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Chapter 1
Introduction
1.1 Background of the research
In the conventional earthquake design of buildings, the effect of the soil on the structural
response, which is known as soil-structure interaction (SSI), is generally neglected because it
usually benefits the earthquake response. However, according to Mylonakis and Gazetas (2000),
the soil effect is not always beneficial. Moreover, Tezcan and Ipek (1973) assert that a reason for
the partial collapse of a factory that was 135km from the epicenter of the 1970 Gediz Earthquake
in Turkey was SSI because of the combined effect of site amplification of soil and periodelongation effect of SSI as shown in Figure 1-1. Aviles and Perez-Rocha (1998) claim that effect
of soil not only detrimental for low-rise buildings but also for medium and high-rise buildings in
the Valley of Mexico. In the research of Mylonakis et al. (2006), effect of soil structure
interaction is investigated on the collapse of the 18 piers of Hanshin Expressway in Japan during
the 1995 Kobe Earthquake by conducting simplified and nonlinear dynamic analyses on a one
pier model. They claim that SSI is the main cause of the damage if Fukiai and Takatori records
are taken representative records as shown in Figure 1-2 where Cy represents the actual yield
strength (Cy,fix = 0.53 corresponds to Cy,SSI = 0.71 according to the study). However, it is worth
noting that, according to Moghaddasi et al. (2011), determining the effect of SSI on a survey
after an earthquake is not an easy issue since it is hard to separate the period elongation effect of
SSI and nonlinear behavior of the superstructure. Therefore, more analytical research is needed
on this topic for reliable design of such structures.
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Figure 1-1: Soil-structure model of the garage building of the factory and acceleration
response spectra of the earthquake record (Tezcan and Ipek, 1973)

Figure 1-2: Ductility demands of one pier models for fault-normal components of Fukiai
and Takatori records (Mylonakis et al., 2006)
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In addition, there is a tendency in earthquake design to equate foundation input motion
(FIM) with the free field motion (FFM) of the ground away from buildings during earthquake.
This is despite the fact that other SSI effects, such as period elongation and radiation damping
(which occur due to the inertial interaction) are considered. The reason for this tendency is again
same: the belief of that either the difference between FFM and FIM (which occurs due to the
kinematic interaction (KI)) is negligible or that FFM is more detrimental than FIM. Some
American design codes also neglect KI (i.e., ATC-3-06 (1978), FEMA 369 (2001), FEMA 450
(2004)). Moreover, in FEMA 440 (2005), FEMA P-1050 (2015) and Japanese design codes KI is
modeled as a low-pass filter to exploit the beneficial effect of KI. Modeling KI as a low-pass
filter is reasonable for determining horizontal foundation input motion (HFIM); however KI also
induces rocking foundation input motion (RFIM) to some degree depending on the embedment
depth of the foundations and the mechanical properties of the soil. Additionally, according to
Roesset (1980), filtering HFIM and neglecting RFIM leads to design forces being
underestimated. Moreover, Mojtaba and Ghannad (2009) assert that RFIM has a significant
effect on the nonlinear response of structures with deep foundations.
The effect of adjacent buildings on the response of a structure during an earthquake is
known as structure-soil-structure interaction (SSSI) or dynamic cross interaction (DCI) and can
be considered as a branch of SSI. According to Mason (2011) and Trombetta (2013), this
phenomenon is not well understood and no design recommendations consider SSSI (or DCI)
effect. However, with the growth of large cities situated on soft soils and exposed to seismic
risks (e.g. Tokyo, Kobe, Nagoya, Istanbul), the effect of SSSI (or DCI) on seismic hazards is
steadily increasing. Therefore, it should be determined whether this effect is beneficial or
detrimental to the response of superstructures. Moreover, to the best of the author’s knowledge,
3

there has been no parametric analysis of adjacent buildings that have different foundation
embedment depths in order to determine the key parameters for such buildings.

1.2 Objective of the research
This research aims at determining the effects of SSI and SSSI (or DCI) on the responses
of superstructures by conducting various parametric analyses. For the SSI branch of the study, a
new lumped parameter model (LPM) that depends on the impedances of foundations with
different embedment depths is constructed. These are placed on an elastic half-space with a
Poisson ratio of 0.42 and shear wave velocities of 100 or 200 m/s to represent soft soil conditions.
Nonlinear earthquake response analyses using the proposed LPM are then carried out using
active-fault and subduction-zone earthquake records. This is done both with and without RFIM
to assess the effects of RFIM on the ductility demands of structures, assuming ductility
capacities of 2, 4, or 6 under fixed based conditions.
For the SSSI (or DCI) branch of the study, a wide analytical parametric study is
conducted for different foundation types, embedment situations and fixed based natural
frequencies of two or three closely spaced buildings. As soil model, elastic half-space and
layered soil for different kinds of shear wave velocity and soil material damping are selected.
Moreover, the effects of the mass and height of the superstructures on the DCI phenomenon is
investigated. The mean power ratio (MPR) of the superstructures for adjacent case to single
foundation case is selected as a measure parameter in this research, same as Alexander et al.
(2013). The reasoning is that if the key parameters of the DCI phenomenon are understood, the
importance of DCI effects on the design of structures can be determined more easily.
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1.3 Organization of the text
This dissertation comprises six sections. In Section 1, an introduction of the research is
given. In Section 2, the phenomenon of SSI is introduced and some literature on this topic is
reviewed. In Section 3, the phenomenon of SSSI (or DCI) is introduced and some literature on
this topic is reviewed. In Section 4, a study entitled “Effect of rocking foundation input motion
on the nonlinear response characteristics of superstructures” is presented which considers only
the SSI phenomenon. In Section 5, a study entitled “Dynamic behavior of adjacent buildings
with different foundation embedment depths” is presented which considers both the SSI and
SSSI (or DCI) phenomena. Finally, the conclusions of each section are given in Section 6.
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Chapter 2
Previous Research on Soil-structure
Interaction
In conventional seismic structural design, the soil is considered to be a perfectly rigid and
the free field motion (FFM), which is an earthquake record that is taken from the surface of the
soil for the absence of building, is taken as foundation input motion (FIM). Although this
approximation is appropriate for flexible buildings and stiff soil conditions, the effect of the soil
on the dynamic response of a superstructure should be considered in analyses with other types of
structure and soil in order to facilitate realistic earthquake design. This effect is known as soilstructure interaction (SSI). In this section the literature on SSI research is reviewed.

2.1 Early history of SSI
The pioneering work on this topic can be traced back to the 19th century, to research on
determining the static stiffness of a half-space, which is very important for reliable SSI analysis
(Kausel, 2010). The first researcher who analyzed the dynamic response of a circular disk on an
elastic half-space is Erich Reissner (1936), who is known as the father of the dynamic SSI. It is
interesting to note that the first analysis of soil and structure together is performed in Japan by
Mononabe and Matsuo (1929) and Okabe (1926), which led to further interest about such
analyses (Roesset, 2013). Merrit and Housner (1954) and Housner (1957) analyze soil/multistory
building system that is referred to as an “analog computer”. That model neglects the horizontal
compliance of the foundations, because from records on the foundation of a building and parking
lot of the building, Merrit and Housner consider horizontal compliance to be ineffective. Instead,
7

they focus their attention on the effect of foundation rocking on the response of the
superstructure. However, Meek and Veletsos (1972) assert that those results are unreliable
because the soil response is not understood sufficiently until the work of Bycroft (1956). The
research of Parmelee (1967) can be considered as a milestone for understanding the key aspect of
the SSI problem (Meek and Veletsos, 1972). In that research, Parmelee asserts that the shear
wave velocity is the key parameter for SSI and that the natural frequency of the soil-structure
system is elongated by SSI. However, the main problem regarding the research of Parmelee
(1967, 1968a, 1968b) is that, the fast Fourier transform (FFT) technique is not used for
transforming the results from the frequency domain to the time domain. The first paper in which
an FFT is used for this problem is that of Lui and Fagel (1971). Sarrazin (1970) and Sarrazin et
al. (1972) also perform analyses based on Parmelee’s model by using frequency independent
springs and dashpots for the soil around buildings. They assert that the rocking effect of SSI is
more important than the corresponding swaying effect. Meek and Veletsos (1972) and Veletsos
and Meek (1974) improve a replacement oscillator, which has modified period and damping
values to reflect SSI in a single degree of freedom system (SDOF) for the case of surface
foundations. This model can be seen in Figure 2-1. They also emphasize the rocking effect of
SSI especially for tall buildings for which the effective damping of the system diminishes at low
frequency values. Jennings and Bielak (1973) and Bielak (1976) modeled an n story building
coupled with elastic soil as a system of n+2 SDOF replacement oscillators. This requires a
certain amount of mathematical manipulation because of the complex nature of the modal
analysis of soil-structure systems. Thanks to the developments in computer technologies and the
necessity for reliable designs of new nuclear power plants during the 1970s, more complex SSI
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analyses are applied for research purposes and the modern era of SSI phenomenon has started
(Kausel, 2010).

Figure 2-1: Replacement oscillator model (Veletsos and Meek, 1974)

2.2 Analysis methods of soil-structure systems
As mentioned in Section 2.1, the diversity of SSI research increases during the 1970s.
Academic interest is focused on two methods in particular: the direct method and the
substructure method. Furthermore, the interest on simple physical models of soil rises during the
1990s.

2.2.1 Direct method
In the direct method, soil and structures are modeled together, mainly by finite elements,
and the analysis is performed in a single step. Since it is impossible to model unbounded soil by
finite elements, an artificial boundary should be modeled on appropriate distance from the
structure-foundation interface to represent the dynamical characteristics of the missing soil
beyond the boundary.
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2.2.2 Substructure method
Substructure method is introduced by Kausel (1974) because of the need to check the
results of complex direct method analyses (Kausel, 2010). In this method, a three step solution is
applied. In the first step, free field response of the soil without buildings and excavations is
calculated. In the second step, the dynamic impedances of the soil are determined according to
the excitation frequency. In the final step, the response of the superstructure is obtained by using
the data from the first two steps. In the substructure method, it is convenient to subdivide the SSI
problem into two subtopics: the kinematic interaction (KI) and the inertial interaction (II) as
defined first by Whitman (1970). In KI, a superstructure and its foundation are considered as
massless and because of difference in rigidity between the soil and the structure, the foundation
input motion (FIM) occurs at the foundation level. This motion is then used for the next analysis,
II, by considering only the mass properties of the superstructure. It is worth noting that this
method is applicable to elastic or equivalent elastic systems, because KI+II analysis includes
superposition principle. The substructure method of analysis can also be subdivided according to
the method used for the scattering problem as shown in Figure 2-2 where coming wave is shown
by arrows and the horizontal lines show the soil boundary. In the present study, exact
impedances and FIM are calculated using the substructure method of analysis, and the flexible
volume method is used.
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Figure 2-2: Substructure methods of SSI analysis (Ostadan, 2000)

2.2.3 Simple physical models
The substructure method for a rigid foundation and uniform-elastic soil conditions can be
applied more simply by modeling the soil using springs, dashpots and masses. Because of the
frequency dependence of the soil impedances, some accuracy is lost according to the selected
soil model. However, if the uncertainties in the soil are considered, the loss of accuracy can
become very low for engineering design purposes (Wolf, 1994). Research on the using simple
soil models for SSI analyses can be subdivided into two subtopics: cone model and lumped
parameter models.
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(a) Cone models
The first attempt to create a simple physical model of soil can be traced back to Ehlers
(1942), who models the soil by using a truncated semi-infinite cone for the vertical and
horizontal motion of a foundation placed on an elastic half-space (Wolf and Deeks, 2004).
Samples of cones for vertical, horizontal, rocking and torsional degree of freedoms are given in
Figure 2-3. A spring, dashpot and mass model that depends on the aforementioned cone model of
soil for the horizontal and rocking motion of the foundation placed on an elastic half-space is
generated by Meek and Veletsos (1974). Moreover, there are further endeavors to model layered
and incompressible soil conditions and embedded foundations by Meek and Wolf (1991, 1992a,
1992b, 1993). The textbooks written by Wolf (1994) and Wolf and Deeks (2004) give
comprehensive insights into this topic. In the present research, foundation input motion (FIM)
for embedded circular foundations is calculated using the MATLAB programs proposed by Wolf
and Deeks (2004).

Figure 2-3: Cones for different degree of freedoms (Wolf and Deeks, 2004)
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(b) Lumped parameter models
Models of soil based on simple frequency independent springs, dashpots and masses are
known in general as lumped parameter models (LPMs). The difference between cone models and
LPMs is that LPMs require exact values of soil impedances which are calculated by rigorous
methods. The reliability of an LPM can be determined by the difference between its impedances
and the aforementioned exact impedances. Because of its frequency independence, an LPM is
convenient for the SSI analysis in time domain, which is inevitable for the nonlinear analysis of
superstructures. Moreover, LPMs are easier to apply in SSI analysis than the method of
transforming the impedances functions into an impulse response in time domains (Wolf and
Obennhuber (1985), Wolf and Motosaka (1989a, 1989b), Meek (1990), Motosaka and Nagano
(1992), Hayashi and Katsukura (1990) and Nakamura (2006a, 2006b, 2008a, 2008b)). This is
because simple time stepping methods (such as the Newmark method used in the present study)
can be applied to LPM models (Saitoh, 2012a). Moreover, there are also discrete-time filter
methods for time domain analyses of SSI (Safak, 2006; Gash, 2015), but these are beyond the
scope of the present study.
The simplest LPM is a sway-rocking model in which the soil impedances are represented
by one constant spring and one constant dashpot. Although a sway-rocking model is suitable for
the horizontal degree of freedom of a foundation placed on an elastic half-space, it is not suitable
for the rocking degree of freedom of the same foundation because of the frequency dependence
of the soil impedances for that degree of freedom. Moreover, according to Gash (2015), a swayrocking model is not suitable for the nonlinear analysis of a superstructure even for the spring
and dashpots calculated for fundamental frequency of soil-structure system. This is because the
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fundamental frequency changes with time because of the nonlinearity of the superstructure, and
hence a sway-rocking model may lead to inaccurate results for such analyses.
The many LPM models in the literature can be subdivided mainly as empirical LPMs and
systematic LPMs (Saitoh, 2012a). There are also modal LPMs as created by Saitoh (2010, 2011,
2012b, 2012c), but these are beyond the scope of the present study.

(1) Empirical lumped parameter models
For such LPMs, the fitting of the impedances of the model to the exact values is done
manually. The aforementioned sway-rocking model and the LPM created from a cone model by
Meek and Veletsos (1974) can be classed in this group of LPMs. The LPM of Meek and Veletsos
(1974) is improved by Wolf and Somaini (1986). There are also complex empirical LPMs of
Nogami and Konagai (1986, 1988), De Barros and Luco (1990), Jean et al. (1990), and Saitoh
(2007), but these are mainly for impedance functions that are strong dependent on the excitation
frequency such as is the case for pile foundations. They are given in Figure 2-4.

(a) Veletsos (1974); Wolf and Somaini (1986)

(b) Nogami and Konagai (1986, 1988)

(c) De Barros and Luco (1990)
(d) Jean et al. (1990)
Figure 2-4: Some empirical lumped parameter models (Saitoh, 2012a)
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(2) Systematic lumped parameter models
For such LPMs, the fitting of the impedances of the model to the exact values is done by
systematically. Wolf (1994) is the first to propose the use of a partial-fraction expansion to create
a mass–spring–damper LPM, and this now-common procedure is used in the present study to
calculate the parameters of LPM. Paronesso and Wolf (1995) present a more advanced
systematic procedure that also incorporates the adjacent foundations into the LPM. Wu and
Cheng (2001) also present a systematic mass–spring–damper LPM by using a partial fraction
expansion of the absolute values and phases of the impedances instead of their real and
imaginary parts. However, Wu and Cheng assert that impedances of this LPM approximate to the
exact values better for the translational degree of freedom than for the rocking degree of freedom.
Nevertheless, the main problem with a LPM that includes masses is that input motion cannot be
applied directly to the soil-structure system. Therefore, an intermediate calculation is necessary
to determine driving forces (Wolf, 1994). Because of that, Wu and Lee (2002) propose a new
LPM that includes no mass, but that model is only for surface foundations. Wu and Lee (2004)
and Zhao and Du (2008) also improve the systematic procedure for LPMs by using continued
fraction expansion instead of partial fraction expansion. For impedances that depended more
strongly on frequency, Wang et al. (2013) create a systematic procedure for LPMs based on
Chebyshev polynomial fractions.

2.3 SSI studies related to the study
As mentioned previously, the SSI effect can be analyzed under the subtopics of kinematic
interaction (KI) which occurs because of a difference in rigidity between the foundations and the
surrounding soil, and inertial interaction (II) which relates to the mass properties of the structure.
Bielak (1974) analyze the response of embedded foundations under FFM neglecting the effect of
15

KI by using the frequency independent models of Novak (1973) and Novak and Sachs (1973).
Aviles and Perez-Rocha (1996) also analyze the response of embedded foundations under FFM
neglecting the effect of KI, whereas Aviles and Perez-Rocha (1998) use a replacement oscillator
that incorporates KI effect. Moreover Aviles and Perez-Rocha (1999) suggest design concepts
for linear structures considering SSI and KI. Takewaki et al. (2003) also analyze linear
superstructures with embedded foundations by considering SSI and KI. They claim that the
transfer function amplitudes diminish with increasing embedment depth but, for huge
embedment ratio values, the phenomenon cannot be understood. According to Luco (1975), use
of horizontal foundation input motion (HFIM) and RFIM instead of FFM is important for
reasonable designs, especially for large foundations. Moreover, according to Morray (1975), the
peak values of the acceleration response spectra are underestimated if the effect of the RFIM is
neglected. For reliable design, Elsabee and Morray (1977) assert that RFIM should be considered
in the analyses. Additionally, Pais and Kausel (1990) stress the importance of the effect of RFIM
noting that effect of RFIM is stronger for steeply propagating SH waves than it is for shallowly
propagating SH waves.
All the aforementioned studies include only elastic soil-structure systems. However,
structures can respond beyond the elastic regions of their materials during a strong earthquake.
The earliest studies of the response of elasto-plastic soil and a structure considering SSI is done
by Minami (1973), Kobori et al. (1966), and Inoue et al. (1974). However, according to Bielak
(1978), those studies are unreliable because they only consider the sway motion of the
foundation. Vebric (1973) and Veletsos and Vebric (1974) assert that the effect of structural
inelasticity diminishes the stiffness of the structure relative to that of the soil, and therefore the
effect of SSI decreases the response. In contrast, according to Bielak (1978), at the resonant
16

frequency, structural deformations become large for an inelastic structure with a surface
foundation if SSI is considered. Muller and Keintzel (1982) assert that SSI is beneficial for squat
inelastic structures but negligible for slender inelastic structures with surface foundation.
Ciampoli and Pinto (1995) say that SSI is not important for the inelastic demand of piers with
surface foundations. Rodriguez and Montes (2000) claim that SSI has a negligible effect on the
inelastic response of superstructures with surface foundations. Stewart et al. (2004) treated the
KI effect as a low-pass filter and claim that KI reduces the inelastic response. Lin and Miranda
(2008) research the effect of SSI on the maximum inelastic deformation of single degree of
freedom (SDOF) systems by treating the KI effect as a low-pass filter also and came to the same
conclusion as that of Stewart et al. (2004). However, according to Roesset (1980), filtering
HFIM and neglecting RFIM gives unreliable results. Jarernprasert et al. (2013) analyze a SDOF
elasto-plastic structure embedded in elastic soil without the KI effect. According to Mylonakis
and Gazetas (2000), ductility demands of bridge piers increase for some earthquake motions and
structural characteristics. Aviles and Perez-Rocha (2003) analyze the SDOF elastic and elastoplastic structures embedded in elastic soil by considering the KI and RFIM effects using the
approximate method proposed by Iguchi (1982) and they cannot determine that SSI is
detrimental on elastic or elasto-plastic situation of superstructure. Pitilakis and Makris (2010)
conduct dimensionless analysis to determine the seismic demand of yielding structures
interacting with soil. They assert that seismic demand increases with increasing foundation soil
mass and yielding displacement and that SSI is not always beneficial for the inelastic response of
a superstructure. Karatzetzou and Pitilakis (2013) criticize the reliability of the FEMA 440
design code for determining performance-based seismic demand and claim that the FEMA 440
gives unreliable results for such analyses. There have been some attempts to determine the
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strength reduction factor by considering SSI (Aviles and Perez-Rocha, 2005; Ghannad and
Jahankhah, 2007) but these are beyond the scope of the present study. Mahsuli and Ghannad
(2009) and Khanmohammadi et al. (2014) assert that the ductility demands for embedded
foundations increase with increasing embedment ratio, especially for embedment ratios bigger
than one because of the effect of RFIM.
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Chapter 3
Previous Research on Structure-soilstructure Interaction or Dynamic Cross
Interaction
In large cities built on soft soil, adjacent buildings affect each other in some manner
during an earthquake. This effect is termed structure-soil-structure interaction (SSSI) by Luco
and Contesse (1973), dynamic cross interaction (DCI) by Kobori et al. (1973), and through soil
coupling (TSC) by Lee and Wesley (1973) (Aldaikh et al., 2015). In the present study, as tends
to be the case in research done in Japan about this topic, this phenomenon is referred to mainly
as DCI. In this section, the literature on DCI research is reviewed.

