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3.1 Introduction

Most man-made structures are built above the ground. Single-family resi-
dential homes can be several tens of meters high, while modern steel sky-
scrapers can reach heights of several hundred meters. Supported asymme-
trically at their base, with their center of gravity near mid-height, these
structures undergo rocking motions when excited by earthquakes, strong
winds, and man-made transient and steady excitations. Through the rock-
ing compliance, the soil-structure interaction then acts as a mechanism for
conversion of the incident wave energy into rotational motions of the
foundation, which then radiates this wave energy back into the soil. During
earthquake and ambient noise excitations, the incident waves are scattered
and diffracted by the foundation-soil interface, and together with the waves
generated by soil-structure interaction radiate rotational motions back into
the soil. During wind and man-made excitation, a part of the wave energy
in the building is converted into rotational excitation of the soil. The early
work on the waves created by soil structure-interaction dates back to the
1930s (Sezawa and Kanai 1935, 1936) and 1940s (Biot 2006). Full-scale
experiments of soil-structure interaction have provided data to measure
and quantify the nature of the motions at the interface between the soil and
the building foundations (Luco et al. 1986, Todorovska 2002, Trifunac and
Todorovska 2001). The emphasis in these full-scale tests, so far, has been
on the response of structures, and on how this response is affected by soil-
structure interaction. Some experiments, however, did investigate the na-
ture of the near-field deformation of soil surrounding the building founda-
tion (Luco et al. 1975, 1988, Foutch et al. 1975, Wong et al. 1977a). It has
been found that for stiff foundation-structure systems, the soil-foundation
interaction can be approximated by a rigid foundation model having only
six degrees of freedom. For flexible foundations (Trifunac et al. 1999) and
multiple foundations, the soil deformation is far more complex, and the
translational and rotational waves in the near field, radiated by the motion
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of the foundations, require complex three-dimensional analyses. In densely
populated metropolitan areas where separation of adjacent buildings is
small or negligible and there are building-soil-building interactions, and
where long bridges have multiple supports resting on soil, detailed two-
and three-dimensional analyses are required (Werner et al. 1979, Wong
and Trifunac 1975). Analytical studies of two-dimensional soil-structure
interaction (of long buildings on rigid foundations) have shown how the
interference of the incident waves, and of the scattered waves from the
foundation, can lead to nearly standing wave motions on the ground sur-
face, which, at the nodes, result in strong torsional motions (Trifunac 1972,
Trifunac et al. 2001c, Todorovska et al. 1988). Analytical studies of the
response of three-dimensional models show amplification of the torsional
response of building-foundation-soil systems and the radiation of torsional
scattered waves for near-horizontal incidence of SH waves (Lee 1979).
Studies of the wave passage effects around rigid embedded foundations
have explained amplification of the rocking foundation motions and the
more energetic radiation of rotational waves when half wave-lengths of the
incident waves are comparable to the foundation width (Todorovska and
Trifunac 1990, 1991, 1993). Observational and analytical studies of build-
ings in an urban setting have examined the site-city interaction (Boutin and
Roussillon 2004, Gueguen et al. 2000, 2002, Kham et al. 2006, Tsogka and
Wirgin 2003), and have interpreted the prolonged duration of strong
ground motion in urban settings (Wirgin and Bard 1996) in terms of the
waves delayed by prolonged paths up and down the buildings (Gicev
2005).

Experiments using forced vibration of full-scale structures have been
used to investigate the wave motion in the far field radiated due to soil-
structure interaction (Luco et al. 1975, Favela 2004). The radiated waves
in the far field have been used as monochromatic sources of waves to in-
vestigate the relative significance of irregular topography and irregular
geometry of sedimentary layers on amplification of surface displacements
(Wong et al. 1977b).

