ON THE DYNAMIC BEHAVIOR OF ELASTIC FRAME
STRUCTURES WITH BASE IMPOSED HARMONIC
DISPLACEMENT
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Abstract. The dynamic response of an elastic shear frame structure to imposed lateral
harmonic displacement of the base slab is analyzed within frequency ranges placed
below and above natural frequencies. It is shown that between two successive
frequencies of the natural vibration modes there are input frequencies for which the
lateral displacements of certain structure levels are practically negligible and therefore
behave like nodes. These nodes are different from those displayed by the natural
vibration modes. This behavior is a direct consequence of the modification of phase
shift between the lateral displacements of base and upper levels when the input
frequency is swept below or above the natural frequencies of structure. This dynamic
behavior leads to different distributions of lateral seismic forces along the structure
height. The mid-storey collapse of medium-rise buildings cause by earthquakes could
be possibly explained by this effect.

Key words: shear frame structure, frequency response function, lateral vibration nodes,
inter-storey drift, mid-storey damage.

1. INTRODUCTION

Inspection of damaged buildings after major earthquakes reveals in many
cases mid-storey collapse of medium-rise buildings [1]. Usually, this phenomenon
is attributed to the structural dynamic loads produced by excitation of a higher
vibration mode. However, for medium-rise buildings (around 10 stories) the above
vibration modes are unlikely to be excited by the seismic ground motion.
Generally, even the frequency of the second vibration mode of such buildings is
too high (about 3 times greater than the frequency of the first vibration mode) to be
excited by the ground motion, due to the spectral content of the seismic input
(especially in case of slow earthquakes). In addition, analyses were carried out for
multi-degree of freedom (MDOF) models of various distributions of lateral
strength, in order to investigate the reason of such behavior [2, 3]. The vibration of
a slender uniform cantilever beam with imposed harmonic motion at the clamped
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end was investigated both analytically and experimentally, showing different
vibration patterns when the beam vibration is excited bellow or above the first
natural frequency [4, 5]. While bellow resonance, the harmonic motions of beam
base and top are in phase, above resonance these motions are out of phase,
displaying a node which shifts toward the free end with the increase of driving
frequency. For same top absolute displacement, both bending moment and shear
force along the beam are bigger above resonance than bellow resonance. Moreover,
above resonance the shear force has a maximum value at the node position. In this
paper, a similar dynamic behavior is described for an elastic shear frame structure
modeled by a MDOF system. The analysis of modal amplification factors in the
frequency intervals between resonant frequencies reveals the existence of a set of
input frequencies for which the absolute displacements of different stories are
practically negligible. Therefore, the structure displays more nodes than those
corresponding to the natural modes of vibration, leading to a more complex
distribution of dynamic loads along the structure height that must be considered in
the assessment of lateral strength distribution.

2. ANALYTICAL MODEL

The analytical model of a five-storey building is the MDOF system shown in
Fig. 1. Only lateral motion is considered, the building being treated as a shear
frame structure. The mass of each story of the structure is considered to be
concentrated at the level of the slab. These concentrated masses are connected by
linear springs and viscous dampers to represent structural stiffness and damping for
displacements in the elastic region. We assume that the distribution of mass,
stiffness and damping is uniform. Therefore, each level is a single degree of
freedom oscillating system with mass m , stiffness coefficient kand damping
coefficient c.

The system of equations of motion is

P1+0fy; —0Fy, + 200005 — 20,005, = X

Yi— 036)’;‘—1 + 2035)’1' - ‘D%ym =280y +4C00;0; =280V =0

1
i=234 M
Vn _‘D%JM +2@%y5 —2Cywy4 +4Cowoys =0,
where
d . k c
Y i=X =X, xi:zyk+x0, i=1,2,..,5, oy=,—, Cy= . ()
o m 2mao,
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In the above equations, x, (t) = X,sinw¢ is the harmonic displacement,
applied to the structure base, X,,...,Xx; are the absolute lateral displacements of
structure slabs with respect to the equilibrium position (Oz) and y,, ¥,, Vs, Vs> Vs
are the inter-storey drifts (Fig. 1).
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Fig. 1 — MDOF model of structure.