3.1 Review of analytical DCI research
3.1.1 Research neglecting the effect of superstructures
Studies of DCI begin by analyzing the interaction between two or more adjacent
foundations while neglecting any effects from the superstructures. Such research can be termed
foundation–soil–foundation interaction (FSFI), and can be considered as a branch of DCI.
Richardson (1969) and Warburton et al. (1971, 1972) analyze adjacent bodies for vertical
harmonic motions (Lou et al., 2011). MacCalden and Matthiesen (1973) study the vertical,
horizontal and rocking harmonic responses of two adjacent foundations analytically and
experimentally, but the results of these two analyses do not agree. Bielak and Coronato (1981)
apply the boundary element method (BEM) to determine the responses of two adjacent
foundations and emphasizing the phase differences between them, and according to the results it
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is asserted that non-vertically incident seismic waves have an important effect on the cross
interaction between foundations. Yoshida et al. (1984) also apply BEM to determine the
responses of two adjacent foundations and obtain similar findings to those of as Bielak and
Coronato (1981). Lin et al. (1987) model adjacent embedded foundations and soil using a threedimensional (3D) finite element method (FEM). From their results, they claim that FSFI
increases the coupling between horizontal and vertical motion and between rocking and torsional
motion. They also claim that because of the FSFI, the embedment of foundations increases the
effect of inertia on the responses of the foundations. Chouw and Schmid (1990) apply 3D BEM
to determine the responses of adjacent foundations placed on layered soil, and conclude that
FSFI depends on the direction of the excitation and that bedrock has no particular effect on FSFI.
Qian and Beskos (1995) analyze more than two surface foundations by 3D BEM, and
claim that neglecting the FSFI in the design codes is not always convenient. FSFI increases the
rigidity for vertical and horizontal motions at low excitation frequency and for rocking and
torsional motion at high frequency. Finally, the number of adjacent foundations is important for
horizontal and vertical motions but not so important for rocking and torsional motion of
foundations. Qian and Beskos (1996) also analyze two surface foundations for different
incidences of excitation by using 3D BEM, and assert that FSFI causes a phase difference
between the motions of adjacent foundations. The effect of FSFI on the rocking responses is
more severe than on the horizontal responses of foundations. Romanini et al. (1996) develop a
new analysis method for adjacent foundations known as the “substructure deletion method”.
From the results of analyzing adjacent embedded foundation they claim that the effect of soil
material damping is important for the FSFI phenomenon. Betti (1997) also uses the substructure
deletion method to determine the FSFI effect on more than two adjacent embedded foundations,
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giving importance to the embedment of the foundations. It is asserted that FSFI has more effect
on the low frequency range of the horizontal, rocking and torsional impedances. Karabalis and
Mohammadi (1998) use 3D BEM analysis to determine the FSFI effect on adjacent foundations
placed on layered soil and note that FSFI is important for shallow soft layers placed on rigid
bedrock. Tham et al. (1998) investigate the effect of foundation flexibility on the FSFI
phenomenon, and note that the vertical responses of foundations increase with foundation
flexibility under incident excitation.

3.1.2 Research considering the effect of superstructures
Research on DCI that also considers the effect of superstructures is needed for the
reliable design of nuclear power plants (NPPs) which comprise reactor buildings, turbine
buildings, and control buildings built closely to each other (Lou et al., 2011). To this end, Lee
and Wesley (1973) use 3D analysis to determine the effect of DCI on NPPs mainly giving
importance to the structural mass of adjacent buildings. From their results, Lee and Wesley assert
that the layout of NPP buildings is important for the DCI effect. The layout of the NPP buildings
selected for this study can be seen in Figure 3-1.

Figure 3-1: Layout of NPP buildings analyzed for DCI (Lee and Wesley, 1973)
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Luco and Contesse (1973) investigate the anti-plane DCI (for excitation perpendicular to
the direction of adjacent buildings) of two-dimensional (2D) adjacent shear walls for a vertically
incident SH wave. They note that small buildings are strongly affected by large adjacent
buildings.
Kobori et al. (1973) analyze the case of adjacent structures with surface foundations and
examine the effect of soil layering on the DCI phenomenon. From their results Kobori et al. note
that the effect of DCI should be considered for buildings in large cities built on soft soil. Kobori
and Kusakabe (1980) use the thin layer method (TLM) to determine the DCI effect between two
embedded structures. They note that the effect of DCI diminishes the responses of identical
adjacent buildings. However, for adjacent structures of different natural periods and masses, the
DCI effect can increase the response. Ratios of maximum responses of the structures considering
to neglecting the DCI effect are given in Figure 3-2, schematically. Black circles shows where
the detrimental effect of DCI is observed. In this figure ω, Vs, R0, and x are fixed based circular
frequency of superstructures, shear wave velocity of soil, radius of foundation and clearance
between buildings, respectively.

Figure 3-2: Ratios of maximum responses for adjacent situation to single situation (Kobori
and Kusakabe, 1980)
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Wong and Trifunac (1975) analyze two or more adjacent buildings to determine the antiplane DCI effect for different incidence angles of excitation. They note that the clearance
between foundations is a key parameter of the DCI, and small and light buildings are more
affected by DCI than large and heavy buildings, and that, for non-vertical incident excitation, the
layout of buildings is important for determining the DCI effect accurately. Aydinoglu and
Cakiroglu (1977) use 2D FEM analysis based on a discrete soil stiffness matrix procedure to
determine the DCI effect. They note that DCI affects rigid and short buildings more severely,
however radiation damping of soil is not considered in their study. Matthees and Magiera (1982)
conduct a large parametric study by using 2D FEM to determine the DCI effect between adjacent
buildings while also considering the inelastic behavior of the soil and the superstructures. They
use the excitation taken from the TAFT earthquake, and note that shallower soil is more critical
than deeper soil for the DCI phenomenon. Imamura et al. (1992) use mixed BEM–FEM to
analyze the interactions between an embedded and closely built turbine, reactor and control
building of a NPP. They note that the masses of the adjacent superstructures and the soil between
the buildings are important for determining the DCI effect. Wang and Schmid (1992) also use
mixed BEM-FEM for adjacent structures with distributed and lumped masses, but conclude that
more research is needed for the case of three adjacent buildings.
To determine the effect of DCI on regular buildings, Behnamfar and Sugimura (1998,
1999) analyze two adjacent structures for body and surface waves by considering the spatial
variation of earthquake motions. They note that the DCI effect increases the maximum response
of low and medium-rise buildings, whereas it decreases the maximum response of high-rise
buildings. Lehman and Antes (2001) develop a new method for soil for use in DCI research
known as the “symmetric Galerkin boundary element method”. They model superstructures
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using FEM, and from their results, they note that such soil-structure modelling gives reasonable
results. Wen (2006) determines the impedances and input motions of massless mat foundations
adjacent to 3, 6 and 10 story buildings. Moreover, Wen and Fukuwa (2006) conduct similar
research for pile foundations, and adjacent building model in that study is given in Figure 3-3.

Figure 3-3: Adjacent building model (Wen and Fukuwa, 2006)

Yahyai et al. (2008) analyze 32 story adjacent buildings for different clearance values.
From their results they note that DCI has a detrimental effect on base shear and lateral
displacement, and that the period elongation effect of DCI is seen mainly in the first mode of the
superstructures.
Padron et al. (2009) analyze adjacent pile-supported buildings by using mixed BEMFEM analysis to determine the effect of in-plane and anti-plane DCI on the response of
superstructures. They note that the worst effect of DCI is seen for buildings that are separated by
half the shear wavelength of the soil as calculated by the natural period of one soil-structure
system; the highest responses are seen on buildings that are placed between two buildings.
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Alamo et al. (2015) conduct similar research for obliquely incident seismic waves and note that
the DCI effect is important for short identical structures with pile foundations. Rahgozar and
Ghandil (2011) and Rahgozar (2015) analyze 3D models of buildings with pile foundations by
using the direct method of analysis for linear superstructures and equivalent-linear soil. From
their results they note that the effect of DCI is detrimental for shorter buildings adjacent to taller
buildings.
Bolisetti and Whittaker (2011) use frequency-domain methods to analyze NPP structures
and note that the effect of DCI mainly on the rocking frequencies of structures and mass ratio of
two adjacent buildings is an important parameter for the DCI phenomenon. Nakamura et al.
(2011) conduct 3D FEM analysis to determine the DCI effect on NPPs and note that ground
irregularity is important for the responses of NPP because of the DCI effect. However, Yue et al.
(2013) assert that the effect of DCI is not important for NPPs. Roy et al. (2015) study on the DCI
effect for light structures adjacent to heavy structures and heavy structures adjacent to heavy
structures for NPPs, and conclude that the DCI effect is too complex to be generalized by a set of
key parameters.
Knappett et al. (2015a, 2015b) examine the effect of soil nonlinearity on the DCI
phenomenon in analytical and experimental analyses. They note that the DCI effect increases the
permanent rotation of foundations which is important for determining seismic performances of
adjacent buildings accurately. Madani et al. (2015) and Ghandil and Aldaikh (2016) determine
the pounding effect between inelastic adjacent buildings considering also the DCI effect and
claim that the DCI effect should be considered when determining pounding forces. Ghandil et al.
(2016) consider soil inelasticity by using the near-field method developed by Ghandil and
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Behnamfar (2015) and claim that the responses of superstructures are dominated more by the
masses of adjacent structures than by their heights or periods if in-plane DCI is considered.
It is asserted in the present dissertation that it is necessary first to address the DCI effect
for elastic soil-structure conditions by detailed parametric analyses before considering nonlinear
soil-structure behavior. This is because there are still points of uncertainty in DCI research under
elastic conditions, such as the difference between the DCI effects for mat and pile foundations,
and the effect of DCI on adjacent buildings with different foundation embedment depths.

3.1.3 Analytical DCI research by using simple models
There have also been endeavors to create simple models to determine the DCI effect on
structures. Mulliken and Karabalis (1998), develop a frequency independent simple model that
also includes a time lag effect of wave radiation between foundations. Naserkhaki and
Pourmohammad (2012) analyze adjacent twin buildings and Naserkhaki et al. (2014) use the
aforementioned simple model to investigate pounding effect between adjacent buildings.
Alexander et al. (2013) also suggest a frequency independent simple model by only considering
the rocking motion interaction between foundations and neglecting the time lag effect of wave
radiation between foundations. They analyze adjacent buildings and single buildings to obtain
the ratio of these two situations which is known as the mean power ratio (MPR) of
superstructures. MPR is selected as an index for determining the DCI effect. Aldaikh et al.
(2015) analyze three adjacent buildings by using the same simple model and also take the MPR
of superstructures as an index value. However, only surface foundations are treated in the
research mentioned in this section.
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3.2 Review of the experimental DCI research
To assess the validity of the results of the analytical studies, experimental studies are
inevitable. Although a history of experimental research on DCI is given in this section, it is
important to stress that only analytical analysis is conducted in the present study.
Kobori et al. (1977) conduct experimental and analytical studies to determine the DCI
effect and note that the DCI effect should be considered in the design of structures built in large
cities. Mizuno (1980) applies micro-tremor, forced vibration and earthquake observation for fullscale and model adjacent buildings, and main effect of the DCI is seen for earthquake
observations. Celebi (1993a, 1993b) observes wave transfer between adjacent buildings in the
data obtained from two closely adjacent buildings in the 1987 Whittier-Narrows Earthquake. To
determine the effect of DCI on regular buildings, Matsuyama et al. (2001) conduct micro-tremor
and forced vibration tests on 3 and 6 story buildings built close together. They note that the effect
of DCI is more important on the 3 story building than on the 6 story building and that the DCI
effect is conveyed by rocking and torsion of the building. Moreover, Hirono et al. (2009)
conduct experiments on the same buildings by increasing the number of the measurement points
and improving the animation program used to show the responses of these structures. Nuclear
Power Engineering Corporation (NUPEC) conducts a long-term project (1994-2001) to
determine the DCI effect on NPPs, comprising field tests, laboratory tests, and computer
analyses for embedded and surface foundation cases (Kitada et al., 1999; Yano et al., 2000;
Kitada et al., 2001; Hirotani et al., 2001; Kusama et al., 2003; Yano et al., 2003; Kitada et al.,
2004). As a general result of this project, it is declared that the effect of DCI on NPPs is
negligible. However, according to the results of laboratory and analytical studies, DCI increases
the responses of certain superstructures even though this effect in not seen in field tests.
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Therefore further research is needed to clarify this situation. Moreover, Xu et al. (2004), Broc
(2006) and Clouteau et al. (2012) use analytical analyses to compare the results of NUPEC
project.
Behnamfar and Sugimura (2000) verify 2D BEM analysis results by means of data
recorded from twin buildings in Tohoku University, and good agreement between the results is
obtained. Ikeda et al. (2004) excite adjacent pile foundations (without superstructures), and note
that the experimental results are in reasonable agreement with those from the flexible volume
method of analysis, which is also used in the present dissertation to determine the DCI effect. Li
et al. (2012) excite adjacent 12 story reinforced concrete structures on a shaking table. From
their results they assert that DCI increases the damage level of such structures, especially for
strong ground motion. Trombetta et al. (2013a, 2013b, 2014) conduct a series of centrifuge tests
to determine the in-plane, anti-plane and combined DCI effects on the nonlinear behavior of
adjacent structures. They note that the restraining effect is more dominant than the wave based
effect of DCI for an inelastic frame structure with a highly nonlinear foundation response. They
also note that the restraining effect of DCI should be considered for low and medium intensity
earthquakes, in which the soil and superstructure exhibit low-inelastic behavior. Bolisetti and
Whittaker (2015) create a computer model of this centrifuge test. Barrios and Chouw (2015)
conduct shaking table experiments by using a laminar box filled with soft sand to investigate the
effect of DCI on the natural period difference of adjacent buildings. They note that buildings
with higher natural frequency are more vulnerable to DCI than are buildings with lower natural
frequency. Larkin et al. (2016) apply shaking table tests with a laminar box for 4 adjacent
buildings, and claim that the DCI effect is more visible for adjacent buildings with different
natural periods because of the energy transfer among them. Aldaikh et al. (2015, 2016) conduct
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shaking table experiments on three adjacent buildings by using foam to represent soft soil
conditions. They conclude that their experimental results are in good agreement with results
obtained from a simple model created by the same authors.

3.3 Review of site-city interaction research
Although site-city interaction (SCI) is considered as a branch of DCI, it is not true in
some sense. According to Mason (2011), DCI and SCI differ in two aspects. Firstly, DCI studies
consider only the interaction of a limited number of structures, whereas SCI studies can include
all the buildings in a city. Secondly, the SCI is a subject that is more suited to engineering
seismologists who have a deep knowledge about complex wave propagation in complex media,
whereas DCI studies are conducted mainly by structural and geotechnical engineers. Although
SCI and DCI are separate topics in earthquake engineering, the results of an SCI study should be
followed by the DCI research to establish the reliability of the former analysis. The main
contributions to SCI have been made by Chávez-Garcıa and Cárdenas (2002), Guegen et al.
(2002), Tsogka and Wirgin (2003), Boutin and Roussilon (2004), Semblat et al. (2004), Groby et
al. (2005), Kham et al. (2006), Semblat et al. (2008), Ghergu and Ionescu (2009), Isbiliroglu et
al. (2014), Ghiocel et al. (2014), Chen and Li (2015), and Schwan et al. (2016). However, the
SCI effect is beyond the scope of the present dissertation.
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Chapter 4
Effect of Rocking Foundation Input
Motion on the Nonlinear Response
Characteristics of Superstructures
4.1 Introduction
Soil–structure interaction (SSI) is important for determining the damage to structures
during a strong earthquake in some situations. Therefore, research on this topic is necessary for
reliable earthquake-resistant design in order to understand the key parameters of SSI that
influence the inelastic behavior of superstructures.
As stated in Section 2, Ghannad (2009) and Khanmohammadi et al. (2014) assert that the
ductility demands for embedded foundations increase with embedment ratio because of the effect
of RFIM, especially for the embedment ratios greater than one. In their studies, the lumped
parameter model (LPM) given by Wolf (1994) for embedded foundations is used as the soil
model for the analyses. Although this model is very useful for considering the nonlinearity of
superstructures because of its frequency independent elements, it is developed for soil with a
Poisson ratio (ν) of 0.25 because of a lack of reliable data for other values of ν. However, in soft
soil conditions, for which SSI effects are more pronounced, Poisson ratios as high as 0.5 are
encountered. Moreover, in the aforementioned study, the fixed-base natural frequency is
assumed to be independent of the height of the SDOF structure which may represent unrealistic
structural characteristics. Also, only records of earthquakes associated with active faults are
considered, so the results cannot be generalized to earthquakes associated with subduction zones.
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In the present study a new LPM is constructed that depends on the impedances of
embedded foundations with different embedment depths placed on an elastic half-space for ν =
0.42 and shear wave velocities Vs = 100 or 200 m/s to represent soft soil conditions. The value ν
= 0.42 is selected as a specific soft soil condition and is fixed for the analyses in the present
study. However, it should be noted that this method is applicable for other values of ν. Nonlinear
earthquake response analyses using the proposed LPM then conducted with active fault and
subduction zone earthquake records both with and without RFIM to assess the effects of RFIM
on the ductility demands of structures. Additionally, the method of analysis is more reliable than
those of Mahsuli and Ghannad (2009) and Khanmohammadi et al. (2014). This is because the
created LPM is more reliable for soft soil conditions (ν = 0.42 instead of 0.25) in which SSI
effect is more prominent. Also the parameters selected for the superstructure make it easier to
understand which types of structure SSI affects more. This is done by relating the fundamental
period of the superstructure (0.2–3 s) to its aspect ratio, and by assuming ductility capacities of 2,
4, or 6 under a fixed-based condition (μfix).