In the following, the linear theory of soil-structure interaction will be il-
lustrated, emphasizing the rotational aspects of motion, which result from
(1) the presence of an inclusion (foundation) in the half space (Lee and
Trifunac 1982), and (2) from the interaction with a structure (Lee 1979).
A discussion of the non-linear aspects of this class of problems is beyond
the scope of this chapter, but the reader may find introductory examples of
analyses and observations in Gicev (2005) and Trifunac et al. (2001a,b).
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3.2 Soil-Foundation Interaction — Near Field

The dynamic response of a rigid foundation embedded in an elastic me-
dium to seismic waves can be separated into two parts. The first part cor-
responds to the determination of the restraining forces due to the rigid
body motion of the inclusion. The second part deals with the evaluation of
the driving forces due to the scattering of incident waves by the inclusion,
which is presumed to be immobile.

Fig. 3.1 Forces Fuy, Foy Fo; Mok, My, My, acting on the foundation, and its dis-
placements A, Ay, A;, &, &, &

Consider a foundation embedded in an elastic medium and supporting
an elastic superstructure. The steady-state harmonic motion of the founda-
tion having frequency @ can be described by a vector {Ay, Ay, A, &, @,
¢Z}T (Fig. 3.1), where A, and A, are horizontal translations, A, is vertical
translation, ¢ and ¢, are rotations about horizontal axes, and ¢, is torsion
about the vertical axis. Using superposition, displacement of the founda-
tion is the sum of two displacements

UI={U*+{U,}, (31)

where {U*} is the foundation input motion corresponding to the displace-
ment of the foundation under the action of the incident waves in the ab-
sence of external forces, and {Uq} is the relative displacement correspond-
ing to the displacement of the foundation under the action of the external
forces in the absence of incident wave excitation.

The interaction force {Fs(w)}exp{-iat} generates the relative displace-
ment {Ug}exp{-iat}. It corresponds to the force that the foundation exerts
on the soil, and it is related to {Uo} by {Fs} = [Ks(®)]{Uo}, where [Ks(w)]
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is the 6x6 complex stiffness matrix of the embedded foundation. It de-
pends upon the material properties of the soil medium, the characteristics
and shape of the foundation, and the frequency of the harmonic motion. It
describes the force-displacement relationship between the rigid founda-
tion and the soil medium.

The driving force of the incident waves is equal to

(R =KUY} (32)

where the input motion {U*} is measured relative to an inertial frame. The
“driving force” is the force that the ground exerts on the foundation when
the rigid foundation is kept fixed under the action of incident waves. It
depends upon the properties of the foundation and the soil and on the na-
ture of excitation.

The displacement {U} is then related to the interaction and driving
forces via

[KJU}={F}+{F}.
For a rigid foundation having a mass matrix [Mg] and subjected to external
force, {Fex}exp{—iat}, the dynamic equilibrium equation is

_wZ[MO]{U}Z_{Fs}+{Fext}' (3.3)
{F.}={F.F ..My, M, .M, } is the force the structure exerts on the
foundation (Fig. 3.1). Then Eq. (3.3) becomes

(~' M1+ [K ) U} ={F | +{F,.}. (3.4)

The solution of {U} requires the determination of the mass matrix, the
impedance matrix, the driving forces and the external forces.

Foundation Response. The stiffness and damping coefficients associated
with the real and imaginary parts of [Ks] are the functions of dimensionless
frequency 7 (Lee 1979). n= walzf3 is the ratio of the diameter of the he-
mispherical foundation to the wavelength of the transverse (S) waves, 4, in
the half space. 7 is also a dimensionless wave number ksa/z. The range of
n considered in the examples here will be from 0 to 1.

