail. This has been the motivation behind the research presented in this thesis.

CHAPTER 2: Analysis of Single and Multiple Surface Foundations

Dynamic behavior of foundations resting on the surface of soil was analyzed in this chapter. Many different cases
were taken into account including sites consisting of a surface layer with various depths on top of a halfspace, and two
surface foundations with their distance variable. The weighted residual technique was used to construct the dynamic
stiffness matrix of the foundation, a matrix that is needed in soil-structure interaction analysis. Then two approaches
were adopted to analyze the dynamic response of the foundation: the deterministic method and the random method.

With having the first approach, use was made purely of the classical wave propagation theory while in the second
approach some devise was used to simulate the real random variation of ground motion in space. A tangible difference
between the two approaches is that with the random one, even for vertical propagation of shear waves the amplitude of
ground motion varies from point to point on the ground surface. The random approach was extended in this study so
that analysis of incidence of surface waves as well as inclined incidence (horizontal propagation) of body waves could
be taken into account. Based on the numerical analyses done, it was inferred that cross-interaction effects on the
dynamic stiffness coefficients of surface foundations are important as far as the ratio of the distance between foundations
to width of them does not exceed a value 3. Also a surface layer can be looked upon as a halfspace when analyzing a
surface foundation if ratio of the depth of the layer to the foundation’s width is less than 5. It was also observed that in
most cases from medium frequencies onward response calculated with random approach was dominant. In this respect,
angle of incidence of the body waves was also shown to play an important role in the foundation’s response, so that in
many cases for incidence angles less than 60 degrees the random response was governing.
CHAPTER 3: Analysis of Single and Multiple Embedded Foundations

In this chapter the case of foundations placed in a depth inside a layered halfspace was studied. The dynamic stiffness
matrix of single or group foundations was derived using the general principles of elastodynamics, namely, the dynamic
reciprocity theorem and the representation theorem. These principles were used in association with the indirect boundary
element method to detour the numerical difficulties corresponding to direct boundary element method. It was shown
that there were still difficulties when calculating the Green’s functions for an embedded foundation when using the
conventional equations. A remedy was derived to overcome those difficulties with considering the asymptotic behavior
of the functions involved. This way, it became possible to calculate the system both for large wave numbers and
frequencies. It was shown that embedding a foundation in the soil has considerable increasing effects on its rocking
stiffness coefficients. Also the contact quality of the sidewalls of the foundation with the soil was studied. It was shown
that the effects arised in medium and high frequency range were completely different from those in the low frequency
range, so it is necessary that the contact condition is investigated with regard to the frequency range of interest to assess
an embedded foundation. For the case of double embedded foundations, a distance ratio of 3 was proved to be the upper

limit for taking the cross-interaction into account. For smaller distances, in contrast to surface foundations, sharp



variations were seen in the values of stiffness coefficients as the two foundations tended to behave like a single one
especially for the horizontal degree of freedom. Another topic of study in chapter 3 was the dynamic response of
embedded foundations. In the conventional indirect boundary element method it is an inevitable drawback that stiffness
matrix and response vector of an embedded foundation are calculated succesively in two separate steps because the
geometry of the problem has to be changed from one step to the other. In the first step the fictitious loading surface is
offset from the soil-foundation interface but in the second step they are the same. In this study using the concept of
boundary integral equation method a new equation was derived that resulted in streamlining the indirect boundary
element method when analyzing the dynamic response of embedded group foundations. Using this new equation now it
is possible to calculate the stiffness and response vector in one step that is a great reduction in computation time of
calculation with the indirect boundary element method. It was shown that the horizontal response of an embedded
foundation is larger with deterministic approach but the random rotational motion shows higher values for low frequencies.
So, the overall lateral response of foundation taking into account its rocking response can be larger with the random
approach. As for effects of sidewall contact on the response, a poor contact proved to be on the unsafe margin only for
medium to high frequencies, showing negligible effects for low frequency range. Remarkable increasing effects were
seen when evaluating random response of double embedded foundations under vertically propagating shear waves that

underlined the importance of cross-interaction between embedded foundations.