4.2 Analysis model and method
Determining the exact impedances and input motions for foundations requires rigorous
mathematical techniques, such as the finite element method. To manage this, as stated in Section
4.1, the systematic LPM procedure of Wolf (1994) is used to create a new LPM, and horizontal
and rocking FIMs are calculated by using the double cone analysis suggested by Wolf and Deeks
(2004).

4.2.1 Double cone analysis for determining FIM
Double cone analysis is a very efficient tool for determining the dynamic stiffness and
input motion of embedded rigid disks, and proposed first by Meek and Wolf (1994). In this
44

method, the embedded part of the foundation is divided into a stack of disks on an interval that is
no greater than one tenth of the smallest wavelength of the excitation. This is shown in Figure 41, where Pi (i = 1, 2, …, m) are horizontal forces, uj (j = 1, 2, …, m) are horizontal displacements,
ro is the foundation radius, e is the embedment depth and Δe is the interval of the stacked disks
(Wolf and Deeks, 2004). This method is easy to apply thanks to the MATLAB functions created
by Wolf and Deeks (2004) and detailed information about this method can be found therein.

4.2.2 Analysis flow
The flowchart of the method is shown in Figure 4-2. The analysis is applied in two
stages: the driving horizontal and rocking motions are calculated, and then these forces are used
to obtain the total motion of the structure because LPMs containing masses cannot be analyzed
in one step.

Figure 4-1: Stack of disks to represent an embedded disk foundation (Wolf and Deeks,
2004)
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Figure 4-2: Flowchart of the analysis method

4.2.3 Outline of new LPM
A LPM is a very efficient tool for the time domain analysis of SSI, because its springs,
dashpots, and masses are frequency independent, and it can be analyzed using well-known
numerical methods. In the present study, a new LPM is developed by using the systematic
procedure of Wolf (1994) for soil with Poisson ratio of 0.42. In this method, the exact values of
dynamic stiffness, which are obtained by techniques such as the thin layer method (TLM), are
divided into regular and singular parts (the value of the impedance calculated by using
dimensionless spring and dashpot values for infinite frequency) as given by Equations (4-1), (42), and (4-3) according to the Wolf (1994). In these equations, S is the dynamic stiffness, Ss is the
singular part of the dynamic stiffness, Sr is the remaining regular part of the dynamic stiffness, K
is the static stiffness, p and q are real coefficients of the polynomials, N is the degree of
polynomial placed on the denominator, k(a0) and c(a0) are spring and dashpot coefficients of the
dynamic stiffness, k and c are values of spring and dashpot coefficients of the dynamic stiffness
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at the infinite frequency, and a0 is the dimensionless frequency given by Equation (4-4), where ω
is the circular frequency, Vs is the shear wave velocity of the soil, and r is the radius of the
foundation.

S a 0   K k a 0   ia 0 ca 0   S s a 0   S r a 0 

S s a 0 
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Next, 2N-1 real unknowns p1,…,N-1 and q1,…,N are determined from a curve fitting
technique on Sr by using the least squares method to obtain a minimum ε2 value as given by
Equation (4-5), where Q and P represent the polynomials placed on the numerator and
denominator of Equation (4-3), respectively, and w(a0) is the weight function.

   wa 0 j  S r a 0 j Q ia 0 j   P ia 0 j 
J

2

j 1

2

(4-5)

Further, the regular part of the dynamic stiffness is written in the form of the partial
fraction expansion in Equation (4-6), where sℓ are the roots of Q, and Aℓ are the residues at the
poles.

S r ia0  N
A

K
 1 ia0  s
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(4-6)

As N = 1 is used in the present study, Equation (4-6) can be written in the form of
Equation (4-7) for N = 1.

S r ia 0 
K



A1

(4-7)

ia 0  s1

The dynamic stiffness of the foundation can be represented by a combination of the
models in Figure 4-3(a) and (b). If we consider the dynamic stiffness of the model in Figure 43(a) and given in Eq. (4-8), we can easily determine the values of A1 and s1 to match the dynamic
stiffness of the model to the regular part of the dynamic stiffness by using Equations (4-9) and
(4-10). In addition, the singular part of the dynamic stiffness can be represented by the model in
Figure 4-3(a). This systematic LPM rule is taken from Wolf (1994).

(a)

(b)

Figure 4-3: Models selected for the regular (a) and singular (b) parts of the dynamic
stiffness
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The aforementioned technique is reliable when coupling is neglected. However, it is
known that the horizontal and rocking degrees of freedom of an embedded foundation interact
with each other. To manage this, discrete impedance values represented by the horizontal,
rocking, and coupling parts of the model are calculated as given in Equations (4-11)-(4-13),
where e is the embedment depth of the foundation, Shh, Srr, and Shr are the horizontal, rocking,
and coupling dynamic stiffness values of the rigid foundation, respectively, and Smhh, Smrr, and
Smhr are the dynamic stiffness values of horizontal, rocking, and coupling part of this model,
respectively. By using this discretization, a curve fitting technique can be applied to each part of
the model separately.
The new model is shown in Figure 4-4. The main difference between this model and the
one introduced by Wolf (1994) for embedded foundations is that the present model has a
fictitious mass not only for the rocking part but also for the coupling part because of the high
frequency dependence of the coupling impedance.
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Figure 4-4: Schematic of the new lumped parameter model (LPM)
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The dynamic stiffness of the horizontal, rocking, and coupling parts of the model shown
in Figure 4-4 are given in Equations (4-14)-(4-16), respectively.



S hhm      2 M 1h  K h  iC1h

S rrm     2 M 1r  K r  iC1r  iC2 r
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S hrm     2 M 1hr  K hr  iC1hr  iC2 hr

iC2 hr
  M 2 hr  iC2 hr

(4-16)

2

The equations of the parameters are given in Equations (4-17)-(4-22) where C1, C2, M1,
M2 and K are lumped values for the damping (C), mass (M), and spring (K). The sub-indices
indicate the different components of the model: h for horizontal, r for rocking, and hr for
coupling. The correcting coefficient Kcorrect is the used for obtaining a better fit to the exact
impedances. Terms Kmhh, Kmrr, and Kmhr represent the static stiffness of the horizontal, rocking,
and coupling parts of the model, respectively. Terms γ1, γ2, μ1, and μ2 are dimensionless values,
G is the shear modulus of the soil, r is the radius of the foundation, and e is the embedment depth
of the foundation.
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Finally, the dimensionless coefficients of the model for different embedment ratios (e/r)
are listed in Table 4-1. As can be seen from the table, there is no coupling part for a surface
foundation (e/r = 0), and the coupling part for an embedment ratio of 0.25 has only one spring
and dashpot. This means that the coupling impedance does not so depend on excitation
frequency for low embedment ratios.

Table 4-1: Dimensionless parameters of lumped parameter model (LPM) for a Poisson
ratio of 0.42
Kh correct

e/r =0.00 e/r =0.25 e/r =0.50 e/r =1.00 e/r =1.50 e/r =2.00
1.000
1.109
1.102
1.050
0.995
0.948

Kr correct

1.000

0.886

0.858

0.895

0.898

0.878

Khr correct

1.000

0.605

0.936

1.056

1.069

1.057

γ 1h

0.608

0.552

0.798

1.064

1.241

1.416

γ 1r

0.460

0.450

0.421

0.268

0.019

-0.355

γ 1hr

-

1.694

1.224

1.627

1.930

2.168

γ 2r

0.413

0.436

0.406

0.381

0.440

0.512

γ 2hr

-

-

0.082

0.416

0.514

0.575

μ 1h

-

-

0.029

0.050

0.082

0.103

μ 2r

0.178

0.190

0.165

0.145

0.194

0.263

μ 2hr

-

-

0.007

0.173

0.264

0.330

4.2.4 Determining the LPM parameters
(a) Comparing the impedances obtained by TLM and LPM
The TLM is a semi-analytical method by which the dynamic response of a foundation on
layered soil can be computed by dividing the soil into thin layers horizontally, according to Park
(2002). This method is first proposed by Tajimi (1980), Waas (1980) and Kausel (1981) in the
same year. In the present study, the impedances obtained by TLM analyses are assumed to be
exact, and a new LPM is built up by applying the curve fitting technique developed by Wolf
(1994) to these impedances.
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The soil and foundation model is shown in Figure 4-5. To calculate the homogeneous
elastic half-space by the TLM, the soil is divided into thin layers that become progressively
thinner from bottom to top. Moreover, to represent unbounded soil, a paraxial boundary is
applied to the bottom of the model. The circular rigid foundation placed on this half-space is also
divided into elements in order to use FEM to calculate the impedances, as shown in Figure 4-5
(Wen, 2006). According to Roesset (1980), the results for a circular foundation can be used in
principle for a square foundation of same area, but only for superstructures with aspect ratios less
than 4.
The comparison of the spring and dashpot coefficients calculated by LPM and TLM can
be seen in Figures 4-6 to 4-11, for e/r = 0.5, 1.0, and 2.0. In these figures, the horizontal spring
and dashpot coefficients fit reasonably well with the exact values over the entire dimensionless
frequency range. However, the approximations for the rocking spring and dashpot coefficients
are less good, within an error ratio of 20%. Moreover, the coupling spring coefficients fit the
exact values better for dimensionless frequencies less than 1.5.

Figure 4-5: Soil model by the thin layer method (TLM) and model of the foundation by the
finite element method (FEM)
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Figure 4-6: Spring coefficients for the horizontal component (kh) of embedded foundations

Figure 4-7: Damping coefficients for the horizontal component (ch) of embedded
foundations

Figure 4-8: Spring coefficients for the rocking component (kr) of embedded foundations
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Figure 4-9: Damping coefficients for the rocking component (cr) of embedded foundations

Figure 4-10: Spring coefficients for the coupling component (khr) of embedded foundations

Figure 4-11: Damping coefficients for the coupling component (chr) of embedded
foundations
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(b) Verifying the LPM
To verify the improved LPM, the transfer functions obtained by classical frequency
domain analysis (FDA) and LPM are compared in the Figure 4-12 where the shear wave velocity
of the soil (Vs) is 100 m/s and natural periods of the superstructures (Tfix) are 1 and 0.5 sec. As
can be seen in these figures, the transfer functions obtained by LPM are in good agreement with
those obtained by FDA. From these results, it can be said that this approximation is almost
adequate.

Figure 4-12: Transfer functions obtained by frequency domain analysis (FDA) and LPM

4.2.5 Determining the driving forces
The driving forces are those forces required to make a foundation motionless under FIM.
To obtain these driving forces, the LPM should be analyzed in the frequency domain. The
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driving forces are given in Equation (4-23), where Pg is the horizontal driving force, Mg is the
rocking driving force, ug is the HFIM and θg is the RFIM.

 S hh   S hr   u g    Pg   
 S   S       M  
rr
 hr
 g
  g


(4-23)

If ug and θg are considered as given above, the situation corresponds to “with RFIM”. If
θg is taken as zero for the same ug, the situation corresponds to “without RFIM”. If ug is taken as
the free field motion (FFM) and θg is taken as zero, the situation corresponds to “without KI” in
the present study. These situations are shown in Figure 4-13 where uf is FFM graphically. The
different effects of these situations on the nonlinear behavior of the superstructure are studied.

Figure 4-13: Analysis conditions (a) With RFIM (b) Without RFIM (c) Without KI

4.3 Analysis conditions
4.3.1 Model of SDOF structure
To cover existing residential buildings, a simple approximation is applied to determine
the parameters of the structure as shown in Figure 4-14(a), where Tfix is the natural period of the
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SDOF system under the fixed base situation, N is the number of stories, Mfloor is the mass of each
floor of the structure, bfloor is the thickness of the floor, bfound is the thickness of the foundation,
∆H is the story height, H is the total height of the structure and Heff is the effective height of the
structure. The mass ratio of the foundation to the structure is taken as 0.82, and analyses are done
for foundation embedment ratios (e/r) of 0, 0.5, 1.0, and 2.0. The foundations are considered to
be infinitely rigid, and the initial stiffness is taken to be proportional to the damping. The
Newmark-Beta method (Newmark, 1959) is used with β = 0.25. Research is done on MDOF
inelastic systems interacting with elastic soil by Ganjavi and Hao (2014), Ahmadi and
Khoshnoudian (2015), Lu et al. (2016), and Ganjavi et al. (2016). However, according to
Jennings and Bielak (1973), the main effect of SSI is on the first period of superstructures.
For simplicity, an inelastic structure is represented by an elasto-plastic model with zero
hardening after yielding, as shown in Figure 4-14(b). The yield strength is set so that the
maximum ductility factor equals to μfix as a given value under the fixed base model.

(a)

(b)

Fig. 4-14: (a) Analysis model for superstructures and (b) elasto-plastic model of
superstructures used in the present study. f0, fy, u0, uy and um are the elastic demands of
strength, yield strength, elastic displacement demand, yield displacement and ultimate
displacement of the system, respectively
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4.3.2 Soil parameters
The soil is idealized as a homogeneous elastic half-space with no material damping. The
soil mass density (ρ) is 1.8x103 kg/m3, and the shear wave velocity of soil (Vs) is selected either
100 or 200 m/s. To represent the soft soil condition, Poisson ratio (ν) of the soil is taken as 0.42.

4.3.3 Selected earthquake records
The 1995 Hyogoken-Nanbu (Kobe Earthquake) TAK000 component of the Takatori
Station Record is chosen as an input motion. According to Mylonakis et al. (2006), one of the
main reasons for the collapse of 18 piers of the Hanshin Expressway (where it is placed on
similar soil conditions with Takatori Station) during the 1995 Hyogoken-Nanbu Earthquake, is
SSI, as noted in Section 1. Moreover, to assess the effect of a subduction zone earthquake record
with similar amplitude, more peaks on acceleration spectra and longer duration of the record than
Kobe Earthquake record, the 2011 off the Pacific Coast of Tohoku Earthquake (Tohoku
Earthquake) EW component of MYG006 Station (K-NET Furukawa) is also used for analyses.
The acceleration time histories and acceleration response spectra (h=5%) of the records are
shown in Figures 4-15 to 4-17.
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Figure 4-15: Acceleration time history of theKobe Earthquake TAK000 component at
Takatori Station

Figure 4-16: Acceleration time history of theTohoku Earthquake EW component at
MYG006 Station

Figure 4-17: Acceleration response spectra of the TAK000, and MYG006 (EW) records
(h=5%)
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4.4 Effect of RFIM on the superstructure response
4.4.1 Analysis results for Kobe Earthquake record
In this section, nonlinear seismic response analyses are conducted using the proposed
analytical model to analyze the effect of the rocking foundation input motion (RFIM) on the
superstructure responses.
Specifically, time history nonlinear response analyses are carried out under some input
motions considering the kinematic interaction by using the proposed analysis model. The effect
of the RFIM on the nonlinear response of the superstructure is studied by comparing the
maximum ductility factor μmax with μfix in the case of different foundation embedment depth.
The results obtained by using the Kobe Earthquake record are shown in Figure 4-18 and
4-19 where the horizontal axis is the natural period of the superstructure, which represents the
number of stories of the superstructure from 2 to 30 stories. All graphs show the ratio of the
maximum response ductility factor μmax to μfix. Figures 4-18 and 4-19 (a-c) show results for a
shear wave velocity Vs = 100 m/s of surface ground and μfix = 2, 4, or 6. Figure 4-22 shows the
results for a shear wave velocity Vs = 200 m/s of surface ground and μfix = 2. In each figure, (a, d)
are with RFIM, (b, e) are without RFIM, (c, f) are without KI.
First, the differences in results that under the conditions (a) with RFIM and (c) without
KI are considered. As shown in Figure 4-18 to Figure 4-19 (a, d) and (c, f), the responses with
RFIM are almost the same as those without KI for every μfix of medium-rise buildings. However,
the responses of low rise buildings with short natural periods (less than 0.5 sec) for (a, d) are
smaller than those for (c, f) because of the low-pass filter effect of KI. Therefore, it can be
concluded that a safer design is obtained for low rise buildings by neglecting KI.
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Next, the differences in results between the conditions (a) with RFIM and (b) without
RFIM are considered. It is clear that the responses of (b) are smaller than that those of (a). In
particular, as μfix becomes larger and the embedment becomes deeper, the difference between μfix
and μmax becomes more pronounced. This means that earthquake responses considering only
horizontal kinematic interaction are underestimated.
Next, the effect of RFIM on buildings with long natural periods is considered. When μfix
is small, the responses of buildings with natural periods greater than 2 seconds, except for the e/r
= 2 under considering RFIM, are smaller than those of the fixed-base model. It is estimated that
the input ground motion is reduced because of the assumption of a slender building with a spread
foundation on soft ground. In addition, the input ground motion is reduced because the rocking
spring of the soil is relatively small and the natural period of the coupled system becomes long.
However, if the embedment is deep (e/r = 2.0) considering RFIM, it is seen that the response
increases because of the small rocking stiffness. In addition, when μfix is large, the building
responses of (a) are larger than those of the fixed-base model for certain natural periods of
buildings, even if the embedment is shallow.
Finally, the importance of RFIM on the nonlinear response of buildings is evaluated
generally. It is notable that the maximum ductility factor for e/r = 2.0 in Figure 4-19 (a) is 1.5
times larger than those of both the fixed base model and (c) by means of the RFIM. Therefore, it
can be concluded that an unreasonable design is obtained for such conditions by neglecting KI or
SSI. This suggests the possibility that the rocking input motion has a major impact on the near to
the ultimate state situation of the building. However, these results are valid only for mat
foundations; a different approach is required for pile foundations.
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A Fluctuation in ductility factors with natural frequency is seen in Figures 4-18 and 4-19.
In the present study, there is a general tendency for the results to depend on the relationship
between the spectral characteristics of the input ground motion and the equivalent natural period
of the superstructure under plastic deformation. The aforementioned results are schematically
summarized in Table 4-2.
However, if the shear wave velocity of the surface layers is as large as Vs = 200 m/s, as
shown in Figure 4-19 (d-f), the variation due to the difference in embedment depth is less for any
natural period, and it is found that the response is almost the same as that for the fixed base
model in the cases of (d) and (f).
The maximum response ductility factor ratio of (a): with RFIM to (c): without KI is
compared for each μfix in Figure 4-20 where the horizontal axis is the same as Figure 4-18 and 419. A ratio greater than one means that the response ductility factor increases if SSI is considered.
From this figure, it is found that the response is underestimated in the case of deep embedment
for 0.5 seconds or more of the building’s natural period if RFIM is neglected.
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(a) With rocking foundation input motion (RFIM) (Vs = 100 m/s, μfix = 2)

(b) Without rocking foundation input motion (RFIM) (Vs = 100 m/s, μfi x = 2)