Let us denote by Hy’ (V,CO),izl,...,S, wherev=c0/oa0, the frequency

response functions of the relative displacements. In order to determine these
functions, one must introduce in equation (1) the complex form of input and output

X0 (t)=Xoeivm0t, yi(t):Hyv (V,CO)XOeivmot (3)
and the following system of linear equations is then obtained

A(v.Co)H, (v.8o) =B, @)

where
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vi-a a 0 0 0
a v?-2a a 0 0
A(v.Co)=| © a v?’-2a a 0 |, a=1+2i¢,v,
0 0 a v’-2a a
0 0 0 a v?-2a] )

Hy(v,(;o):[Hyl v.Co) H,y, (Vo) Hy, (v.Go) Hy, (v.Co) H,, (V,Co)]T,
T
B=[v20000] .

Taking into account the relationships (2), the frequency response functions of
the absolute displacements can be written as

H, (v.i8o)=D_H, (v.5o)+1,i=12,..5. (6)
k=1

The analytical forms of these frequency response functions are very
complicated for #0. A substantial simplification is obtained for the undamped

system. As the usual values of fraction of critical damping of building structures
are very small (0.02<,<0.05), the determination of frequency response

functions for undamped system provides very useful information about the
structure dynamic behavior. By solving system (4) for £, =0, one obtains the

frequency response functions of the inter-storey drifts y,(¢),i=1,...,5 for the
undamped system:

Hy[(v,0)=%, i=12,..,5,
B (v)= \/2(\/8 —8vO +21v* —20v? +5), P, (v)zvz(v676v4+10v274), (7)
P, (v) =v? (v4—4v2+3), P (v) =v? (v4—4v2+3), P, (v) =v? (v2 —2),
Ps(v)=v?2, detA(v,0)=v'"—-9v8+28v6 -35v* +15vZ —1=0.

Introducing (7) in (6), yields
Hxl(v,O):(;ele—(Q\i’(Ov)), i=12,.,5,
0;(v)=v¥=7vo +15v4 —10vZ +1, 0, (v) =v® = 5v* + 6v2 -1,
O5(v)=v*=3v2+1,0,(v)=v2-1, O5(v)=1.

®)
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The natural frequencies of the undamped system are given by
0, =Vv,00,1=1,2,...,5, where v, are the positive roots of the characteristic

equation detA(v,O)zO:
v, =0.286, v, =0.839, v; =1.31, v, =1.685, v5=1.919. 9)

,i=1,2,..,5, of absolute lateral

The amplification factors ‘Hx_ (v,0)

displacements, are plotted in Figs. 2—6.
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Fig. 2 — Amplification factor of 1* storey. Fig. 3 — Amplification factor of 2™ storey.
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Fig. 4 — Amplification factor of 3™ storey. Fig. 5 — Amplification factor of 4™ storey.

10 These graphs show very clearly
j /\ A that between natural frequencies of
structure, there are frequencies at which

the amplification factors of lateral
absolute displacements display very low
values, with the exception of fifth floor.
Therefore, there are specific input
0.01 d—— frequencies at which the stories 1-4
v behave like nodes, which are different

from the nodes displayed by the natural

vibration modes 2-5.

Fig. 6 — Amplification factor of 5" storey.
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The number of these pseudo-nodes decreases by one (from four to zero) with
the increase of storey height. Another important piece of information, provided by
these plots, concerns the input frequencies for which the amplitude of lateral
motion of one or more stories is equal to the amplitude of base imposed motion, i.e.
The value of frequency response functions is 1. The base and storey motions can be
in phase or out of phase if the input frequency is below or above the resonance
frequencies.

3. NUMERICAL SIMULATION RESULTS

For numerical simulation, the values of structure parameters ®, and (,
were chosen such as the frequency and the fraction of critical damping for the first
vibration mode of the entire structure to be f; =1.2Hz (7;=0.83s) and {; =0.02,
respectively. Therefore the undamped frequency of the SDOF system,
corresponding to one storey, is ®, =, /v, =27f; /v, =26.45 rad/s . By analyzing
the free motion of the 5™ storey in the first vibration mode for different values of
€, the desired value of £; was obtained for £, =0.075 (see the free vibration
plot shown in Fig. 7).
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Fig. 7 — Free motion of the 5™ storey in the 1% vibration mode.