Incident SV wave (Fig. 3.1) excites vertical motion, horizontal translation,
and rocking, {Ax/ap, 0, A,lay, aglao, O}T. For the Poisson’s ratio,
v=0.25, the critical angle of incidence is &, = 35°16’. The incidence an-
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gles 4= 0° and 30° are thus below the critical angle, while the angles of
incidence &= 60° and 85° are beyond the critical angle. The case of graz-
ing incidence (= 90°) will result in zero motion in the free field, and thus
it is not considered here. In Fig. 3.2, the normalized amplitudes |ag, /ao|,
where a is the radius of the foundation, and a, is the amplitude of incident
waves, are plotted versus the dimensionless frequency # for different an-
gles of incidence and for my/ms = 0, 2, and 4; mg is the mass of the hemis-
pherical foundation; and ms is the mass of soil removed by the foundation.
For vertical incidence, only the horizontal translation and rocking are ex-
cited, and there is no vertical motion. At low frequencies, the displacement
amplitudes approach the limit of the free field displacement amplitudes.

3 T I T | | T | |
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Fig. 3.2 Rocking ¢, of the foundation, excited by plane SV waves, with incident
angles €= 0°, 30°, 60° and 85°, and dimensionless frequency 7
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The amplitudes gradually decrease with increasing 7, because of the em-
bedment, which introduces coupling and rocking. The increase of the
mo/ms factor influences the displacement amplitudes in a way that can be
viewed through an analogy with a single-degree-of-freedom system (Lee
1979). It is seen that the foundation converts a significant part of the inci-
dent wave energy into rotational motions and that this conversion is most

efficient for incident wavelengths about twice the diameter of the founda-
tion.
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Fig. 3.3 Torsion ¢, of the foundation, excited by plane SH waves, with incident
angles = 30°, 60° and 85°, and dimensionless frequency 7
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Incident P wave excites vertical motion, horizontal translation, and rock-
ing of the foundation {Ax/ao, 0, Az/ay, 0, ag/ap, 0}'. For vertical inci-
dence, only the vertical motion is excited. The embedment introduces
coupling of the horizontal translation and rocking, and, for a general inci-
dence angle, a significant component of rocking is present. The normalized
rocking amplitudes |ag, /ao| are similar to those for excitation by SV waves
(Fig. 3.2) but are smaller (Lee 1979).

2 I I ] | I I T T
ad)x/ao Incident SH wave
mo’(ms

0
D s i v )
g
7, (R I i N
<
i B 7 :

Fig. 3.4 Normalized rocking ¢ of the foundation, excited by plane SH waves,
with incident angles 6= 0°, 30°, 60° and 85°, and dimensionless frequency 7

Incident SH wave excites torsion, horizontal translation, and rocking of
the foundation. Unlike for incident P and SV waves, no vertical motion is
excited: {0, A,/ay, 0, ag/ap, 0, ag,/a}’. In the absence of the foundation,
the free field surface displacement amplitude for an incident SH wave of
unit amplitude is two for the horizontal y-component and zero for the x-
and z-components, for all angles of incidence. The presence of the founda-
tion changes this simplicity. In Figs. 3.3 and 3.4, the amplitudes |ag,/ay|
and |ag/a| are plotted versus the dimensionless frequency 7 for different
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angles of incidence and for me/ms =0, 2, and 4. For vertical incidence,
only the horizontal translation and rocking are excited, and there is no
torsion (ag,aq). At low frequency, the y-component displacement ampli-
tudes approach the free field displacement amplitude for all angles of inci-
dence. As for incident P and SV waves, the motions decrease with increas-
ing frequency because of wave scattering by the embedded foundation.
Coupling and a significant component of rocking are introduced by the
embedment. The increase in the mg/ms ratio illustrates again the analogy
with single-degree-of-freedom system.