CHAPTER 4: Single Structures Subject to deterministic Wave Passage

A single structure resting on the surface of a halfspace through a circular rigid basemat was investigated. Some
eccentricity between centers of mass and stiffness in the plan of the building was considered. The main emphasis was to
evaluate the respected effects on the lateral mo@ion of the building under various degrees of eccentricity and different
types of waves. It was shown that the main part of the torsional response was associated with incidence of SH-waves
but SV and R-waves also exhibited considerable contributions in torsional response when there was eccentricity in the
plan of the building. It was seen that almost always lateral and torsional motions at the center of building's floor showed
their maximum absolute values at the same time or frequency, i.e., were 180 degrees out of phase, resulting in
considerable differences between lateral displacements of laterally stiff and soft sides of the building. Torsional effects
of P-waves on eccentric buildings shown to be of more importance for lighter structures. Incidence of shear waves with
lines of incidence near to horizontal proved to be having more increasing effects on the torsional response of an

eccentric building.

CHAPTER 5: Earthquake Wave Passage on Multiple Structures

In this chapter deterministic and random wave passage effects on dynamic response of single or multiple, surface or
embedded structures were examined. Four cases of multistory buildings differing in number of stories from 2 to 20 and
a case of a massive réactor building were taken into account. For the sites consisting of a halfspace, single structures on
the surface and under incidence of Rayleigh waves and vertically propagating shear waves were studied. It was
observed that even for stiff soils, incidence of Rayleigh waves was associated with an increase in the lateral response of
high-rise buildings due to an extra rotational input compared with vertical incidence of shear waves. The random

approach proved to give more reliable results especially with Rayleigh waves when the deterministic theory gave



unreasonably high values for the response of the systems. Inclined approach of the body waves also was investigated. It
was seen that this could amplify the lateral response of the systems considered by an amount of about 15%. Increasing
the value of the spatial coherence parameter proved to have an increasing effect on the response of the structures
studied. Also a case of existence of a surface layer on the top of halfspace was examined. It proved to increase the
lateral response by about 15% compared to the case of halfspace site. The effects of cross-interaction of buildings were
investigated also. The results of the analysis of this section again showed that random approach was a more reasonable
theory to calculate the response of buildings to earthquakes. Moreover, it was seen that cross-interaction of buildings
regardless of the approach was used, had important effects on the response of the structures. For multistory buildings,
the effect was of increasing type for buildings up to a medium height. But for high rise and reactor buildings,
cross-interaction tended to decrease response of the system both to vertically propagating shear waves and also surface
Rayleigh waves. Embedment of structures in the ground was shown to have remarkable effects on their response. It was
seen that the random approach results in response trends consistent with past experimental results. Using the deterministic
approach responses of the embedded system surpassed those of the surface system. In the random approach, both for
vertically propagating S-waves and horizontally propagating Rayleigh waves there was a decrease in the response. This
response was not sensitive to the distance between adjacent foundations under shear waves but showed larger values for
closer foundations under Rayleigh waves. Also, compared to single structures, resonance frequency of the system

increased for adjacent structures.

CHAPTER 6: Conclusions

In this study an investigation on some problems associated with dynamic soil-structure interaction phenomenon was
presented. The main emphasis was on applying theory of spatially random wave propagation on dynamic analysis of
soil-structure systems and variation of dynamic response of structures when they are adjacent to each other, the
so-called “cross-interaction” problem. It was shown that assuming a certain level of incoherency in the ground motion
is needed to have realistic response values of the adjacent structures especially under incidence of surface waves. Also,
cross-interaction of structures can increase or decrease their response dependent on their distance. This is a very

important factor when analysing adjacent structures for earhquake ground motion.
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