(c) Without kinematic interaction (KI) (Vs = 100 m/s, μfix = 2)
Fig. 4-18(1): Ductility factors for Kobe Earthquake TAK000 component at Takatori
Station with and without RFIM, and without KI (h = 0.05, r = 10 m, ρ = 1.8x103 kg/m3, ν =
0.42, m = N*100 t, mf/m = 0.82)
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(d) With rocking foundation input motion (RFIM) (Vs = 100 m/s, μfix = 4)

(e) Without rocking foundation input motion (RFIM) (Vs = 100 m/s, μfix = 4)

(f) Without kinematic interaction (KI) (Vs = 100 m/s, μfix = 4)

Fig. 4-18(2): Ductility factors for Kobe Earthquake TAK000 component at Takatori
Station with and without RFIM, and without KI (h = 0.05, r = 10 m, ρ = 1.8x103 kg/m3, ν =
0.42, m = N*100 t, mf/m = 0.82)

65

(a) With rocking foundation input motion (RFIM) (Vs = 100 m/s, μfix = 6)

(b) Without rocking foundation input motion (RFIM) (Vs = 100 m/s, μfix = 6)

(c) Without kinematic interaction (KI) (Vs = 100 m/s, μfix = 6)

Fig. 4-19(1): Ductility factors for Kobe Earthquake TAK000 component at Takatori
Station with and without RFIM, and without KI (h = 0.05, r = 10 m, ρ = 1.8x103 kg/m3, ν =
0.42, m = N*100 t, mf/m = 0.82)
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(d) With rocking foundation input motion (RFIM) (Vs = 200 m/s, μfix = 2)

(e) Without rocking foundation input motion (RFIM) (Vs = 200 m/s, μfix = 2)

(f) Without kinematic interaction (KI) (Vs = 200 m/s, μfix = 2)

Fig. 4-19(2): Ductility factors for Kobe Earthquake TAK000 component at Takatori
Station with and without RFIM, and without KI (h = 0.05, r = 10 m, ρ = 1.8x103 kg/m3, ν =
0.42, m = N*100 t, mf/m = 0.82)
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Table 4-2: Schematic of the discussion of the results of the analyses (for Vs = 100 m/s)

4.4.2 Analysis results for Tohoku Earthquake record
The results of Vs = 100 m/s and μfix = 6 are shown in Figure 4-21. In this case, the
observation record at K-NET Furukawa (MYG006) of the main shock (EW component) in the
2011 Tohoku region Pacific Ocean Earthquake is used as input ground motion. It is found that
μmax fluctuates according to the spectral characteristic of the input ground motion in the long
period domain. In Figure 4-22, the maximum ductility factor ratio of (a): with RFIM to (c):
without KI is compared to the case of μfix =6. The same tendency as that of the Kobe Earthquake
is found. From these results, it is concluded that inelastic building responses are not strongly
dependent on the duration of input ground motions in the present study.
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(a) With rocking foundation input motion (RFIM) (Vs = 100 m/s, μfix = 2)

(b) Without rocking foundation input motion (RFIM) (Vs = 100 m/s, μfix = 4)

(c) Without kinematic interaction (KI) (Vs = 100 m/s, μfix = 6)
Fig. 4-20: Ductility factor Ratios for Kobe Earthquake TAK000 component at Takatori
Station with RFIM to without KI (h = 0.05, r = 10 m, ρ = 1.8x103 kg/m3, ν = 0.42, m = N*100
t, mf/m = 0.82)
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(a) With rocking foundation input motion (RFIM) (Vs = 100 m/s, μfix = 6)

(b) Without kinematic interaction (KI) (Vs = 100 m/s, μfix = 6)
Fig. 4-21: Ductility factors for Tohoku Earthquake EW component at MYG006 with
RFIM, and without KI (h = 0.05, r = 10 m, ρ = 1.8x103 kg/m3, ν = 0.42, m = N*100 t, mf/m =
0.82)

Fig. 4-22: Ductility factor Ratios for Tohoku Earthquake EW component at MYG006 with
RFIM to without KI (h = 0.05, r = 10 m, ρ = 1.8x103 kg/m3, Vs = 100 m/s, ν = 0.42, m =
N*100 t, mf/m = 0.82, μfix = 6)
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Chapter 5
Dynamic Behavior of Adjacent Buildings
with Different Foundation Embedment
Depths
5.1 Introduction
In recent decades, structures have been built closer together due to the lack of space in
large cities (Lou et al., 2011). Therefore, research on this topic is necessary for reliable
earthquake resistant designs in order to understand the key parameters of the effect of adjacency
on the response of superstructures. In Section 3, a comprehensive history of research into DCI is
given, which revealed that the soil and foundation types are fixed in many studies. A general
comparison of DCI effects for different soil conditions, and foundation types (pile and mat
foundations) has not been attempted. Moreover, the key DCI parameters during an earthquake
cannot be specified definitely clearly for adjacent buildings that have different embedment
conditions. Therefore, an analytical parametric study of rocking and horizontal responses of
superstructures and their foundations is conducted. Different kinds of embedment situation and
fixed base natural frequencies are considered for two and three closely spaced buildings placed
on an elastic half-space and layered soil for different foundation types (mat or pile), shear wave
velocities and soil material damping. Moreover, the effects of the mass and height of the
superstructures on the DCI are also investigated.
In the present study, the mean power ratios (MRPs) and transfer function amplitudes of
the superstructures and foundations are used to explain the effect of DCI on adjacent buildings
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supported by mat and pile foundations placed on a half-space and layered soil. Firstly, the effect
of DCI on identical buildings of different height but the same embedment depth is shown clearly
for these two kinds of foundation by comparing MPRs, and transfer function amplitudes.
Moreover, the wave-based DCI effect is determined by performing a parametric analysis to the
clearance between the foundations. Next, the effect of DCI on different embedment depths is
studied by using the same aforementioned physical indices. Moreover, a more detailed
parametric analysis is applied for a mat foundation placed on a half-space for different heights
and masses of adjacent buildings, shear wave velocities and material damping of soil by
comparing the transfer function amplitudes. This research mainly considers the effect of DCI on
the elastic conditions of soils and structures, but nonlinearity of soils is assumed by the soil
profiles (shear velocities and material damping ratio) according to an equivalent nonlinear
approach.

5.2 Analysis conditions
5.2.1 System of superstructures
The fixed base natural periods of the superstructures (Tfix) are taken as 0.5, 1.0, and 2.0
sec (fixed base natural frequencies of 2.0, 1.0 and 0.5 Hz). The masses of the superstructures (ms)
are taken as 2.5x106 kg, 5x106 kg, and 1x107 kg. The damping ratio of the superstructures hstr is
taken as 3%.

5.2.2 Soil and foundation system
The soil is modeled as an elastic half-space and as layered elastic soil. For the elastic
half-space, the soil mass density (ρ) is 1.7x103 kg/m3, shear wave velocity of the soil (Vs) is
either 100 or 200 m/s and the material damping of the soil hs is 0%, 3% or 6%. Vs = 100 m/s and
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hs =6% is assumed for the situation that the soil is degraded under strong ground motions. For
layered soil, the mass density, shear wave velocity, and material damping of the upper soil layer
(ρ1, Vs1, and hs) are selected as 1.7x103 kg/m3, 100 m/s and 3%, respectively; and the mass
density, shear wave velocity, and material damping of the lower part of the soil (ρ2, Vs2, and hs)
are selected as 1.8x103 kg/m3, 300 m/s, and 3% respectively. The thickness of upper soil layer
(H) is taken as 34 m of which the predominant frequency coincides with the soil-structure system
of Tfix = 1.0 sec on a surface mat foundation. The Poisson ratio of soil (ν) is taken as 0.45. The
soil conditions are summarized in Figure 5-1.
The foundations are taken to be either mat or pile foundations. Slabs of foundations are
selected as 20 x 20 m square mat foundations with embedment depths of 0, 2, 4, and 8 m and are
considered as rigid. The foundation-to-superstructure mass ratio is selected as 0.2. It is assumed
that there is no separation between the foundation and the soil. The properties of adjacent pile
foundations can be seen in Figure 5-2, where Spile is the pile interval, Ep is Young’s modulus of
the piles, νp is the Poisson ratio of the piles, ρp is the mass density of the piles, and hp is the
material damping ratio of the piles. The pile diameters (dpile) are selected as 0.75 m for Tfix = 0.5
sec buildings, 1.00 m for Tfix = 1.0 sec buildings and 1.50 m for Tfix = 2.0 sec buildings. The pile
lengths (Lpile) are determined considering both 2 m anchors to the lower part of the soil and the
embedment depths.

(a) Half-space soil

(b) Layered soil

Figure 5-1: Selected soil conditions
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Figure 5-2: Properties of adjacent pile foundations

5.2.3 Layout of adjacent buildings
To see the effect of DCI for closely built structures, the clearance between foundations
(D) is selected as 3 m or 6 m, because these values are seen in cities. Moreover, according to
Alexander et al. (2013), the detrimental effect of DCI is only seen in closely spaced buildings.
However, to determine the wave-based DCI effect, analyses for D = 3–72 m are also applied.
The layout of the main and adjacent buildings can be seen in Figure 5-3, where D is the
clearance between foundations, e1 is the foundation embedment depth of the main building, e2
and e3 are the foundation embedment depths of the adjacent buildings, and Usi (i = 1–6) and Ufi (i
= 1–6) are the directions of motion for the structure and its foundation, respectively. In the
present study, Tfix1 represents the fixed base natural period of the main superstructure, and Tfix2
and Tfix3 represent the fixed base natural periods of the adjacent superstructures.

5.2.4 Embedment cases of adjacent buildings
To determine the effect of foundation embedment depth on the DCI phenomenon, three
different embedment situations are considered: 1) identical embedment depths (Figure 5-4), 2)
shallower embedment depth for the main building (Figure 5-5), and 3) deeper embedment depth
for the main building (Figure 5-6).
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(a) 1 adjacent building case

(b) 2 adjacent buildings case

(c) Motion directions

Figure 5-3: Layout of adjacent buildings and motion directions

(a) 1 adjacent building case

(b) 2 adjacent buildings case

Figure 5-4: Case of identical embedment depths

(a) 1 adjacent building case

(b) 2 adjacent buildings case

Figure 5-5: Case of shallower embedment depth of the main building
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(a) 1 adjacent building case

(b) 2 adjacent buildings case

Figure 5-6: Case of deeper embedment depth of the main building

5.3 Analysis method
To determine the key parameters affecting the DCI phenomenon through the responses of
the superstructures, the responses of the adjacent buildings are analyzed by the substructure
method of analysis using the flexible volume method constituted by the thin-layer method and
the finite element method in three dimensions. During these analyses, the impedances, input
motions, and transfer functions are calculated. The soil is modeled as thin layers with increasing
thickness from top to bottom. Moreover, to represent unbounded soil, a paraxial boundary is
applied to the bottom of the models. Moreover, a square massless rigid foundation placed on the
soil is also divided into 3D finite elements, as shown in Figure 5-7 (Wen (2006)). The mass of
the foundation is given as a point mass at the connection point of the foundation and the
superstructure. Piles are modeled as 1 m long beam element.
To represent low, medium, and high story of buildings, 5, 10, and 20 story buildings are
assumed. To prevent making the problem more complicated by considering superstructure modes
other than the first natural mode, single degree of freedom (SDOF) systems are selected of
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Figure 5-7: Analysis models of soil and foundation

effective height (Heff) of 10, 20, and 40 m to represent 5, 10, and 20 story buildings, respectively.
Buildings are modeled by beam elements with infinite bending stiffness.
To evaluate the effect of DCI, a similar method is applied as that used by Alexander et al.
(2013). In this method, mean power values, which are the areas under the power spectra of the
superstructure responses, are calculated. Then, the ratio of the adjacent building case (which is
referred to Case-A in the present study) to the single building case (Case-S in the present study)
is obtained and referred to as the mean power ratio (MPR) of the superstructures. The MPR
shows the detrimental or beneficial effect of DCI on the responses of buildings. Since there is no
effect of the phase and amplitude of the excitation on the MPR, the ratios of transfer functions
are calculated directly. Frequency domain analysis is applied to the structure-soil-structure
systems. Calculations are done for frequencies in the range of 0.1–10.0 Hz. Both the DCI effect
along the placement of the buildings (X direction; in-plane DCI) and the DCI effect parallel to
the placement of the buildings (Y direction; anti-plane DCI) are investigated.
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5.4 Analysis results for half-space soil
In this section, all results are for hs=3% unless specified otherwise.

5.4.1 Analysis results for X direction (in-plane DCI)
(a) Analysis results for 1 adjacent building, D = 3 m, Vs = 100 m/s
(1) Analysis results for identical embedment depths
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 100 m/s) for identical embedment depths (e1 = e2) on the X direction are given in
Figure 5-8. Moreover, the MPRs of the foundation rocking motion of the superstructures for the
same parameters are given in Figure 5-9.
When Figure 5-8 is examined for the effect of different heights of the adjacent building
on the in-plane DCI, we find from the solid curve in Figure 5-8(a) that the highest MPRs are
observed for short and light buildings (e.g. those with Tfix1 = 0.5 sec), adjacent to tall and heavy
buildings (e.g. those with Tfix2 = 2.0 sec). In this figure, the mean powers of Case-A increase to
about 20% compared with Case-S. This conclusion is similar to that of Alexander et al. (2013),
where it is asserted that the power of an earthquake is transferred from tall and heavy structures
to short and light structures.
For a heavy structure adjacent to a light structure, the MPRs are not higher than 1, as can
be seen from the solid curve in Figure 5-8(c). This contradicts Alexander et al. (2013), where
short and light structures act as passive dampers. A possible reason for this situation is that, a
short and light adjacent structure (Tfix2 = 0.5 sec) increases the mean power of the foundation
rocking motion of the main structure (Tfix1 = 2.0 sec), as can be seen from the solid curve in
Figure 5-9(c).
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-8: MPRs of horizontal superstructure motions for in-plane DCI (e1 = e2, D = 3 m,
Vs = 100 m/s, 1 adj. building, Us1)
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-9: MPRs of foundation rocking motions for in-plane DCI (e1 = e2, D = 3 m, Vs =
100 m/s, 1 adj. building, Uf5)
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If Figures 5-8 and 5-9 are examined to determine the effect of foundation rocking motion
on identical adjacent buildings of different heights, it can be claimed that there is a rocking
restriction effect between identical adjacent buildings. This effect depends on the foundation
embedment depths and the superstructure heights as can be seen from the dashed line in Figure
5-9. Moreover, it should be noted that the smallest MPR of the horizontal superstructure motion
is obtained for identical adjacent buildings (Tfix1 = Tfix2 = 1.0 sec) for each embedment depth, as
can be seen from the dashed curve in Figure 5-8(b). To explain this phenomenon, analyses are
done for different clearance (D) values for twin adjacent buildings (Tfix1 = Tfix2 = 0.5, 1.0, and 2.0
sec) for only surface foundations (e1 = e2 = 0).

・Analyses for different D values
To understand wave transfer between adjacent buildings, (i.e. wave-based DCI), analyses
for different D values become necessary. For the in-plane DCI case, there are two options for
wave transfer between adjacent buildings as given in Figures 5-10(a) and 5-10(b), namely P and
SV wave transfer, respectively. To understand which wave transfer is dominant, the MPRs of
horizontal structural motions are calculated for Poisson ratio of soil (ν) of 0.25 and 0.45, twin
adjacent buildings (Tfix1 = Tfix2 = 0.5 sec) on surface foundations (e1 = e2 = 0) over a wide range of
D (3–72 m) as shown in Figure 5-11.

(a) P wave transfer

(b) SV wave transfer

Figure 5-10: Possible wave transfers between adjacent buildings for in-plane DCI
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Clearance: D (m)

Figure 5-11: MPRs of horizontal superstructure motions for in-plane DCI (e1 = e2 = 0, D = 3
–72 m, Vs = 100 m/s, 1 adj. building, Us1, ν = 0.25 and 0.45)

As can be seen in Figure 5-11, the clearance at which the maximum effect of wave-based
DCI is observed is not affected by the difference of Poisson ratio of soil (ν). This means that a
difference in P wave velocity (i.e., P wave effect), is not so important for wave transfer between
buildings in the case of in-plane DCI. Therefore, it is concluded that in-plane wave-based DCI
occurs by SV wave transfer between buildings. Such an interaction between buildings implies
that the rocking motion of the foundations of adjacent buildings affects each other. To clarify this
phenomenon, a rocking-fixed model (a constrained model that will be referred to as CM in brief)
of the adjacent building is created to determine this SV wave transfer between buildings as
shown in Figure 5-12. For comparison, the model shown in Figure 5-3(a) is referred to as the
free model (FM). The MPRs of the horizontal structural motions for Poisson ratio of soil (ν) of
0.45, twin adjacent buildings (Tfix1 = Tfix2 = 0.5, 1.0, and 2.0 sec) on surface foundations (e1 = e2 =
0) over a wide range of D (3 –72 m) are calculated as shown in Figure 5-13.
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Figure 5-12: Constrained model (CM) for adjacent building

Clearance: D (m)

(a) Tfix1 = Tfix2 = 0.5 sec

Clearance: D (m)

(b) Tfix1 = Tfix2 = 1.0 sec

Clearance: D (m)

(c) Tfix1 = Tfix2 = 2.0 sec

Figure 5-13: MPRs of horizontal superstructure motion for free model (FM) and
constrained model (CM) (e1 = e2 = 0, D = 3 –72 m, Vs = 100 m/s, 1 adj. building, Us1, ν = 0.45)

As shown in Figure 5-13, the wave-based DCI effect could not be observed for the CM
because of the rocking constraint on the adjacent building, which prevents SV wave transfer
between the buildings. Moreover, the wave-based DCI effect on the FM diminishes with
increasing fixed based building period. This is because buildings with longer periods radiate
waves with longer wavelengths and the effects of these waves are observed for wider clearances.
If Figure 5-13(a) is comprehensively examined, it can be claimed that the detrimental effect of
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wave-based DCI is also seen for narrow clearances. Therefore, the smallest MPRs of the
horizontal superstructure motion are obtained for identical adjacent buildings (Tfix1 = Tfix2 = 1.0
sec) in Figure 5-8.