Hill's Equation. From (3.4), the matrix equation of motion of the foun-
dation, with external forces present, is

[Mo{U S +[K (U} ={F} +{F.q ). (3.5)

After the mass matrix [Mo], the stiffness matrix [K], and the force {F.'}
have all been evaluated, those can be used to determine the foundation dis-
placement {U}. For soil-structure interaction problems, in the presence of
the structure, {Fe} is the force that the structure exerts on the foundation.
The first model illustrated here is shown in Fig. 3.5. It considers the cas-
es involving incident P and SV waves. The structure is represented by an
equivalent single-degree-of-freedom system, with a concentrated mass mj at
a height h above the foundation. It has a radius of gyration r, and a moment

of inertia I, =m,r;” about 0. The degree-of-freedom is chosen to corres-
pond to the rocking ;. This rotation is restrained by a spring with rocking
stiffness K, and by a dashpot with rocking damping C, (both not shown in
Fig. 3.5). The gravitational force my,g is considered. Taking moments about
B results in the equation of motion

éy +lﬁr +2a)rgrl/./r +a)r2l//r :(1/8){_(Ax /a)COS(¢y +(//r)

) . ) (3.6)

+(@fe, +A, 1a)sin(g, +y, )}
where £ =h(l+(r, /h)*)/a, o =K, /[m(h®+1?)]; the natural frequency
of rocking squared, ¢ is a fraction of the critical damping in
20,5, =C, [[m(h* +1))]; and &, =2/ w’a. Equation (3.6) is a differen-
tial equation coupling the rocking of the foundation and the structure with
the horizontal and vertical motions of the foundation. It is a nonlinear equ-
ation, whose solution will require numerical analysis. In this work we will
consider only the case when ¢, +y, is small. Then
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i, + 20,6y, +{of (1-2,1 £)-A, | saly, =

. . . @.7)

=—g, +(1/ g){—AX /a+(a)r25g +A, /a)¢y}.
For steady-state excitation by the incident P and SV waves, with frequency
o, Ay, ¢, and A, and therefore the coefficients of (3.7), will be periodic.
Equation (3.7) is then a special form of Hill's equation. Analysis of the
stability of this equation can be found in the report by Lee (1979).

Fig. 3.5 In-plane rocking of foundation-structure model excited by plane P or SV
waves

Solution of the Interaction Equation. For steady-state harmonic incident
P and SV waves with excitation frequency w, the vertical component of the
foundation displacement, A,, will also be harmonic with the same frequen-
cy w. Considering only the period T = 27/w, the most general solutions
will take the form of Fourier series

AX — ZAn e—inwt, ¢y — Z¢n e—ina)t’ v, = Zl//n e—ina)t’ (38)

where the summation is from n= - to +o0. A,, ¢, and y;, are Fourier
coefficients to be determined (Lee 1979). For the examples that follow, the
model parameters have been chosen to take on the following values:
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mo/ms=1, my/ms=3, hfa=1, r,/h=0.5, {=0.02, g=0.1, a/a=0.05,
and the dimensionless fixed-base frequency of the structure
= wdl zf=0.1,0.3, 0.5, and 0.8. my/ms = 1.0 corresponds to the case of
a rigid hemispherical foundation of the same density as the elastic medium
of the half space.
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Fig. 3.6 Normalized rocking angles y and ¢, and translation A versus dimen-
sionless excitation frequency 7, for normalized model frequencies 7, = 0.1, 0.3,
0.5 and 0.8, and for incident P wave with = 30°
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The amplitudes of the coefficients Aj/ag, a¢i/ag, and ays/a, of the
first harmonic components (n = 1) corresponding to the harmonic frequen-
cy of excitation, e, are the dominating contributors to response. For
n > 1, the coefficients A,/a,, ag,/aos, and aw,/a,, among other parame-
ters, are dependent upon the ratio ap/a, which is chosen to be 0.05. Figure
3.6 illustrates the response amplitudes of the first harmonic components
(n =1; the amplitudes for n = 2 are much smaller and may be neglected)
of the Fourier series of A,/ao, agy/as, and ay;/ag, representing founda-
tion translation, foundation rocking, and relative rocking response.

