Wave propagation in high-rise building subjected to ground motion
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TWSF model

1. Abstract

An analytical method for the analysis of
wave propagation in non-uniform shear beam
structures is proposed. In this study, the
structures are modeled as stepwise shear
beams. For the analysis, a TWSF graph
model is developed on the base of the wave
equations. According to the developed model,
analytical and closed-form shear stress and
deformation of wave propagation in the
structures are determined using the graph
theory. The analytica and closed-form
frequency response of the structures is aso
obtained. Finally, a four-segment shear
structure is calculated by the derived
formulas are presented as illustrations.
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2. Introduction

Since high frequency excitations
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consisting of earthquake, traffic disturbance,
and machine noise are critical in design, there
has been much research on elastic wave
propagation in shear beam model. Shear
beam structures with non-uniform structural
properties and cross-section are usualy
modeled as multi-segment stepped shear
beams for anaysis. Severa methods
including the finite element method, transfer
matrix method and dynamic stiffness matrix
method have been proposed. [1-4]. However,
the classicd methods are suitable for
numerical computation.

In this project, an anaytica method
for wave propagation in non-uniform shear
structures is proposed. The shear structures
are modeled as stepwise cantilever shear
beams in the investigation. A graph model is
developed to represent the dynamic
characteristics of the uniform shear beam
segments on base of the wave equation. From
the developed graph model, the shear wave
responses are derived.

3. Theory

Wave propagation in a multistory
structure subjected to lateral load is
considered as shown in Fig. 1. The structure
includes N uniform segments, in which each
segment / consists of r; identical stories. In
the uniform segment /, the height of each
story is h;, while the complex rigidity of all
columnsis El; . It is assumed that the floor of
each story is rigid. The relation between the
total story shear fj; and the story-to-story
displacement of the jth story in the ith
segment is[1]
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where u;; is the displacement of the floor of
the jth story in the ith segment. If the mass

of the floor of each story in segment / is m,
the equilibrium equation will be
fija- f,=mé ;. 2

It is reasonable to regard the system as
a multi-segment uniform shear beam
continuum, in which one end of the beam is
free and the other end is subjected to
excitations, as shown in Fig. 2. The relation
between the shear force and the displacement
variation of the /ith segment on cross-section
X; can be expressed as
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where uq(x,f) is the lateral displacement at
cross-section x;, f(x;,1) is the shear force at
cross-section x, and A, is the cross-section
area of the ith segment. G;’ is the equivaent

shear modulus of the ith segment of the beam.

The equation of motionis
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If asinusoidal excitation is considered,
the displacement and the shear force of any
section of the beam should also be sinusoidal
with the same frequency. The relation
between each complex amplitude of the shear
force and displacement at both ends of
segment / can be expressed as

Fi.1 = Fcoskil; + U;AG kjsinkl;,  (5)
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where U;.; and U; are the complex amplitudes
of the latera displacement at both ends of the

ith segment for x=0and x=/;, respectively.

According to Egs. (5) and (6), these relations
can be expressed as a two-way state-flow
model as shown in Fig.3. In the graph model,
the two variables correspond to the shear
force and the displacement with opposite
directions at both the upper and the lower
ends. Moreover, the left state-flows at both
ends are al shear forces, whose flow
directions are all downward. The right
state-flows at both ends are all displacements
with upward flow directions. Thus, the
state-flow models for each two neighboring
segments can be connected in a series to form
the entire graph model of the N segment
beam. Based on the state-flow model, we
obtain the complex frequency response H,,
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The displacement response at location x; of
segment / can be expressed as the frequency
response of the displacement at the junction
of /and /-1 gives
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By substituting Eq.(7) into Eq. (8), the
frequency response of the displacement at
location x; of segment / can be expressed as
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3. Examples

A non-uniform shear structure
modeled as a four-segment stepped shear
beam with equal length / and identical
structural properties G° as well as wave

speed ¢ for each segment is investigated in



the first example. The area of segments 1, 2,
3,and 4is3A, 2A, A and 2A, respectively.

The frequency  responses  of
displacement at junctions 1, 2, 3, and 4 can
be calculated by Eq. (7) giving
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The frequency response of the
displacement at any location of each segment
can aso be calculated by Eq. (9) giving
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U(x,) =6U,cosk(/ - x,)/(45cos ki
- 47cos’ kI +8)

4. Conclusions

A graph model of a uniform shear
beam has been developed for the analysis of
wave propagation in shear structures. Based
on the graph model, the non-uniform shear
structure, modeled as a stepped cantilever
shear beam, subjected to excitation at the
fixed end is investigated. The deformation
responses at any section of each segment are
derived and expressed as a concise form.

Finally, an example of four-segment shear
structure has been investigated to illustrate
the implementation of the derived formulae.
Although only the shear beam structure has
been investigated, this method can be
extended to deal with the problem of wave
propagation in more complex systems.
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