(2) Analysis results for shallower embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 100 m/s) for different embedment depths of the main building (e1) on the X
direction are given in Figure 5-14 where the horizontal axis represents the foundation depth of
the main building, and the foundation depth of the adjacent building (e2) is selected as 8 m.
If Figure 5-14 is examined, it can be asserted that the beneficial effect of the in-plane
DCI is more pronounced for a main building with a shallower foundation embedment depth, as
can be seen inside the solid line in Figure 5-14. This is especially so for identical adjacent
buildings with a natural period of 2.0 sec, as can be seen inside the solid line in Figure 5-14(c),
because of power is transferred from the shallower foundation to the deeper foundation. To show
this phenomenon, Case-A and Case-S transfer function amplitudes according to ground motion
at the free surface (Ug) of the superstructures (|Us1/Ug|) are given in Figure 5-15 for Tfix1 = Tfix2 =
2.0 sec and e1 = 4 m and e2 = 8 m.
As can be seen in Figure 5-15, the MPR of the main building is clearly lower than that of
the adjacent building. To explain this issue, in Figure 5-16, Case-S transfer function amplitudes
of horizontal foundation motion (|Uf1/Ug|) are given for different embedment depths and
superstructures.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-14: MPRs of horizontal superstructure motion for in-plane DCI (e2 = 8 m, D = 3 m,
Vs = 100 m/s, 1 adj. building, Us1)
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(a) Main building

(b) Adjacent building

Figure 5-15: Case-A (Adjacent) and Case-S (Single) transfer function amplitudes (|Us1/Ug|)
and MPRs of superstructures (Tfix1 = Tfix2 =2.0 sec, mat foundation, e1 = 4 m, e2 = 8 m, halfspace soil, D = 3 m, Vs = 100 m/s)

If Figure 5-16 is examined, it can be seen that, high and low peaks only coincides in same
frequencies for different embedment depths of foundations (especially for e1 = 4 m and e2 = 0) at
Figure 5-16(c), where results for Tfix = 2.0 sec are given. Therefore, for identical adjacent
buildings with different embedment ratios, it can be claimed that power transfer is higher for Tfix
= 2.0 sec than Tfix = 0.5 sec and Tfix = 1.0 sec.
In contrast, as can be seen inside the dashed line in Figure 5-14, the in-plane DCI effect
between tall and heavy buildings and short and light structures is negligible, similar to the
identical embedment case.
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(a) For Tfix = 0.5 sec

(b) For Tfix = 1.0 sec

(c) For Tfix = 2.0 sec
Figure 5-16: Case-S transfer function amplitudes (|Uf1/Ug|) of horizontal foundation motion
(hs = 3%, Vs = 100 m/s)
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(3) Analysis results for deeper embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 100 m/s) for different embedment depths of the main building (e1) on the X
direction are given in Figure 5-17 where horizontal axis represents the foundation depth of the
main building and the foundation depth of the adjacent building (e2) is selected as 0.
If Figure 5-17 is examined, it can be said that the detrimental effect of in-plane DCI is
more pronounced for the main building with a deeper foundation embedment depth, as can be
seen inside the solid line in Figure 5-17. This is especially so for identical adjacent buildings
with a natural period equals to 2.0 sec, as can be seen inside the solid line in Figure 5-17(c). This
is because power is transferred from shallower foundation to deeper foundation, as noted
previously. To show this phenomenon, Case-A and Case-S transfer function amplitudes
(|Us1/Ug|) of superstructures are given in Figure 5-18 for Tfix1 = Tfix2 = 2.0 sec and e1 = 4 m and e2
= 0.
As can be seen in Figure 5-18, the MPR of the main building is clearly higher than that of
the adjacent building. If Figure 5-17 is examined for the MPRs of identical adjacent buildings, it
can be figure out that MPRs of greater than one are seen only for Tfix = 2.0 sec, as can be seen
inside the solid line in Figure 5-17(c) for e1 > e2. The reason of this phenomenon is explained at
Figure 5-16.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-17: MPRs of horizontal superstructure motions for in-plane DCI (e2 = 8 m, D = 3
m, Vs = 100 m/s, 1 adj. building, Us1)
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(a) Main building

(b) Adjacent building

Figure 5-18: Case-A (Adjacent) and Case-S (Single) transfer function amplitudes (|Us1/Ug|)
and MPRs of superstructures (Tfix1 = Tfix2 = 2.0 sec, e1 = 4 m, e2 = 0, half-space soil, D = 3 m,
Vs = 100 m/s)

The in-plane DCI effect on tall and heavy main buildings adjacent to short and light
buildings is negligible, as can be seen inside the dashed line in Figure 5-17(b) and (c). However,
the in-plane DCI effect on short and light main buildings adjacent to tall and heavy buildings is
clearly distinguished, as can be seen inside the dashed line in Figure 5-17(a), for the reason
stated at Section 5.4.1.

(b) Analysis results for 2 adjacent buildings, D= 3 m, Vs = 100 m/s
(1) Analysis results for identical embedment depths
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 100 m/s) for identical embedment depths (e1 = e2 = e3) on the X direction are given
in Figure 5-19.
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If Figure 5-8 and 5-19 are compared to determine the effect of one more adjacent
building, it can be asserted that the power effect of tall and heavy adjacent buildings on short and
light main building is nearly doubled, as can be seen inside the solid line in Figure 5-8(a) and 519(a), which shows the increased detrimental effect of the in-plane DCI. Moreover, it can be said
that the detrimental effect of the in-plane DCI is observed for identical adjacent tall and heavy
buildings as can be seen inside the solid line in Figure 5-19(c). The reason of this phenomenon is
that condition of main building is different than that of adjacent buildings because the main
building is flanked by two buildings. Because of this difference, power is transferred to the main
building. Moreover, the in-plane DCI effect on short and light main buildings adjacent to tall and
heavy buildings and identical buildings, such as Tfix1 = 0.5 sec, Tfix2 = 0.5 sec and Tfix3 = 2.0 sec,
power transfer from tall and heavy building and restriction by the identical building balance each
other and MPRs become close to 1 as can be seen inside the dashed line in Figures 5-19(a) and
5-19(b). The in-plane DCI effect on tall and heavy main buildings adjacent to short and light
buildings is negligible, as can be seen inside the dashed line in Figure 5-19(c), for the reason
stated at Section 5.4.1.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-19: MPRs of horizontal superstructure motions for in-plane DCI (e1 = e2 = e3, D =
3 m, Vs = 100 m/s, 2 adj. building, Us1)
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(2) Analysis results for shallower embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 100 m/s) for different embedment depths of the main building (e1) on the X
direction are given in Figure 5-20 where horizontal axis represents the foundation depth of the
main building and the foundation depths of the adjacent buildings (e2 and e3) are selected as 8 m.
If Figure 5-14 and 5-20 are compared to determine the effect of one more adjacent
building, it can be claimed that the effect of the in-plane DCI is on a similar level for 2 identical
adjacent buildings with a deeper foundation embedment depth and 1 identical adjacent building
case, as can be seen inside the solid line in Figures 5-14 and 5-20. Moreover, as can be seen
inside the dashed line in Figures 5-14(a) and 5-20(a), a short and light main building is affected
on similar extent when being adjacent to tall and heavy buildings for 1 and 2 adjacent building
cases. The in-plane DCI effect on a tall and heavy main buildings adjacent to short and light
buildings is negligible, as can be seen inside the dashed line in Figure 5-20(c).
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-20: MPRs of horizontal superstructure motions for in-plane DCI (e2 = e3 = 8 m, D
= 3 m, Vs = 100 m/s, 2 adj. building, Us1)
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(3) Analysis results for deeper embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 100 m/s) for different embedment depths of the main building (e1) on the X
direction are given in Figure 5-21 where horizontal axis represents the foundation depth of the
main building and foundation depth of adjacent buildings (e2 and e3) are selected as 0.
If Figure 5-17 and 5-21 are compared to determine the effect of one more adjacent
building, it can be asserted that detrimental effect of the in-plane DCI is doubled for 2 identical
adjacent buildings with shallower foundation embedment depth than 1 identical adjacent
building case , as can be seen inside the solid line in Figure 5-17 and Figure 5-21. This is
especially so for identical adjacent buildings with fixed base natural period of 2.0 sec, as can be
seen inside the solid line in Figure 5-17(c) and Figure 5-21(c), due to power is transferred from 1
more shallow foundation to deep foundation. Moreover, it should be noted that, as can be seen
inside the dashed line in Figure 5-17(a) and Figure 5-21(a), short and light main building is
affected nearly doubled when being adjacent to tall and heavy buildings than the 1 adjacent
building case. The in-plane DCI effect on tall and heavy main buildings adjacent to short and
light buildings is negligible, as can be seen inside the dashed line in Figure 5-21(c), for the
reason stated at Section 5.4.1.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-21: MPRs of horizontal superstructure motions for in-plane DCI (e2 = e3 = 0, D= 3
m, Vs = 100 m/s, 2 adj. building, Us1)
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(c) Analysis results for 1 adjacent building, D = 3 m, Vs = 200 m/s
(1) Analysis results for identical embedment depths
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 200 m/s) for identical embedment depths (e1 = e2) on the X direction are given in
Figure 5-22.
If the results of Vs = 100 and 200 m/s situations are compared, it can be said that the inplane DCI effect on short and light buildings adjacent to tall and heavy buildings is strongly
decreased by increasing values of Vs, as can be seen inside the solid line in Figure 5-22(a).
Moreover, it should be added that the smallest MPRs are obtained for identical adjacent
buildings for Tfix1 = Tfix2 = 0.5sec as can be seen inside the dashed line in Figure 5-22(a). The
reason of this result is considered to be that the wave-based DCI effect becomes negligible for Vs
= 200 m/s.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-22: MPRs of horizontal superstructure motions for in-plane DCI (e1 = e2, D= 3 m,
Vs = 200 m/s, 1 adj. building, Us1)

100

(2) Analysis results for shallower embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 200 m/s) for different embedment depths of main building (e1) on the X direction
are given in Figure 5-23 where horizontal axis represents the foundation depth of the main
building and the foundation depth of the adjacent building (e2) is selected as 8 m. If the results of
the Vs = 100 and 200 m/s situations are compared, it can be claimed that the beneficial effect of
the in-plane DCI diminishes with increasing shear wave velocity of the soil, as can be seen inside
the solid line in Figure 5-23(c). It is interesting that the beneficial effect of the in-plane DCI and
the relationship with the foundation embedment depth of the main building change for Vs = 200
m/s. To explain this issue, in Figure 5-24, transfer function amplitudes of horizontal foundation
motions of single buildings for different embedded depths and superstructures are given.
If Case-S transfer function amplitudes (|Uf1/Ug|) of horizontal foundation motion (Tfix =
2.0 sec) for Vs = 100 m/s (Figure 5-16(c)) and for Vs = 200 m/s (Figure 5-24(c)) are compared, it
can be said that, high and low peaks coincide at the same frequencies at e1 = 4 m and e2 = 0 for Vs
= 100 m/s, but because of the shift of the transfer functions for stiffer soil (Vs = 200 m/s), this
effect could not be seen clearly. Therefore, for Vs = 200 m/s and Tfix1 = Tfix2 = 2.0sec, the highest
effect of in-plane DCI is seen for e1 = 8 m and e2 = 0.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-23: MPRs of horizontal superstructure motions for in-plane DCI (e2 = 8 m, D = 3
m, Vs = 200 m/s, 1 adj. building, Us1)
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(a) For Tfix = 0.5 sec

(b) For Tfix = 1.0 sec

(c) For Tfix = 2.0 sec
Figure 5-24: Case-S transfer function amplitudes (|Uf1/Ug|) of horizontal foundation motion
(hs = 3%, Vs = 200 m/s)
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(3) Analysis results for deeper embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 200 m/s) for different embedment depths of the main building (e1) on the X
direction are given in Figure 5-25 where horizontal axis represents the foundation depth of the
main building and the foundation depth of the adjacent building (e2) is selected as 0.
If the results of Vs = 100 and 200 m/s situations are compared, it can be declared that the
detrimental effect of the in-plane DCI diminishes with increasing shear wave velocity of the soil,
as can be seen inside the solid line in Figure 5-25(c). Again, the effect of the in-plane DCI and
the relationship of the foundation embedment depth of main building change for Vs = 200 m/s for
the reason stated at the previous section.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-25: MPRs of horizontal superstructure motions for in-plane DCI (e2= 0, D = 3 m,
Vs = 200 m/s, 1 adj. building, Us1)
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(d) Analysis results for 2 adjacent buildings, D = 3 m, Vs = 200 m/s
(1) Analysis results for identical embedment depths
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 200 m/s) for identical embedment depths (e1 = e2 = e3) on the X direction are given
in Figure 5-26.
If the results of Vs = 100 and 200 m/s situations are compared, it can be said that a similar
relation is seen for 1 and 2 adjacent buildings cases. However, it is interesting to note that the
detrimental effect of the in-plane DCI for identical adjacent tall and heavy buildings diminishes
because of the stiffness of the soil, as can be seen inside the solid line in Figure 5-26(c).
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-26: MPRs of horizontal superstructure motions for in-plane DCI (e1 = e2 = e3, D =
3 m, Vs = 200 m/s, 2 adj. building, Us1)
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(2) Analysis results for shallower embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 200 m/s) for different embedment depths of the main building (e1) on the X
direction are given in Figure 5-27 where horizontal axis represents the foundation depth of the
main building and the foundation depths of the adjacent buildings (e2 and e3) are selected as 8 m.
If the results of Vs = 100 and 200 m/s situations are compared, it can be said that a similar
relation is seen for the cases of one and two adjacent buildings.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-27: MPRs of horizontal superstructure motions for in-plane DCI (e2 = e3 = 8 m, D=
3 m, Vs = 200 m/s, 2 adj. building, Us1)
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(3) Analysis results for deeper embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 200 m/s) for different embedment depths of the main building (e1) on the X
direction are given in Figure 5-28 where horizontal axis represents the foundation depth of the
main building and foundation depth of adjacent buildings (e2 and e3) are selected as 0.
If the results of Vs = 100 and 200 m/s situations are compared, it can be asserted that a
similar relation is seen for the cases of 1 and 2 adjacent buildings, as can be seen inside the solid
line in Figure 5-28(c).
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-28: MPRs of horizontal superstructure motions for in-plane DCI (e2 = e3= 0, D =
3m, Vs = 200 m/s, 2 adj. building, Us1)
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(e) Analysis results for 1 adjacent building, D = 6 m, Vs = 100 m/s
(1) Analysis results for identical embedment depths
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6m, Vs = 100 m/s) for identical embedment depths (e1 = e2) on the X direction are given in
Figure 5-29.
If the results of D = 3 m and 6m situations are compared, it can be claimed that the inplane DCI effect on short and light buildings adjacent to tall and heavy buildings not so
dependent to the clearance, as can be seen inside the solid line in Figure 5-29(a). It can also be
asserted that the in-plane DCI effect for adjacent buildings with identical embedment depths D=
6 m, and Vs = 100 m/s is more effective than D = 3 m, and Vs = 200 m/s.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-29: MPRs of horizontal superstructure motions for in-plane DCI (e1 = e2, D = 6 m,
Vs = 100 m/s, 1 adj. building, Us1)
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(2) Analysis results for shallower embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 100 m/s) for different embedment depths of main building (e1) on the X direction
are given in Figure 5-30 where horizontal axis represents the foundation depth of the main
building and the foundation depth of the adjacent building (e2) is selected as 8 m.
If the results of the D = 3 m and 6m situations are compared, it can be said that there is a
small effect due to the clearance on the power transfer induced from the in-plane DCI effect as it
seen inside the solid line in Figure 5-30. It can be asserted that the in-plane DCI effect for such
embedment depth situations for D = 6 m, and Vs = 100 m/s is more effective than D = 3 m, and
Vs = 200 m/s.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-30: MPRs of horizontal superstructure motions for in-plane DCI (e2 = 8 m, D= 6
m, Vs = 100 m/s, 1 adj. building, Us1)
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(3) Analysis results for deeper embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 100 m/s) for different embedment depths of the main building (e1) on the X
direction are given in Figure 5-31 where horizontal axis represents the foundation depth of the
main building and the foundation depth of the adjacent building (e2) is selected as 0.
If the results of D = 3 m and 6 m situations are compared, it can be said that there is a
small effect due to the clearance on the power transfer induced from the in-plane DCI effect as it
seen inside the solid line in Figure 5-31. It can be asserted that the in-plane DCI effect for such
embedment depth situations for D = 6 m, and Vs = 100 m/s is more effective than D = 3 m, and
Vs = 200 m/s.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-31: MPRs of horizontal superstructure motions for in-plane DCI (e2 = 0, D = 6 m,
Vs = 100 m/s, 1 adj. building, Us1)

117

(f) Analysis results for 2 adjacent buildings, D = 6 m, Vs = 100 m/s
(1) Analysis results for identical embedment depths
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 100 m/s) for identical embedment depths (e1 = e2 = e3) on the X direction are given
in Figure 5-32.
If the results of D = 3 m and 6m situations are compared, it can be said that the
detrimental effect of in-plane DCI for identical adjacent tall and heavy buildings becomes
negligible for D = 6 m for identical adjacent tall and heavy buildings, as can be seen inside the
solid line in Figure 5-32(c). However, the effect of the in-plane DCI is not changed on short and
light buildings adjacent to heavy and tall buildings, as can be seen inside the solid line in Figure
5-32(a).
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-32: MPRs of horizontal superstructure motions for in-plane DCI (e1 = e2 = e3, D =
6 m, Vs = 100 m/s, 2 adj. building, Us1)
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(2) Analysis results for shallower embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 100 m/s) for different embedment depths of the main building (e1) on the X
direction are given in Figure 5-33 where horizontal axis represents the foundation depth of the
main building and the foundation depths of the adjacent buildings (e2 and e3) are selected as 8 m.
If the results of D = 3 m and 6 m situations are compared, it can be said that a similar
relation is seen for the cases of one and two adjacent buildings.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-33: MPRs of horizontal superstructure motions for in-plane DCI (e2 = e3 = 8 m, D
= 6 m, Vs = 100 m/s, 2 adj. building, Us1)
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(3) Analysis results for deeper embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 100 m/s) for different embedment depths of the main building (e1) on the X
direction are given in Figure 5-34 where horizontal axis represents the foundation depth of the
main building and foundation depth of adjacent buildings (e2 and e3) are selected as 0.
If the results of D = 3 m and 6m situations are compared, it can be said that a similar
relation is seen for the cases of one and two adjacent buildings.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-34: MPRs of horizontal superstructure motions for in-plane DCI (e2 = e3 = 0, D = 6
m, Vs = 100 m/s, 2 adj. building, Us1)
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(g) Analysis results for 1 adjacent building, D = 6 m, Vs = 200 m/s
(1) Analysis results for identical embedment depths
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 100 m/s) for identical embedment depths (e1 = e2) on the X direction are given in
Figure 5-35.
If the results of D = 3 m and 6m situations are compared, it can be claimed that similar
results are obtained for these conditions.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-35: MPRs of horizontal superstructure motions for in-plane DCI (e1 = e2, D = 6 m,
Vs = 200 m/s, 1 adj. building, Us1)
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(2) Analysis results for shallower embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 100 m/s) for different embedment depths of main building (e1) on the X direction
are given in Figure 5-36 where horizontal axis represents the foundation depth of the main
building and the foundation depth of the adjacent building (e2) is selected as 8 m.
If the results of D = 3 m and 6 m situations are compared, it can be claimed that similar
results are obtained for these conditions.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-36: MPRs of horizontal superstructure motions for in-plane DCI (e2 = 8 m, D = 6
m, Vs = 200 m/s, 1 adj. building, Us1)
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(3) Analysis results for deeper embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 100 m/s) for different embedment depths of the main building (e1) on the X
direction are given in Figure 5-37 where horizontal axis represents the foundation depth of the
main building and the foundation depth of the adjacent building (e2) is selected as 0.
If the results of D = 3 m and 6 m situations are compared, it can be claimed that similar
results are obtained for these conditions.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-37: MPRs of horizontal superstructure motions for in-plane DCI (e2 = 0, D = 6 m,
Vs = 200 m/s, 1 adj. building, Us1)
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(h) Analysis results for 2 adjacent buildings, D = 6 m, Vs = 200 m/s
(1) Analysis results for identical embedment depths
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 200 m/s) for identical embedment depths (e1 = e2 = e3) on the X direction are given
in Figure 5-38.
If the results of D = 3 m and 6 m situations are compared, it can be said that the
detrimental effect of in-plane DCI for identical adjacent tall and heavy buildings becomes
negligible for D = 6 m. This is the same as the relation between the situations D = 3 m, Vs = 100
m/s and D = 6 m, Vs = 100 m/s.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-38: MPRs of horizontal superstructure motions for in-plane DCI (e1 = e2 = e3, D =
6 m, Vs = 200 m/s, 2 adj. building, Us1)
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(2) Analysis results for shallower embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 200 m/s) for different embedment depths of the main building (e1) on the X
direction are given in Figure 5-39 where horizontal axis represents the foundation depth of the
main building and the foundation depths of the adjacent buildings (e2 and e3) are selected as 8 m.
If the results of D = 3 m and 6m situations are compared, it can be said that similar
relation is seen for the cases of one and two adjacent buildings.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-39: MPRs of horizontal superstructure motions for in-plane DCI (e2 = e3 = 8 m, D
= 6 m, Vs = 200 m/s, 2 adj. building, Us1)
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(3) Analysis results for deeper embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 200 m/s) for different embedment depths of the main building (e1) on the X
direction are given in Figure 5-40 where horizontal axis represents the foundation depth of the
main building and foundation depth of adjacent buildings (e2 and e3) are selected as 0.
If the results of D = 3 m and 6m situations are compared, it can be said that similar
relation is seen for the cases of one and two adjacent buildings.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-40: MPRs of horizontal superstructure motions for in-plane DCI (e2 = e3 = 0, D = 6
m, Vs = 200 m/s, 2 adj. building, Us1)
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(i) Effect of ms, Heff, and hs on transfer function amplitudes and
MPR
In this section, to determine the effect of ms, Heff, and hs on the in-plane DCI, transfer
function amplitudes (|Us1/Ug|) and MPRs of horizontal motions of identical superstructures (Tfix1
= Tfix2 = 1.0 and 2.0 sec, e1 = 4 m and e2 = 0, D = 3 m) on the X direction for half-space soil are
calculated.