In the analysis and design of earthquake-resistant structures, it is neces-
sary to estimate the maximum amplitudes of the relative responses at the
top of the structure, which are then used to calculate the strain and the
maximum stresses in the structure. In the absence of soil-structure interac-
tion, the structure’s relative rocking response, u;, would be maximum at
the fixed-base natural frequency, a, and the relative response would ap-
proach infinity, as the fraction of critical damping, ¢, approaches zero.
Interaction of the foundation with half space introduces “damping” into the
relative response and results in a reduction of the “natural frequency” of the
complete system. This reduction is more pronounced for larger values of
fixed-base natural frequencies (Todorovska and Trifunac 1991).

At each of the frequencies where the relative responses experience max-
ima, the foundation rocking has an associated peak. At the fixed-base natu-
ral frequencies of long buildings (Trifunac 1972), the corresponding com-
ponent of the external force will experience a maximum, and the corres-
ponding displacement component has a “node” in the half space. Similar
nodes are observed in the foundation rocking component of the three-
dimensional models. However, because of the coupling of foundation rock-
ing with the foundation horizontal translation, these nodes do not occur at
exactly the fixed-base natural frequencies of the structure.

As the values of my/ms and h/a increase, the rocking components of the
foundation and the structure become more prominent—so prominent that the
peak relative responses occur at frequencies characteristic of the natural
rocking frequencies of the total system. For large m,/ms and h/a, the rock-
ing stiffness of the structure, K. =m o’ (h” +r?), becomes large. As the
structure becomes stiffer, its relative rocking response becomes small, and
the structural response, y4, contributes a negligible amount to ¢+ y. The
total system then behaves like a rigid, partially embedded mass, m = mg + my,
vibrating on an elastic half space (Biot 2006, Lee et al. 1982).

The model of the structure for the case of an incident SH wave (Fig. 3.7)
is similar to the one for the incident P and SV waves. Its displacement vector
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Fig. 3.7 Rocking (¢ and y), torsion (¢, and ) and translation A, of foundation-
structure model, excited by incident SH wave

is {0, Ay, A, &, 0, ¢Z}T. The structure can rock about the x-axis (Fig. 3.7,
top) and twist about the z-axis (Fig. 3.7, bottom). Let y; be the relative
angle of rocking of the mass. For torsion, let w1 be the relative angle of
twist of the mass; I+ its moment of inertia about the z axis; Kt the torsional
stiffness; Cr the torsional damping; er the torsional natural frequency,

@’ =K, /l;; and & the fraction of critical damping for torsion, where
2w, ¢; =C; /1. Writing the rocking moment equilibrium equations about
B (Fig. 3.7, top), torsional moment equilibrium about a vertical axis

through B (Fig. 3.7, bottom), and assuming that ¢+ y; and ¢+ y; are
small, gives

v+ 206y, o} (16, 1 £) - A caly, = (3.9)

=G+ ()R, 1a+(afe, + A, 1a))
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and

Vit ZngT Vit w%'//T = _¢z .

(3.10)

It is seen that for small relative response and small rocking, the torsional
twist is uncoupled from the horizontal motions. Figure 3.8 illustrates the
amplitudes of A,/ag, agi/as, and ayr/a,, for incident SH waves when

6=30°.
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Fig. 3.8 Normalized rocking angles ¢, and ., and out-of-plane foundation mo-
tion A, versus dimensionless excitation frequency 7, for normalized model fre-
quencies 7, = 0.1, 0.3, 0.5 and 0.8, and for incident SH wave with = 30°



14 M.D. Trifunac

3.3 Soil-Foundation Interaction — Far Field

For distances greater than about 10a (Fig. 3.1) the motions of the half
space, generated by building vibration, can be evaluated in terms of a point
source consisting of two horizontal forces, Fy,, Fpy, two rocking moments,
My, Mpy, and a torsional moment, My,. A building oscillating in the x-z
plane, for example, will produce strong Rayleigh waves in the x direction,
while Love waves will be generated in the y direction (Bycroft 1956, Cher-
ry 1962, Favela 2004). During forced vibration tests of a building, suffi-
ciently large displacements of the ground can be generated, so that the
recording and analysis can be made with standard recording devices at
distances approaching 10 km (Luco et al. 1975). With specialized record-
ing and data analyses, surface waves generated by building rocking can be
detected at distances approaching 1.000 km (Favela 2004). The recorded
motions contain valuable information about the properties of the medium
of propagation and can serve as a full-scale laboratory for testing and veri-
fication of the wave propagation models of sedimentary and soil layers
(Wong et al. 1977b), and of the influence of the surface topography on the
amplitudes of surface motions (Wong et al. 1976).

3.4 Summary

The above single-degree-of-freedom system model of buildings erected on
flexible soil shows how, through soil-structure interaction, a portion of the
energy of incident waves is converted into the rotational motions. The
eccentric location of the foundations, below the center of mass of the struc-
tures they support, makes the foundations the sources of rotational motions
in the soil. Through the soil-structure interaction, the translational energy
of the in-plane body P- and the SV-waves is converted into the foundation
rocking (in the same plane), while the energy of the incident SH waves
becomes the source of out-of-plane rocking and torsion about the vertical
axis. It can be shown that the additional rotational excitation associated
with the passage of Rayleigh (rocking) and Love (torsion) surface waves
further amplifies the rotational motions of the foundations.

The amplitudes of the rotational motions of the foundations depend
most upon the natural frequency of the structure above and on the wave-
length of the incident waves below. The largest rotations of the foundation
occur for relatively stiff buildings (when 7= ea/zf is large; e.g., 0.8 in
Figs. 3.6 and 3.8) excited by incident waves with wavelengths that are
approximately double the characteristic width of the foundation (when 7 is
near one half; see Figs. 3.2, 3.3, and 3.4).
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For multiple foundations of long structures, like bridges, for example,
all of the above will hold for individual foundations, but additional rota-
tional motions in the soil will also result from differential motions of the
supports and from the wave passage effects (Trifunac and Todorovska
1997, Trifunac and Gicev 2006). These additional rotations will tend to be
associated with longer wave-lengths, comparable to the inter-foundation
distances of the multiple foundation systems, and can be viewed as result-
ing from a couple, or from a chain of couples, whose component forces lie
in a vertical (for in-plane excitation) or horizontal (for out-of-plane excita-
tion) plane.

In an urban setting, a distribution of buildings will act as an extended
surface source area, consisting of a large number of closely spaced sources
of translational and rotational motions, which will cause the warping of the
half space surface in the near field and a seemingly random distribution of
strong, high-frequency surface waves in the far field. For a distribution of
buildings 1-50 stories high, the waves generated by the movement of their
foundations will be in the range 0.1-10 Hz.

In this chapter, the basic source of rotational motions has been illu-
strated in terms of a spherical rigid foundation supporting a single-degree-
of-freedom oscillator as a model of a “simple building”. Mutatis mutandis,
many of the above-described phenomena can be generalized to interpret
the changes in the free-field wave motions resulting from a broad spectrum
of other eccentrically supported “oscillators” ranging from individual trees
to large and small geological formations like those in Monument Valley in
Utah, down to Meteora in Greece or Sigiria in Sri Lanka, for example.

References

Biot MA (2006) Influence of Foundation on Motion of Blocks. Soil Dynamics &
Earthquake Eng 26: 6-7, 486-490

Boutin C, Roussillon P (2004) Assessment of the Urbanization Effect on Seismic
Response. Bull Seism Soc Amer 94: 1, 251-268

Bycroft GN (1956) Forced Vibrations of a Rigid Circular Plate on a Semi-Infinite
Elastic Space and on an Elastic Stratum. Philosophical Trans of the Royal So-
ciety of London Series A — Math and Physical Sc 248: 327-368

Cherry JT (1962) The Azimuthal and Polar Radiation Patterns Obtained from a
Horizontal Stress Applied at the Surface of an Elastic Half Space. Bull Seism
Soc Amer 52: 1, 27-36