(1) Effect of ms on in-plane DCI
Analyses for doubled mass of superstructures (ms = 5x106 kg and 1x107 kg, Tfix1 = Tfix2 =
1.0 sec, Heff = 20 m) are performed to clarify the effect of superstructure mass on the in-plane
DCI. The transfer function amplitudes (|Us1/Ug|) and MPRs of horizontal motions of identical
superstructures are given in Figure 5-41. The other analysis parameters are the same as those
given in Section 5.2. The rigidity of the ms= 1x107 kg superstructure is calculated again to obtain
a fixed natural period of 1.0 sec (Tfix = 1.0 sec).

(a) ms = 5x106 kg

(b) ms = 1x107 kg

Figure 5-41: Case-A (Adjacent) and Case-S (Single) transfer function amplitudes (|Us1/Ug|)
and MPRs of horizontal motions of identical superstructures (Tfix1 = Tfix2 = 1.0 sec, e1 = 4 m,
e2 = 0, D = 3 m, Heff = 20 m, Vs = 100 m/s, hs = 3%)
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If Figure 5-41(a) and 5-41(b) are compared, it can be asserted that the effect of
superstructure mass on the DCI effect is negligible in this case.

(2) Effect of Heff on in-plane DCI
Analyses for doubling the height of superstructures (Heff = 20 m and 40 m, Tfix1 = Tfix2 =
1.0 sec) are performed to clarify the effect of superstructure height on the in-plane DCI
phenomenon. Transfer function amplitudes (|Us1/Ug|) and MPRs of the horizontal motions of
identical superstructures (Tfix1 = Tfix2 = 1.0 sec, Heff = 20 m and 40 m) are given in Figure 5-42.
The other analysis parameters are the same as those given in Section 5.2.
If Figure 5-42(a) and 5-42(b) are compared, it can be claimed that the effect of
superstructure height on the in-plane DCI is clearly greater than that of superstructure mass in
the present study.

(a) Heff = 20 m

(b) Heff = 40 m

Figure 5-42: Case-A (Adjacent) and Case-S (Single) transfer function amplitudes (|Us1/Ug|)
and MPRs of horizontal motions of identical superstructures (Tfix1 = Tfix2 = 1.0 sec, e1 = 4 m,
e2 = 0, D = 3 m, ms = 5x106 kg, Vs = 100 m/s, hs = 3%)
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(3) Effect of hs on in-plane DCI
Analysis results of different hs of the soil (hs = 0 and 6%) for Tfix1 = Tfix2 = 2.0 sec are also
shown to clarify the effect of soil material damping on the in-plane DCI. Transfer function
amplitudes (|Us1/Ug|) and MPRs are given in Figure 5-43. The other analysis parameters are the
same as those given in Section 5.2.

(a) hs = 0%

(b) hs = 3%

(c) hs = 6%
Figure 5-43: Case-A (Adjacent) and Case-S (Single) transfer function amplitudes (|Us1/Ug|)
and MPR of identical superstructures (Tfix1 = Tfix2 = 2.0 sec, e1 = 4 m, e2 = 0, D = 3 m, Vs =
100 m/s)
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If Figures 5-43(a), 5-43(b), and 5-43(c) are compared, it can be seen that peaks of the
transfer function amplitudes (|Us1/Ug|) are strongly affected by the soil material damping for hs <
3%. Moreover, the effect on MPR increases nearly three times for hs = 0% compared to hs = 3%
(where the mean power for Case-A increases by 60% for hs = 0%, and by 22% for hs = 3%
compared to Case-S), but this parameter becomes insensitive for hs > 3%. The reason of this
phenomenon is considered to be that, for zero damping, the restriction effect diminishes and the
amplitudes of the rocking motion of the foundations increase. Therefore, it can be asserted that
the effect of hs becomes important on the in-plane DCI in small strain areas, but that the effect
diminishes rapidly for larger strain areas.
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5.4.2 Analysis results for Y direction (anti-plane DCI)
(a) Analysis results for 1 adjacent building, D = 3 m, Vs = 100 m/s
(1) Analysis results for identical embedment depths
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 100 m/s) for identical embedment depths (e1 = e2) on the Y direction are given in
Figure 5-44. Moreover, the MPRs of the foundation rocking motion of the superstructures for the
same parameters are given in Figure 5-45.
If Figure 5-44 is examined to determine the different types of adjacent building effects on
the anti-plane DCI, it can be said that, as can be seen inside the solid line in Figure 5-44(a), a
short and light building (e.g., one with a natural period of 0.5 sec) is not affected so much when
adjacent to a tall and heavy building (e.g., one with a natural period of 2.0 sec) compared to the
results of the X direction.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-44: MPRs of horizontal superstructure motions for anti-plane DCI (e1 = e2, D = 3
m, Vs = 100 m/s, 1 adj. building, Us2)
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-45: MPRs of foundation rocking motions for anti-plane DCI (e1 = e2, D= 3 m, Vs =
100 m/s, 1 adj. building, Uf4)
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If Figure 5-45 is examined to determine the different types of adjacent building effects on
the MPRs of the foundation rocking motion, it can be claimed that there is a very low rocking
restriction effect between identical adjacent buildings compared to the results of the X direction it
is seen inside the dashed line in Figure 5-45. This is because the rocking restriction is seen on the
X direction mainly because of the out of-phase rocking motion of the adjacent foundations.
However, on the Y direction, the rocking motion of the adjacent foundation becomes in-phase.
Moreover, it should be added that the smallest MPRs are obtained for identical adjacent
buildings for Tfix1 = Tfix2 = 1.0 sec as can be seen inside the dashed line in Figure 5-44(b). To
explain this phenomenon, analyses are done for different clearance (D) values for twin adjacent
buildings (Tfix1 = Tfix2 = 0.5, 1.0 and 2.0 sec) for only surface foundations (e1 = e2 = 0).

・Analyses for different D values
To understand the wave transfer between adjacent buildings (i.e., wave-based DCI)
analyses for different D values becomes necessary. For the anti-plane DCI case, there are two
options for wave transfer between adjacent buildings: SH-wave transfer (Fig. 5-46(a)) or SVwave transfer (Fig. 5-46(b)). To understand which wave transfer is dominant, MPRs of structural
horizontal motions are calculated for FM and CM twin adjacent buildings (Tfix1 = Tfix2 = 0.5, 1.0,
and 2.0 sec) on surface foundations (e1 = e2 = 0) over a wide range of D (3–72 m) as shown in
Figure 5-46.
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(a) SH wave transfer

(b) SV wave transfer

Figure 5-46: Possible wave transfers between adjacent buildings for in-plane DCI

Clearance: D (m)

(a) Tfix1 = Tfix2 = 0.5 sec

Clearance: D (m)

(b) Tfix1 = Tfix2 = 1.0 sec

Clearance: D (m)

(c) Tfix1 = Tfix2 = 2.0 sec

Figure 5-47: MPRs of horizontal superstructure motion for FM and CM (e1 = e2 = 0, D = 3
m – 72 m, Vs = 100 m/s, 1 adj. building, Us1, ν = 0.45)

If Figure 5-47(a) is examined, it can be asserted that the MPRs of the horizontal structure
motion of FM and CM become high at nearly similar clearances. Therefore, it can be said that
SH wave transfer is more dominant than SV wave transfer for the anti-plane DCI since the
rocking of the foundation of the adjacent building has little effect on the wave-based DCI effect,
except for short clearances (D < 10 m). However, if results for all buildings are investigated at
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Figure 5-47, it can be said that FM gives smaller MPR values than those given by CM. To
explain this issue, a new model is created connecting the foundations, as shown in Figure 5-48;
this model is referred to the integrated model (IM). The MPRs of the horizontal structural
motions for twin adjacent buildings (Tfix1 = Tfix2 = 0.5, 1.0, and 2.0 sec) on surface foundations (e1
= e2 = 0) according to D (1–10 m) are calculated as shown in Figure 5-49.

Figure 5-48: Integrated model (IM) for buildings

Clearance: D (m)

(a) Tfix1 = Tfix2 = 0.5 sec

Clearance: D (m)

(b) Tfix1 = Tfix2 = 1.0 sec

Clearance: D (m)

(c) Tfix1 = Tfix2 = 2.0 sec

Figure 5-49: MPRs of horizontal superstructure motions for FM and IM (e1 = e2 = 0, D=
1m-10 m, Vs = 100 m/s, 1 adj. building, Us1, ν = 0.45)
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As can be seen at Figure 5-49, the difference between the MPRs of the horizontal
structure motions of FM and IM can be ignored, especially for short clearances. This shows that
the soil between the buildings participates in the motions of the foundations by the out-of-plane
DCI effect and increases the damping effect. Therefore, the MPRs of the FM model become
smaller than those of the CM model at Figure 5-47 for short clearances. Moreover, similar to the
in-plane DCI effect, the smallest MPRs of the horizontal structure motions are obtained for
identical adjacent buildings for Tfix1 = Tfix2 = 1.0 sec because of the detrimental effect of wavebased DCI that is also seen for D = 3 m and Tfix1 = Tfix2 = 0.5 sec. However, it should be noted
that, the MPRs of the horizontal structure motions of twin buildings depend lesser to the fixed
based natural periods of buildings than those at the in-plane DCI.

(2) Analysis results for shallower embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 100 m/s) for different embedment depths of main building (e1) on the Y direction
are given in Figure 5-50 where horizontal axis represents the foundation depth of the main
building and the foundation depth of the adjacent building (e2) is selected as 8 m.
If Figure 5-50 is examined, it can be asserted that the detrimental effect of the anti-plane
DCI is more pronounced for a main building with a shallower foundation embedment depth for
identical adjacent buildings with a natural period of 2.0 sec, as can be seen inside the solid line in
Figure 5-50(c). This is because power is transferred from the deeper foundation to the shallower
foundation by the anti-plane DCI effect. It is interesting to note that direction of the power
transfer effect at the anti-plane DCI is opposite compared to those at the in-plane DCI. Moreover,
it should be noted that, this horizontal vibration power transfer effect is slightly higher for anti146

plane DCI than for in-plane DCI. To show this phenomenon, Case-A and Case-S transfer
function amplitudes (|Us2/Ug|) of superstructures for Tfix1 = Tfix2 = 2.0 sec and e1 = 0 and e2 = 8 m
are given in Figure 5-51 for D = 3 m and Vs = 100 m/s. If Figure 5-50 is examined for MPRs of
identical adjacent buildings, it can be seen that MPRs of greater than one are seen only for Tfix =
2.0 sec, as can be seen inside the solid line in Figure 5-50(c) for e1 < e2.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-50: MPRs of horizontal superstructure motions for anti-plane DCI (e2 = 8 m, D =
3 m, Vs = 100 m/s, 1 adj. building, Us2)
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As can be seen on Figure 5-51, the MPR of the main building is clearly higher than that
of the adjacent building. However, the anti-plane DCI effects between tall and heavy buildings
and short and light structures are negligible, as can be seen inside the dashed line in Figure 5-50.

(a) Main building

(b) Adjacent building

Figure 5-51: Case-A (Adjacent) and Case-S (Single) transfer function amplitudes (|Us2/Ug|)
and MPR of superstructures (Tfix1 = Tfix2 = 2.0 sec, e1 = 0, e2 = 8 m, half-space soil, D = 3 m,
Vs = 100 m/s)

(3) Analysis results for deeper embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 100 m/s) for different embedment depths of the main building (e1) on the Y
direction are given in Figure 5-52 where horizontal axis represents the foundation depth of the
main building and the foundation depth of the adjacent building (e2) is selected as 0.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-52: MPRs of horizontal superstructure motions for anti-plane DCI (e2 = 8 m, D =
3 m, Vs = 100 m/s, 1 adj. building, Us2)
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If Figure 5-52 is examined, it can be said that the beneficial effect of the anti-plane DCI
is more pronounced for the main building with deeper foundation embedment depth, as can be
seen inside the solid line in Figure 5-52. This is especially so for identical adjacent buildings
with natural period of 2.0 sec, as can be seen inside the solid line in Figure 5-52(c), because
power is transferred from deeper foundations to shallower foundations by the anti-plane DCI
effect, as noted previously. To show this phenomenon, Case-A and Case-S transfer function
amplitudes (|Us2/Ug|) of superstructures for Tfix1 = Tfix2 = 2.0 sec and e1 = 4 m and e2 = 0 are given
in Figure 5-53 for D = 3 m and Vs = 100 m/s. As can be seen in Figure 5-53, the MPR of the
main building is clearly lower than that of the adjacent building as expected. The anti-plane DCI
effects between tall and heavy buildings and short and light structures are negligible, as can be
seen inside the dashed line in Figure 5-52.

(a) Main building

(b) Adjacent building

Figure 5-53: Case-A (Adjacent) and Case-S (Single) transfer function amplitudes (|Us2/Ug|)
and MPR of superstructures (Tfix1 = Tfix2 = 2.0 sec, e1 = 4 m, e2 = 0, half-space soil, D = 3 m,
Vs = 100 m/s)
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(b) Analysis results for 2 adjacent buildings, D = 3 m, Vs = 100 m/s
(1) Analysis results for identical embedment depths
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 100 m/s) for identical embedment depths (e1 = e2 = e3) on the Y direction are given
in Figure 5-54.
If Figures 5-44 and 5-54 are compared to determine the effect of one more adjacent
building, it can be asserted that the power effect of tall and heavy adjacent buildings on short and
light main building is nearly doubled, as can be seen inside the solid line in Figure 5-44(a) and
Figure 5-54(a). This shows the increased detrimental effect of the anti-plane DCI, as also seen
for the in-plane DCI. Moreover, it can be said that the beneficial effect of the anti-plane DCI is
observed for identical adjacent tall and heavy buildings as can be seen inside the solid line in
Figure 5-54(c), whereas the reverse effect is seen for the in-plane DCI. The reason of this
phenomenon is that condition of the main building is different than that of the adjacent buildings
because the main building is flanked by two buildings. Because of this difference, power is
transferred from the main building. The anti-plane DCI effect on tall and heavy main buildings
adjacent to short and light buildings is negligible, as can be seen inside the dashed line in Figure
5-54(c).
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-54: MPRs of horizontal superstructure motions for anti-plane DCI (e1 = e2 = e3, D
= 3 m, Vs = 100 m/s, 2 adj. building, Us2)
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(2) Analysis results for shallower embedment depth of the main
building
The MPRs of (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil, D = 3 m, Vs =
100 m/s) for different embedment depths of the main building (e1) on the Y direction are given in
Figure 5-55 where horizontal axis represents the foundation depth of the main building and the
foundation depths of the adjacent buildings (e2 and e3) are selected as 8 m.
If Figures 5-50 and 5-55 are compared to determine the effect of one more adjacent
building, it can be asserted that the detrimental effect of anti-plane DCI is doubled for 2 identical
adjacent buildings with shallower foundation embedment depth compared to the case of 1
identical adjacent building. This is especially so for identical adjacent buildings with fixed base
natural period of 2.0 sec, as can be seen inside the solid line in Figures 5-50(c) and 5-55(c),
because power is transferred from 1 more deeper foundation to shallower foundation. It should
also be noted that the horizontal vibration power transfer effect for 2 adjacent buildings is clearly
higher for anti-plane DCI than for in-plane DCI. Moreover, it should be noted that, as can be
seen inside the dashed line in Figures 5-50(a) and 5-55(a), a short and light main building is
affected nearly twice as much when adjacent to tall and heavy buildings than in the case of 1
adjacent building. The anti-plane DCI effect on tall and heavy main buildings adjacent to short
and light buildings is negligible, as can be seen inside the dashed line in Figure 5-55(c).
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-55: MPRs of horizontal superstructure motions for anti-plane DCI (e2 = e3 = 8 m,
D = 3 m, Vs = 100 m/s, 2 adj. building, Us2)
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(3) Analysis results for deeper embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 100 m/s) for different embedment depths of the main building (e1) on the Y
direction are given in Figure 5-56 where horizontal axis represents the foundation depth of the
main building and foundation depth of adjacent buildings (e2 and e3) are selected as 0.
If Figure 5-52 and 5-56 are compared to determine the effect of one more adjacent
building, it can be claimed that the effect of the anti-plane DCI is on a similar level for 2
identical adjacent buildings with a deeper foundation embedment depth and the case of 1
identical adjacent building, as can be seen inside the solid line in Figures 5-52(c) and 5-56(c).
Moreover, as can be seen inside the dashed line in Figures 5-52(a) and 5-56(a), a short
and light main building is affected to a similar extent when adjacent to tall and heavy buildings
for the cases of 1 and 2 adjacent buildings. The anti-plane DCI effect on tall and heavy main
buildings adjacent to short and light buildings is negligible, as can be seen inside the dashed line
in Figure 5-56(c).
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-56: MPRs of horizontal superstructure motions for anti-plane DCI (e2 = e3 = 0, D =
3 m, Vs = 100 m/s, 2 adj. building, Us2)
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(c) Analysis results for 1 adjacent building, D = 3 m, Vs = 200 m/s
(1) Analysis results for identical embedment depths
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 200 m/s) for identical embedment depths (e1 = e2) on the Y direction are given in
Figure 5-57.
If the results of Vs = 100 and 200 m/s situations are compared, it can be said that the
smallest MPRs are obtained for identical adjacent buildings for Tfix = 0.5sec as can be seen inside
the dashed line in Figure 5-57(a). The reason of this result is considered to be that the wavebased DCI effect becomes negligible for Vs = 200 m/s.