Favela J (2004) Energy Radiation from a Multi-Story Building. PhD Thesis, Calif
Inst of Tech, Pasadena, California



16 M.D. Trifunac

Foutch DA, Luco JE, Trifunac MD, Udwadia FE (1975) Full Scale Three-
Dimensional Tests of Structural Deformations During Forced Excitation of a
Nine-Story Reinforced Concrete Building. Proc. U.S. National Conference on
Earthquake Engineering, Ann Arbor, Michigan, 206-215

Gicev V (2005) Investigation of soil-flexible foundation-structure interaction for
incident plane SH waves. Ph.D. Dissertation, Dept of Civil Engineering, Univ
Southern California, Los Angeles, California

Gueguen P, Bard P-Y, Oliveira CS (2000) Experimental and Numerical Analysis
of Soil Motions Caused by Free Vibrations of a Building Model. Bull Seism
Soc Amer 90: 6, 1464-1479

Gueguen P, Bard P-Y, Chavez-Garcia F (2002) Site-City Interaction in Mexico
City-Like Environments: An Analytical Study. Bull Seism Soc Amer 92: 2,
794-811

Kham M, Semblat J-F, Bard P-Y, Dangla P (2006) Seismic Site-City Interaction:
Main Governing Phenomena Through Simplified Numerical Models. Bull
Seism Soc Amer 96: 5, 1934-1951

Lee VW (1979) Investigation of Three-Dimensional Soil-Structure Interaction.
Department of Civil Engineering, Report CE 79-11, Univ of Southern Cali-
fornia, Los Angeles, California

Lee VW, Trifunac MD (1982) Body Wave Excitation of Embedded Hemisphere.
ASCE, EMD, 108: 3, 546-563

Lee VW, Trifunac MD, Feng CC (1982) Effects of Foundation Size on Fourier
Spectrum Amplitudes of Earthquake Accelerations Recorded in Buildings.
Soil Dynamics and Earthquake Engineering 1: 2, 52-58

Luco JE, Trifunac MD, Udwadia FE (1975) An Experimental Study of Ground
Deformations Caused by Soil-Structure Interaction, Proc. U.S. National Conf.
on Earthg. Eng., Ann Arbor, Michigan, 136-145

Luco JE, Wong HL, Trifunac MD (1986) Soil-Structure Interaction Effects on
Forced Vibration Tests. Department of Civil Engineering, Report CE 86-05,
University of Southern Calif, Los Angeles, California

Luco JE, Trifunac MD, Wong HL (1988) Isolation of Soil-Structure Interaction
Effects by Full-Scale Forced Vibration Tests. Earthquake Engineering and
Structural Dynamics 16: 1, 1-21

Sezawa K, Kanai K (1935) Decay in the Seismic Vibration of a Simple or Tall
Structure by Dissipation of Their Energy into the Ground. Bull Earth Res Inst
XI11: 3, 681-697

Sezawa K, Kanai K (1936) Improved Theory of Energy Dissipation in Seismic
Vibrations on a Structure. Bull Earth Res Inst X1V: 2, 164-168

Todorovska MI (2002) Full-scale Experimental Studies of Soil-Structure Interac-
tion. Indian Society of Earthquake Technology Journal 39: 3, 139-166



3 Buildings as Sources of Rotational Waves 17

Todorovska MI, Trifunac MD (1989) Antiplane Earthquake Waves in Long Struc-
tures. ASCE, EMD 115: 2, 2687-2708

Todorovska MI, Trifunac MD, Lee VW (1988) Investigation of Earthquake Re-
sponse of Long Buildings. Department of Civil Engineering, Report CE 88-
02, Univ of Southern Calif, Los Angeles, California

Todorovska MI, Trifunac MD (1990) Analytical Model for In-Plane Building-
Foundation-Soil Interaction: Incident P-, SV-, and Rayleigh Waves. Depart-
ment of Civil Eng Report CE 90-01, Univ Southern Calif, Los Angeles, Cali-
fornia