158

(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-57: MPRs of horizontal superstructure motions for anti-plane DCI (e1 = e2, D = 3
m, Vs = 200 m/s, 1 adj. building, Us2)
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(2) Analysis results for shallower embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 200 m/s) for different embedment depths of main building (e1) on the Y direction
are given in Figure 5-58 where horizontal axis represents the foundation depth of the main
building and the foundation depth of the adjacent building (e2) is selected as 8 m.
If the results of Vs = 100 and 200 m/s situations are compared, it can be claimed that the
detrimental effect of the anti-plane DCI diminishes with increasing shear wave velocity of the
soil, as can be seen inside the solid line in Figure 5-58(c).
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-58: MPRs of horizontal superstructure motions for anti-plane DCI (e2 = 8 m, D= 3
m, Vs = 200 m/s, 1 adj. building, Us2)
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(3) Analysis results for deeper embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 200 m/s) for different embedment depths of the main building (e1) on the Y
direction are given in Figure 5-59 where horizontal axis represents the foundation depth of the
main building and the foundation depth of the adjacent building (e2) is selected as 0.
If the results of Vs = 100 and 200 m/s situations are compared, it can be declared that the
beneficial effect of the anti-plane DCI diminishes with increasing shear wave velocity of the soil,
as can be seen inside the solid line in Figure 5-59(c). Also, the effect of the anti-plane DCI and
the relationship of the foundation embedment depth of the main building change for Vs = 200 m/s
for the same reason given for the in-plane DCI effect.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-59: MPRs of horizontal superstructure motions for anti-plane DCI (e2 = 0, D = 3
m, Vs = 200 m/s, 1 adj. building, Us2)
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(d) Analysis results for 2 adjacent buildings, D = 3 m, Vs = 200 m/s
(1) Analysis results for identical embedment depths
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 200 m/s) for identical embedment depths (e1 = e2= e3) on the Y direction are given
in Figure 5-60.
If the results of Vs = 100 and 200 m/s situations are compared, it can be said that a similar
relation is seen for the cases of 1 and 2 adjacent buildings.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-60: MPRs of horizontal superstructure motions for anti-plane DCI (e1 = e2 = e3, D
= 3 m, Vs = 200 m/s, 2 adj. building, Us2)
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(2) Analysis results for shallower embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 200 m/s) for different embedment depths of the main building (e1) on the Y
direction are given in Figure 5-61 where horizontal axis represents the foundation depth of the
main building and the foundation depths of the adjacent buildings (e2 and e3) are selected as 8 m.
If the results of Vs = 100 and 200 m/s situations are compared, it can be said that a similar
relation is seen for the cases of 1 and 2 adjacent buildings.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-61: MPRs of horizontal superstructure motions for anti-plane DCI (e2 = e3 = 8 m,
D = 3 m, Vs = 200 m/s, 2 adj. building, Us2)
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(3) Analysis results for deeper embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 3 m, Vs = 200 m/s) for different embedment depths of the main building (e1) on the Y
direction are given in Figure 5-62 where horizontal axis represents the foundation depth of the
main building and foundation depth of adjacent buildings (e2 and e3) are selected as 0.
If the results of Vs = 100 and 200 m/s situations are compared, it can be said that a similar
relation is seen for the cases of 1 and 2 adjacent buildings.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-62: MPRs of horizontal superstructure motions for anti-plane DCI (e2 = e3 = 0, D =
3 m, Vs = 200 m/s, 2 adj. building, Us2)
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(e) Analysis results for 1 adjacent building, D = 6 m, Vs = 100 m/s
(1) Analysis results for identical embedment depths
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 100 m/s) for identical embedment depths (e1 = e2) on the Y direction are given in
Figure 5-63.
If the results of the D = 3 m and 6 m situations are compared, it can be asserted that the
effect of the anti-plane DCI does not depend so much to the clearance for such building types.

170

(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-63: MPRs of horizontal superstructure motions for anti-plane DCI (e1 = e2, D = 6
m, Vs = 100 m/s, 1 adj. building, Us2)
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(2) Analysis results for shallower embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 100 m/s) for different embedment depths of main building (e1) on the Y direction
are given in Figure 5-64 where horizontal axis represents the foundation depth of the main
building and the foundation depth of the adjacent building (e2) is selected as 8 m.
If the results of the D = 3 m and 6m situations are compared, it can be said that there is a
small effect of the clearance on the power transfer induced from the anti-plane DCI effect, as it
seen inside the solid line in Figure 5-64. It can also be asserted that the anti-plane DCI effect for
such embedment depths situations for D = 6 m and Vs = 100 m/s is more effective than D = 3 m
and Vs = 200 m/s.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-64: MPRs of horizontal superstructure motions for anti-plane DCI (e2 = 8 m, D =
6 m, Vs = 100 m/s, 1 adj. building, Us2)
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(3) Analysis results for deeper embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 100 m/s) for different embedment depths of the main building (e1) on the Y
direction are given in Figure 5-65 where horizontal axis represents the foundation depth of the
main building and the foundation depth of the adjacent building (e2) is selected as 0.
If the results of the D = 3 m and 6m situations are compared, it can be said that there is a
small effect of the clearance on the power transfer induced from the anti-plane DCI effect as it
seen inside the solid line in Figure 5-65. It can also be asserted that the anti-plane DCI effect for
such embedment depth situations for D = 6 m and Vs = 100 m/s is more effective than for D = 3
m and Vs = 200 m/s.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-65: MPRs of horizontal superstructure motions for anti-plane DCI (e2 = 0, D = 6
m, Vs = 100 m/s, 1 adj. building, Us2)

175

(f) Analysis results for 2 adjacent buildings, D = 6 m, Vs = 100 m/s
(1) Analysis results for identical embedment depths
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 100 m/s) for identical embedment depths (e1 = e2 = e3) on the Y direction are given
in Figure 5-66.
If the results of the D = 3 m and 6 m situations are compared, it can be asserted that the
effect of the anti-plane DCI does not depend so much to the clearance for such building types.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-66: MPRs of horizontal superstructure motions for anti-plane DCI (e1 = e2 = e3, D
= 6m, Vs = 100 m/s, 2 adj. building, Us2)
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(2) Analysis results for shallower embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 100 m/s) for different embedment depths of the main building (e1) on the Y
direction are given in Figure 5-67 where horizontal axis represents the foundation depth of the
main building and the foundation depths of the adjacent buildings (e2 and e3) are selected as 8 m.
If the results of the D = 3 m and 6 m situations are compared, it can be said that a similar
relation is seen for the cases of 1 and 2 adjacent buildings.

178

(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-67: MPRs of horizontal superstructure motions for anti-plane DCI (e2 = e3 = 8 m,
D = 6 m, Vs = 100 m/s, 2 adj. building, Us2)
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(3) Analysis results for deeper embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 100 m/s) for different embedment depths of the main building (e1) on the Y
direction are given in Figure 5-68 where horizontal axis represents the foundation depth of the
main building and foundation depth of adjacent buildings (e2 and e3) are selected as 0.
If the results of the D = 3 m and 6 m situations are compared, it can be said that a similar
relation is seen for the cases of 1 and 2 adjacent buildings.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-68: MPRs of horizontal superstructure motions for anti-plane DCI (e2 = e3 = 0, D =
6 m, Vs = 100 m/s, 2 adj. building, Us2)
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(g) Analysis results for 1 adjacent building, D = 6 m, Vs = 200 m/s
(1) Analysis results for identical embedment depths
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 200 m/s) for identical embedment depths (e1 = e2) on the Y direction are given in
Figure 5-69.
If the results of the D = 3 m and 6m situations are compared, it can be claimed that
similar results are obtained for these conditions.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-69: MPRs of horizontal superstructure motions for anti-plane DCI (e1 = e2, D = 6
m, Vs = 200 m/s, 1 adj. building, Us2)
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(2) Analysis results for shallower embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 200 m/s) for different embedment depths of main building (e1) on the Y direction
are given in Figure 5-70 where horizontal axis represents the foundation depth of the main
building and the foundation depth of the adjacent building (e2) is selected as 8 m.
If the results of the D = 3 m and 6m situations are compared, it can be claimed that
similar results are obtained for these conditions.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-70: MPRs of horizontal superstructure motions for anti-plane DCI (e2 = 8 m, D =
6 m, Vs = 200 m/s, 1 adj. building, Us2)
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(3) Analysis results for deeper embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 200 m/s) for different embedment depths of the main building (e1) on the Y
direction are given in Figure 5-71 where horizontal axis represents the foundation depth of the
main building and the foundation depth of the adjacent building (e2) is selected as 0.
If the results of the D= 3 m and 6 m situations are compared, it can be claimed that
similar results are obtained for these conditions.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-71: MPRs of horizontal superstructure motions for anti-plane DCI (e2 = 0, D = 6
m, Vs = 200 m/s, 1 adj. building, Us2)
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(h) Analysis results for 2 adjacent buildings, D = 6 m, Vs = 200 m/s
(1) Analysis results for identical embedment depths
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 200 m/s) for identical embedment depths (e1 = e2 = e3) on the Y direction are given
in Figure 5-72.
If the results of D = 3 m and 6m situations are compared, it can be asserted that the effect
of the anti-plane DCI does not depend so much to the clearance for such building types.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-72: MPRs of horizontal superstructure motions for anti-plane DCI (e1 = e2 = e3, D
= 6 m, Vs = 200 m/s, 2 adj. building, Us2)
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(2) Analysis results for shallower embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 200 m/s) for different embedment depths of the main building (e1) on the Y
direction are given in Figure 5-73 where horizontal axis represents the foundation depth of the
main building and the foundation depths of the adjacent buildings (e2 and e3) are selected as 8 m.
If the results of the D = 3 m and 6m situations are compared, it can be said that similar
relation is seen for 1 and 2 adjacent buildings cases.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-73: MPRs of horizontal superstructure motions for anti-plane DCI (e2 = e3 = 8 m,
D = 6 m, Vs = 200 m/s, 2 adj. building, Us2)
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(3) Analysis results for deeper embedment depth of the main
building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, half-space soil,
D = 6 m, Vs = 200 m/s) for different embedment depths of the main building (e1) on the Y
direction are given in Figure 5-74 where horizontal axis represents the foundation depth of the
main building and foundation depth of adjacent buildings (e2 and e3) are selected as 0.
If the results of the D = 3 m and 6m situations are compared, it can be said that similar
relation is seen for 1 and 2 adjacent buildings cases.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-74: MPRs of horizontal superstructure motions for anti-plane DCI (e2 = e3 = 0, D =
6 m, Vs = 200 m/s, 2 adj. building, Us2)
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(i) Effect of ms, Heff, and hs on transfer function amplitudes and
MPR
In this section, to determine the effects of ms, Heff, and hs on the anti-plane DCI, transfer
function amplitudes (|Us2/Ug|) and MPRs of horizontal motions of identical superstructures (Tfix1
= Tfix2 = 1.0 and 2.0 sec, e1 = 0 and e2 = 4 m, D = 3 m) on the Y direction for half-space soil are
calculated.

(1) Effect of ms on anti-plane DCI
Analyses of doubling the mass of the superstructures (ms = 5x106 kg and 1x107 kg, Tfix1 =
Tfix2 = 1.0 sec, Heff = 20 m) are performed to clarify the effect of superstructure mass on the antiplane DCI. The transfer function amplitudes (|Us2/Ug|) and MPRs of horizontal motions of
identical superstructures are given in Figure 5-75. The other analysis parameters are the same as
those given in Section 5.2. The rigidity of the ms = 1x107 kg superstructure is calculated again to
obtain a fixed natural period of 1.0 sec (Tfix = 1.0 sec).
If Figures 5-75(a) and 5-75(b) are compared, it can be asserted that the effect of
superstructure mass is low on anti-plane DCI but higher than in-plane DCI for this limited case.
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(a) ms = 5x106 kg

(b) ms = 1x107 kg

Figure 5-75: Case-A (Adjacent) and Case-S (Single) transfer function amplitudes (|Us2/Ug|)
and MPRs of horizontal motions of identical superstructures (Tfix1 = Tfix2 = 1.0 sec, e1 = 0, e2
= 4 m, D = 3 m, Heff = 20 m, Vs = 100 m/s, hs = 3%)
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(2) Effect of Heff on anti-plane DCI
Analyses of doubling the height of the superstructures (Heff = 20 m and 40 m, Tfix1 = Tfix2 =
1.0 sec) are performed to clarify the effect of superstructure height on the anti-plane DCI
phenomenon. Transfer function amplitudes (|Us2/Ug|) and MPRs of the horizontal motions of
identical superstructures (Tfix1 = Tfix2 = 1.0 sec, Heff = 20 m and 40 m) are given in Figure 5-76.
The other analysis parameters are the same as those given in Section 5-2.
If Figures 5-76(a) and 5-76(b) are compared, it can be claimed that the effect of
superstructure height is clearly higher than that of superstructure mass on anti-plane DCI, as
similar to the in-plane DCI, for this limited case.

(a) Heff = 20 m

(b) Heff = 40 m

Figure 5-76: Case-A (Adjacent) and Case-S (Single) transfer function amplitudes (|Us2/Ug|)
and MPRs of horizontal motions of identical superstructures (Tfix1 = Tfix2 = 1.0 sec, e1 = 0, e2
= 4 m, D = 3 m, ms = 5x106 kg, Vs = 100 m/s, hs = 3%)
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(3) Effect of hs on anti-plane DCI
Analysis results of different hs of the soil (hs = 0 and 6%) for Tfix1 = Tfix2 = 2.0 sec are also
shown to clarify the effect of soil material damping on the anti-plane DCI. Transfer function
amplitudes (|Us1/Ug|) and MPRs are given in Figure 5-77. The other analysis parameters are the
same as those given in Section 5.2.
If Figures 5-77(a), 5-77(b), and 5-77(c) are compared, it can be asserted that the
differences in the transfer function amplitude peaks are slightly less affected by soil material
damping compared to the case of in-plane DCI. The reason of this difference between in-plane
and anti-plane DCI is considered to be that there is lower rocking restriction in anti-plane DCI
compared to in-plane DCI. Therefore, the effect of soil material damping becomes less for antiplane DCI than in-plane DCI.

(a) hs = 0%

(b) hs = 3%

(c) hs = 6%

Figure 5-77: Case-A (Adjacent) and Case-S (Single) transfer function amplitudes (|Us2/Ug|)
and MPR of identical superstructures (Tfix1 = Tfix2 = 2.0 sec, e1 = 0, e2 = 4 m, D = 3 m, Vs =
100 m/s)
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5.5 Analysis results for layered soil
5.5.1 Analysis results for X direction (in-plane DCI)
(a) Analysis results for identical embedment depths
(1) Analysis results for mat foundation, 1 adjacent building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, layered soil, D
= 3 m) for identical embedment depths (e1 = e2) on the X direction are given in Figure 5-78.
If Figures 5-78 and 5-8 are compared, to determine the effect of layered soil on the inplane DCI phenomenon for mat foundations, it can be said that the MPRs between the two soil
conditions do not change appreciably. Only a small lowering of the MPRs compared to the halfspace is observed for Tfix1 = Tfix2 = 0.5 sec due to the diminished wave-based DCI effect for
layered soil and a small increment of MPRs comparing the half-space is observed for Tfix1 = Tfix2
= 2.0 sec due to the diminished rocking restriction effect for layered soil as can be seen inside the
solid line in Figures 5-8(a and c) and 5-78(a and c).

Moreover, no special effect of the

predominant frequency of the soil on the in-plane DCI can be seen in the present study.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-78: MPRs of horizontal superstructure motions for in-plane DCI (e1 = e2, D = 3 m,
1 adj. building, Us1, mat foundation, layered soil)
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To show the effect of DCI on rocking foundation input motions for a mat foundation placed on
layered soil, a massless mat foundation model is created for Tfix2 = 0.5, 1.0 and 2.0 sec as can be
seen in Figure 5-79. In Figure 5-80, the transfer function amplitudes of Us1 according to ground
motion at the free surface (Ug) (|Us1 /Ug|) of Case-S for an embedment depth of 4 m are given.
The predominant period of the soil layer (Ts) is also depicted in this figure. The amplitudes and
phases of the rocking foundation input motion of these models (Uf5/Ug) and the real part of the
rocking impedances are given in Figure 5-81.

Figure 5-80 Transfer function
amplitudes (|Us1/Ug|) of Case-S (mat
foundation, e1 = 4 m, layered soil)

Figure 5-79 Analysis model for calculating
impedances and input motions of massless
foundation
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(1) Tfix2 = 0.5 sec

(2) Tfix2 = 1.0 sec

(3) Tfix2 = 2.0 sec

(a) Amplitudes of rocking foundation input motion

(1) Tfix2 = 0.5 sec

(2) Tfix2 = 1.0 sec

(3) Tfix2 = 2.0 sec

(b) Phases of rocking foundation input motion

(1) Tfix2 = 0.5 sec

(2) Tfix2 = 1.0 sec

(3) Tfix2 = 2.0 sec

(c) Real part of rocking impedances
Fig. 81 Amplitudes and phases of rocking foundation input motion (Uf5/Ug), as well as real
part of rocking impedances of massless foundation for Case-S and Case-A
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When Figures 5-81(b) and (c) are examined, it can be said that the relationships of the phases
and rocking impedances between Case-A and Case-S show differences with the vicinity of the
predominant frequency of each adjacent soil-structure system as a boundary. It is found that the
massless foundation rocks in the opposite direction to the adjacent foundation before this
frequency as shown in Figure 5-82(a), where Tinput represents the period of the peak input motion
(Tinput ≥ Tfix2). However, when a main building is also represented in the model, both foundations
vibrate with the same phase. Therefore, the effect of this reverse phase rocking input motion
contributes to the rocking restriction effect between adjacent buildings. This rocking restriction
effect is defined as input rocking restriction in the present study. In contrast, for frequencies that
are higher than the vicinity of the predominant frequency of each of the adjacent soil-structure
systems (Tinput < Tfix2), the same phase rocking motion of foundation of the adjacent building is
observed as shown in Figure 5-82(b). However, as can be seen at the Figure 5-81(c), the real
parts of the impedances for Case-A are higher than those for Case-S. This rocking restriction
effect is defined as an impedance rocking restriction in the present study.
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(a) Reverse phase rocking
(input rocking restriction)

(b) Same phase rocking
(impedance rocking restriction)

Figure 5.82 Rocking modes of massless foundation and adjacent soil-structure system
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(2) Analysis results for pile foundation, 1 adjacent building
Next, results for pile foundations are given. The MPRs of superstructures (Tfix1 = 0.5, 1.0
and 2.0 sec, pile foundations, layered soil, D = 3 m) for identical embedment depths (e1 = e2) on
the X direction are shown in Figure 5-83.
If Figures 5-83 and 5-78 are compared to determine the pile foundation effects on the
DCI, it can be said that almost all MPRs are smaller than those of mat foundations. However, for
some cases (Tfix1 = 0.5 sec – Tfix2 = 1.0 and 2.0 sec) as shown in the solid line in Figure 5-83(a),
the MPRs are higher than those of mat foundations; the MPRs can increase by as much as 30%
compared to Case-S. To understand this phenomenon, transfer function amplitudes of the
foundation rocking motion (|Uf5/Ug|) of Case-S and Case-A (Tfix1 = 0.5 sec – Tfix2 = 1.0 sec pile
and mat foundations) are shown in Figure 5-84.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-83: MPRs of horizontal superstructure motions for in-plane DCI (e1 = e2, D = 3 m,
1 adj. building, Us1, pile foundation, layered soil)
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As can be seen in Figure 5-84(a), the rocking motion amplitude of the foundation for
Case-A is lower than for Case-S because of the aforementioned rocking restriction phenomenon.
However, if Figure 5-84(b) is examined, it is found that that the rocking motion amplitude of the
foundation for Case-A is higher than that for Case-S. It can be said that, because of the lack of a
rocking restriction effect on the building (Tfix1 = 0.5 sec and pile foundation), the MPR of the
main building on the pile foundation becomes higher than that on the mat foundation.