Todorovska MI, Trifunac MD (1991) Radiation Damping During Two-
Dimensional In-Plane Building-Soil Interaction. Department of Civil Eng Re-
port CE 91-01, Univ Southern California, Los Angeles, California

Todorovska MI, Trifunac MD (1993) The Effects of the Wave Passage on the
Response of Base-Isolated Buildings on Rigid Embedded Foundations. Dept
of Civil Eng Rep CE 93-10, Univ Southern Calif, Los Angeles, California

Trifunac MD (1972) Interaction of a Shear Wall with the Soil for Incident Plane
SH Waves. Bull Seism Soc Amer 62: 1, 63-83

Trifunac MD, Gicev V (2006) Response Spectra for Differential Motion of Col-
umns, Paper Il: Out-of-Plane Response. Soil Dyn & Earthq Eng 26: 12, 1149-
1160

Trifunac MD, Todorovska MI (1997) Response Spectra and Differential Motion
of Columns. Earthquake Eng and Struct Dyn 26: 2, 251-268

Trifunac MD, Todorovska MI (2001) Recording and Interpreting Earthquake
Response of Full-Scale Structures. Proc NATO Advanced Research Work-
shop on Strong-Motion Instrumentation for Civil Eng Structures, June 2-5,
1999, Istanbul, Turkey, Kluwer Academic Publ, Dordrecht, 131-155

Trifunac MD, Ivanovic SS, Todorovska MI (2001a) Apparent Periods of a Build-
ing |: Fourier Analysis. J Struct Eng, ASCE, 127: 5, 517-526

Trifunac MD, Ivanovic SS, Todorovska MI (2001b) Apparent Periods of a Build-
ing 11: Time-Frequency Analysis. J Struct Eng, ASCE, 127: 5, 527-537

Trifunac MD, Hao TY, Todorovska MI (2001c) Response of a 14-Story Rein-
forced Concrete Structure to Nine Earthquakes: 61 Years of Observation in
the Hollywood Storage Building. Dept of Civil Eng, Report CE 01-02, Univ
of Southern California, Los Angeles, California

Trifunac MD, Ivanovic SS, Todorovska MI, Novikova El, Gladkov AA (1999)
Experimental Evidence for Flexibility of a Building Foundation Supported by
Concrete Friction Piles. Soil Dyn & Earthg Eng 18: 3, 169-187

Tsogka C, Wirgin A (2003) Simulation of Seismic Response in an Idealized City.
Soil Dynamics and Earthquake Engineering 23: 5, 391-402



18 M.D. Trifunac

Werner SD, Lee LC, Wong HL, Trifunac MD (1979) Structural Response to Tra-
velling Seismic Waves, ASCE. J Struct Div 105: ST12, 2547-2564

Wirgin A, Bard P-Y (1996) Effects of Buildings on the Duration and Amplitude of
Ground Motion in Mexico City. Bull Seism Soc Amer 86: 3, 914-920

Wong HL, Trifunac MD (1975) Two-Dimensional, Antiplane, Building-Soil-
Building Interaction for Two or More Buildings and for Incident Plane SH-
Waves. Bull Seism Soc Amer 65: 1863-1885

Wong HL, Trifunac MD, Lo KK (1976) Influence of a Canyon on Soil-Structure
Interaction. J Eng Mech Div, ASCE 102: EM4, 671-684

Wong HL, Luco JE, Trifunac MD (1977a) Contact Stresses and Ground Motion
Generated by Soil-Structure Interaction. Earthquake Engineering and Struc-
tural Dynamics 5: 1, 67-79

Wong HL, Trifunac MD, Westermo B (1977b) Effects of Surface and Subsurface
Irregularities on the Amplitudes of Monochromatic Waves. Bull Seism Soc
Amer 67: 2, 353-368