|Uf5/Ug|

|Uf5/Ug|

(a) Mat foundations

(b) Pile foundations

Figure 5-84: Case-A (Adjacent) and Case-S (Single) transfer function amplitudes of
foundation rocking motion (|Uf5/Ug|) for X direction (Tfix1 = 0.5 sec – Tfix2 = 1.0sec, e1 = e2 = 0,
layered soil)

Another important point about the effect of pile foundation on the DCI, for identical
adjacent buildings Tfix1 = Tfix2 = 1.0 sec, is that the beneficial effect of DCI is observed as shown
at the dashed line in Figure 5-83(b) compared to Figure 5-78(b). Transfer function amplitudes of
foundation rocking motion (|Uf5/Ug|) for Case-S and Case-A are shown in Figure 5-85. In this
figure, the rocking motion diminishes nearly 70% comparing with that of the main building on
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the mat foundation, but the ratio of Case-A to Case-S does not change so much. It can be
considered that the rocking restriction is also effective for the pile foundation like the mat
foundation for building with Tfix = 1.0 sec and that phenomenon infuses the beneficial DCI effect
on the structures with pile foundations.

|Uf5/Ug|

|Uf5/Ug|

(a) Mat foundations

(b) Pile foundations

Figure 5-85: Transfer function amplitudes of foundation rocking motion (|Uf5/Ug|) of the
main superstructures both Case-A (Adjacent) and Case-S (Single) for x direction (Tfix1 =
Tfix2 = 1.0 sec, e1 = e2 = 0, layered soil)

(b) Analysis results for shallower embedment depth of the main
building
(1) Analysis results for mat foundation, 1 adjacent building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, layered soil, D
= 3 m) for different embedment depths of main building (e1) on the X direction are given in
Figure 5-86 where horizontal axis represents the foundation depth of the main building and the
foundation depth of the adjacent building (e2) is selected as 8 m.
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If Figure 5-86 is examined, it can be asserted that the beneficial effect of the in-plane
DCI is more pronounced for a main building with a shallower foundation embedment depth, as
can be seen inside the solid line in Figure 5-86. This is especially so for identical adjacent
buildings with a natural period of 2.0 sec, as can be seen inside the solid line in Figure 5-86(c),
because power is transferred from the shallower foundation to the deeper foundation in the same
way as for half-space soil. If Figures 5-86 and 5-14 are compared to determine the horizontal
vibration power transfer difference between the two types of soils, it can be said that there is a
slightly more beneficial effect on layered soil compared to half-space soil.
On the other hand, the in-plane DCI effect between tall and heavy buildings and short and
light structures is negligible, as can be seen inside the dashed line in Figure 5-86. This is similar
to the identical embedment case.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-86: MPRs of horizontal superstructure motions for in-plane DCI (e2 = 8 m, D = 3
m, 1 adj. building, Us1, mat foundation, layered soil)
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(2) Analysis results for pile foundation, 1 adjacent building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, pile foundations, layered soil, D
= 3 m) for different embedment depths of main building (e1) on the X direction are given in
Figure 5-87 where horizontal axis represents the foundation depth of the main building and the
foundation depth of the adjacent building (e2) is selected as 8 m.
If Figure 5-87(c) is examined, a horizontal power transfer similar to that in Figure 5-86(c)
cannot be determined. To explain this issue, in Figure 5-88, Case-S transfer function amplitudes
of horizontal foundation motions (|Uf1/Ug|) for different embedment depths and superstructures
are given. As can be seen from this figure, low and high peak transfer function amplitudes of the
horizontal foundation motion do not coincide as they do in Figure 5-16, because effect of
embedment on transfer function amplitudes diminishes for pile foundations. Therefore, power
transfer could not be seen for pile foundations.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-87: MPRs of horizontal superstructure motions for in-plane DCI (e2 = 8 m, D = 3
m, 1 adj. building, Us1, pile foundation, layered soil)
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(a) For Tfix = 0.5 sec

(b) For Tfix = 1.0 sec

(c) For Tfix = 2.0 sec
Figure 5-88: Case-S transfer function amplitudes (|Uf1/Ug|) of horizontal foundation motion
for (hs = 3%, layered soil, pile foundation)

(c) Analysis results for deeper embedment depth of the main building
(1) Analysis results for mat foundation, 1 adjacent building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, layered soil, D
= 3 m) for different embedment depths of the main building (e1) on the X direction are given in
Figure 5-89 where horizontal axis represents the foundation depth of the main building and the
foundation depth of the adjacent building (e2) is selected as 0.
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If Figure 5-89 is examined, it can be said that the detrimental effect of in-plane DCI is
more pronounced for a main building with deeper foundation, especially for identical adjacent

(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-89: MPRs of horizontal superstructure motions for in-plane DCI (e2 = 8 m, D = 3
m, 1 adj. building, Us1, mat foundation, layered soil)
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buildings with natural period of 2.0 sec, as can be seen inside the solid line in Figure 5-89(c).
This is because power is transferred from shallower foundation to deeper foundation, similar to
half-space soil. However, it should be noted that the detrimental effect of in-plane DCI for tall
adjacent buildings with deeper embedment is higher for layered soil than for half-space soil. The
reason of this phenomenon is considered to be that amount of horizontal vibration power transfer
increases for tall buildings on layered soil because of the lowered radiation damping compared to
half-space soil.

(2) Analysis results for pile foundation, 1 adjacent building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, pile foundations, layered soil, D
= 3 m) for different embedment depths of the main building (e1) on the X direction are given in
Figure 5-90 where horizontal axis represents the foundation depth of the main building and the
foundation depth of the adjacent building (e2) is selected as 0.
As can be seen at Figure 5-90, a similar tendency on the MPRs is seen because of the
lacking of horizontal vibration power transfer.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec

Figure 5-90: MPRs of horizontal superstructure motions for in-plane DCI (e2 = 8 m, D = 3
m, 1 adj. building, Us1, pile foundation, layered soil)
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5.5.2 Analysis results for Y direction (anti-plane DCI)
(a) Analysis results for identical embedment depths
(1) Analysis results for mat foundation, 1 adjacent building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, layered soil, D
= 3 m) for identical embedment depths (e1 = e2) on the Y direction are given in Figure 5-91.
If Figures 5-91 and 5-44 are compared to determine the effect of layered soil on the antiplane DCI phenomenon for mat foundations, it can be said that the MPRs do not change
appreciably between the two soil conditions. Moreover, no special effect of the predominant
frequency of the soil on the anti-plane DCI can be seen in the present study.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-91: MPRs of horizontal superstructure motions for anti-plane DCI (e1 = e2, D = 3
m, 1 adj. building, Us2, mat foundation, layered soil)
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(2) Analysis results for pile foundation, 1 adjacent building
Next, results for pile foundations are given. The MPRs of superstructures (Tfix1 = 0.5, 1.0
and 2.0 sec, pile foundations, layered soil, D = 3 m) for identical embedment depths (e1 = e2) on
the Y direction are shown in Figure 5-92. The effect of the anti-plane DCI is not so different for
pile and mat foundation, as can be seen at Figures 5-91 and 5-92.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-92: MPRs of horizontal superstructure motions for anti-plane DCI (e1 = e2, D = 3
m, 1 adj. building, Us2, pile foundation, layered soil)
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(b) Analysis results for shallower embedment depth of the main
building
(1) Analysis results for mat foundation, 1 adjacent building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, layered soil, D
= 3 m) for different embedment depths of main building (e1) on the Y direction are given in
Figure 5-93 where horizontal axis represents the foundation depth of the main building and the
foundation depth of the adjacent building (e2) is selected as 8 m.
If Figures 5-93 and 5-50 are compared to determine the effect of layered soil on the
horizontal vibrational wave transfer on the Y direction for mat foundations, it can be said that the
detrimental effect of anti-plane DCI is higher for tall adjacent buildings with shallower
embedment for layered soil than for half-space soil, as shown inside the solid line in Figure 593(c). The reason of this phenomenon is considered to be that amount of horizontal vibration
power transfer increases for tall buildings on layered soil because of the lowered radiation
damping compared to half-space soil, similar to in-plane DCI.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-93: MPRs of horizontal superstructure motions for anti-plane DCI (e2 = 8 m, D =
3 m, 1 adj. building, Us2, mat foundation, layered soil)
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(2) Analysis results for pile foundation, 1 adjacent building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, pile foundations, layered soil, D
= 3 m) for different embedment depths of main building (e1) on the Y direction are given in
Figure 5-94 where horizontal axis represents the foundation depth of the main building and the
foundation depth of the adjacent building (e2) is selected as 8 m.
Horizontal vibration power transfer cannot be observed for pile foundation even on the Y
direction, as can be seen inside the solid line in Figure 5-94(c) for the reason given in Section
5.5.1.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-94: MPRs of horizontal superstructure motions for anti-plane DCI (e2 = 8 m, D =
3 m, 1 adj. building, Us2, pile foundation, layered soil)
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(c) Analysis results for deeper embedment depth of the main
building
(1) Analysis results for mat foundation, 1 adjacent building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, mat foundations, layered soil, D
= 3 m) for different embedment depths of the main building (e1) on the Y direction are given in
Figure 5-95 where horizontal axis represents the foundation depth of the main building and the
foundation depth of the adjacent building (e2) is selected as 0.
If Figures 5-95 and 5-14 are compared to determine the difference in horizontal vibration
power transfer between the two soil types, it can be said that there is a slightly more beneficial
effect on layered soil compared to half-space soil on the Y direction.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-95: MPRs of horizontal superstructure motions for anti-plane DCI (e2 = 0, D = 3
m, 1 adj. building, Us2, mat foundation, layered soil)
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(2) Analysis results for pile foundation, 1 adjacent building
The MPRs of superstructures (Tfix1 = 0.5, 1.0 and 2.0 sec, pile foundations, layered soil, D
= 3 m) for different embedment depths of the main building (e1) on the Y direction are given in
Figure 5-96 where horizontal axis represents the foundation depth of the main building and the
foundation depth of the adjacent building (e2) is selected as 0.
Horizontal vibration power transfer cannot be observed for pile foundation even on the Y
direction, as can be seen inside the solid line in Figure 5-96(c) for the reason given in Section
5.5.1.
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(a) For Tfix1 = 0.5 sec

(b) For Tfix1 = 1.0 sec

(c) For Tfix1 = 2.0 sec
Figure 5-96: MPRs of horizontal superstructure motions for anti-plane DCI (e2 = 0, D = 3
m, 1 adj. building, Us2, pile foundation, layered soil)
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Chapter 6
Conclusions and Future Research
6.1 Conclusions
The present study aims at determining the effects of SSI and DCI on the responses of
superstructures by conducting various parametric analyses. For the SSI branch of the study, a
new lumped parameter model (LPM) that depends on the impedances of foundations with
different embedment depths is constructed. Nonlinear earthquake response analyses using the
proposed LPM are then carried out using active-fault and subduction-zone earthquake records.
This is done both with and without RFIM to assess the effects of RFIM on the ductility demands
of structures. For the DCI branch of the study, a wide analytical parametric study is conducted
for different foundation types, embedment situations and fixed based natural frequencies of two
or three closely spaced buildings. As soil model, elastic half-space and layered soil for different
kinds of shear wave velocity and soil material damping are selected. The reasoning is that if the
key parameters of the DCI phenomenon are understood, the importance of DCI effects on the
design of structures can be determined more easily.
In Chapter 2, a wide literature review is given related to soil-structure interaction.
In Chapter 3, a wide literature review is given related to structure-soil-structure
interaction.
In Chapter 4, a new LPM is constructed that depends on the impedances of embedded
foundations with different embedment depths placed on an elastic half-space for the Poisson
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ratio of 0.42 and shear wave velocity value of either 100 or 200 m/s to represent soft soil
conditions. Verification is done by using the horizontal, rocking, and coupling impedances of the
model and the response of the superstructure. According to the comparison, it can be said that the
LPM approximation is almost adequate to represent the SSI effect.
Nonlinear response analyses are then carried out for an SDOF elasto-plastic structure
with fixed ductility capacity values of 2, 4, or 6, and predominant periods of 0.2 to 3 seconds.
Analyses are carried out for the proposed LPM model under active fault and subduction zone
earthquake records both with and without RFIM to assess the effects of RFIM on the ductility
demands of superstructures. Earthquake records from both the Takatori Station record of the
1995 Hyogoken-Nanbu Earthquake (Kobe Earthquake) and the 2011 off the Pacific Coast of
Tohoku Earthquake (Tohoku Earthquake) EW component of MYG006 Station are used for these
analyses. The results of the analyses are as follows:
a) By increasing the ductility factor value, the effect of RFIM becomes more important,
especially for high-rise buildings with embedment ratios greater than 1. The reason of
this phenomenon is considered to be that the equivalent elastic stiffness of the
superstructure becomes softer for increasing values of ductility capacity. Hence, the
inertial interaction becomes less important and the additional force coming from the
rocking motion becomes more important in the superstructure response.
b) For Vs = 200 m/s, the effect of RFIM is more limited than for Vs = 100 m/s, because the
RFIM amplitude decreases.
c) As a design suggestion, RFIM should be considered for collapse limiting designs,
especially for high rise buildings with embedment ratios greater than 1 in this case. Even
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those designs that neglect the kinematic interaction underestimate the effect of an
earthquake in some critical situations.
However, it should be noted that these results are obtained for restricted parameters. For
more reliable results, the range of parameters considered in the analyses should be increased.
In Chapter 5, a wide parametric study is conducted to determine the in-plane and antiplane DCIs of closely spaced adjacent buildings (D = 3 m and 6 m) on the MPRs of
superstructures from the adjacent building case to single building case. The soil and the
superstructures are considered to be elastic. The soil is modeled as thin layers for different
foundation embedment ratios taking place on a homogeneous elastic half-space and layered soil
by also considering rocking and horizontal responses of foundations for fixed base natural
periods and foundation embedment depth, material damping and shear wave velocity of soil.
Moreover, the effects of superstructure mass and height on the DCI phenomenon are also
investigated.
Consequently, for mat foundations, it is claimed that for 2 identical adjacent buildings
with different foundation embedment depths, the in-plane DCI effect increases the mean power
of more-deeply embedded superstructures and decreases the mean power of less-deeply
embedded ones because of the power transfer between them. However, for anti-plane DCI,
power is transferred in opposite direction compared to the in-plane DCI, and this horizontal
vibration power transfer effect is slightly higher for anti-plane DCI than for in-plane DCI. Antiplane DCI decreases the mean power of more-deeply embedded superstructures and increases the
mean power of less-deeply embedded ones. The amount of transferred power depends strongly
on the shear wave velocity of the soil but less so on the clearance between the foundations. For
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the case of 3 identical adjacent buildings, the power transfer increases compared to the case of 2
identical adjacent buildings. This effect is found mainly in the case of tall adjacent buildings.
However, for identical adjacent buildings with different embedment depths of pile foundations,
the power cannot be transferred because the predominant frequencies of soil-structure systems
change very slightly according to the embedment depth.
No power transfer is observed for 2 identical adjacent buildings with the same
embedment depth. The mean power of both buildings diminishes because of the rocking
restriction effect of the in-plane DCI and the increased damping effect of the anti-plane DCI.
However for the case of 3 identical adjacent buildings with mat foundations, power is transferred
to the center building for the in-plane DCI and from the center building for the anti-plane DCI.
This is because the center building is flanked by two other buildings so a condition difference
arises between adjacent buildings. This effect depends strongly on the clearance between the
foundations but less so on the shear wave velocity of the soil. Moreover, the DCI effect on a tall
and heavy main buildings adjacent to short and light buildings is on negligible for both DCI
effects, However, the DCI effect on a short and light main buildings adjacent to tall and heavy
buildings increases the mean power of the main building up to 20% for 2 adjacent buildings and
40% for 3 adjacent buildings for the in-plane DCI; nevertheless, this effect is negligible for the
anti-plane DCI.
For buildings with identically embedded mat foundations, MPRs between the elastic and
layered soil conditions do not change appreciably both for in-plane and anti-plane DCI. However,
it should be noted that the detrimental effect of in-plane DCI for tall adjacent buildings with
deeper embedment is slightly higher for layered soil than for half-space soil. The reason of this
phenomenon is considered to be that amount of horizontal vibration power transfer increases for
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tall buildings on layered soil because of the lowered radiation damping compared to half-space
soil.
The material damping of the soil is effective on the in-plane DCI for small damping
ratios, which means small strain areas. However, hs is not an effective parameter for the antiplane DCI effect. Moreover, for power transfer between identical adjacent buildings, the building
height is more effective than the superstructure mass for both DCI effects, according to the
limited analyses carried out.
As a result, the DCI effects on buildings with mat and pile foundations can be
summarized by the five key points below:
a) Mass ratio of adjacent buildings: This has detrimental consequences for a lighter adjacent
building for in-plane DCI only.
b) Rocking restriction: This is a beneficial effect that is seen only for in-plane DCI. In
addition, this effect is greater for mat foundations. Special attention should be paid to
short and light buildings placed on pile foundations because of the absence of this effect.
c) Wave-based DCI effect: This can be either beneficial or detrimental according to the
clearance; it becomes more effective (even for small clearances for soft soil conditions)
for shorter and lighter structures. Its mechanism depends strongly on the direction of
excitation.
d) Participation of soil in the motion of foundations: This is a beneficial effect because it
increases the radiation damping effect and is seen only for anti-plane DCI. In addition,
this effect is greater for mat foundations.
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e) Horizontal vibration power transfer between different embedment depths: A high
detrimental effect of DCI is observed for identical tall adjacent buildings with mat
foundations; this effect is greater for anti-plane DCI than for in-plane DCI and for layered
soil than for half-space soil. However, this effect cannot be observed for pile foundations.
Therefore, if the foundations of adjacent tall buildings are designed by piles, the
detrimental consequences of the DCI can be prevented.
As a general result of the present study, importance of considering RFIM for deeply
embedded mat foundations (e/r > 1), especially for tall buildings, is now understood. Also, for
pile supported buildings, the detrimental effect of DCI could not be seen for tall buildings. Both
results imply the advantages of pile foundations over mat foundations for safer earthquake
resistant structural design of tall structures.

6.2 Future Research
As future research, the effect of RFIM should also be determined for layered soil
conditions and including geometric and material soil nonlinearity to obtain more general results.
For future DCI research, the DCI effect on more than 3 adjacent buildings for different layouts
should also be examined. The effect of DCI between buildings with pile and mat foundations
should also be addressed. Additionally, DCI effects that diminish the superstructure response
could be exploited for the passive control of structures. It is also better to verify the results of the
present study by some experimental research.
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