Figs. 811 show the time histories of base and stories absolute
displacements, obtained by numerical simulation for the following set of input
frequencies (periods):

e bellow first vibration mode frequency:

fo1 =093 Hz<f,=12 Hz, T); =1.08s>T, =0.83 s;
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¢ and between first and second vibration modes frequencies:

Sio =1.45Hz, T}, =0.69 s; f15 =1.86 Hz, T3 =0.54 s;
fia =259 Hz<f,=3.52Hz, 7, =0.39s > T, =0.28 5.

These values were chosen such as to minimize the amplification factors of
the absolute displacements of stories 1, 2 and 3.
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Fig. 8 — Output below 1* resonance. Fig. 9 — Output above 1% resonance —
node at 1% storey.

These graphs show very clearly that below first resonance, the absolute
displacements of base and stories are in phase. Above the first mode frequency, for
certain input frequency values, sensibly smaller than the second mode frequency,
the first three stories can behave like nodes. The absolute displacements of stories
below and above the nodes are in opposite phase. Moreover, when the third storey
becomes a node, the base and first stories have equal absolute displacements, i.e.
the five-storey structure behaves like a four-storey one, with same base
displacement. The plots presented in Figs. 12 and 13 advocate once more these
assertions.
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Fig. 10 — Output below 2™ resonance — node at
2" storey.
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Fig. 12 — The structure output shape below and
above 1* resonance (first storey is a node).
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Fig. 11 — Output below 2™ resonance —
node at 3 storey.
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Fig. 13 — The structure output shape
between 1% and 2™ resonance
(2™ and 3™ stories are nodes).

Obviously, the above analysis can be easily extended for all frequency
intervals, situated between the frequencies of the higher vibration modes, but is it
less relevant for a frame structure with five stories, since the higher vibration
modes are very unlikely to be exited by seismic motions.
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4. EXPERIMENTAL RESULTS

Within the framework of an experimental program [6], carried out to assess
the efficiency of semi-active control of structural vibration, a uniform structure
with three stories has been constructed (Fig. 14) and tested for both harmonic and
seismic base imposed displacement.

The frequency of the first vibration mode of structure is
f1=1.17 Hz (T; =0.85 s). Fig. 15 shows the amplitude spectra of harmonic input

and output obtained by measuring the lateral accelerations of structure base and
slabs without supplementary damping.

The measured acceleration time histories, shown in Figs. 15 and 16, outline
qualitatively the main features of dynamic behavior of elastic structures with base
imposed displacement, discussed above:

e the change of phase shift between base and upper levels from 0 (below
resonance) to 180° (immediately above resonance);

e node like behavior of the upper levels, displayed for driving frequencies
much less than the frequency of the next vibration mode.

Fig. 14 — Elastic structure with three stories.
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Fig. 15 — Acceleration amplitude spectra of elastic structure without additional damping.
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Fig. 16 — Time histories of accelerations measured for input frequency below
resonance: f,; =0.9 Hz (T =1.11s).
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Fig. 17 — Time histories of accelerations measured for input frequency above
resonance: fi, =1.2 Hz (7}, =0.83).

5. CONCLUSIONS

The dynamic response of an elastic frame structure with concentrated masses
at slab levels to imposed lateral harmonic displacement of the base slab was
analyzed, both analytically and experimentally, within frequency ranges placed
below and above natural frequencies. It is shown that between two successive
frequencies of the natural vibration modes there are input frequencies for which the
lateral displacements of certain structure levels are practically negligible and,
therefore, behave like nodes. These nodes are different from those normally
displayed by the natural vibration modes. This effect is a direct consequence of the
modification of phase shift between the lateral displacements of base and upper
levels when the input frequency is swept below or above the natural frequencies of
structure. This dynamic behavior leads to different distributions of lateral output
dynamic loads (bending moments and shear forces) along the structure height for
different input frequencies, which cannot be obtained by using an “equivalent”
model with fixed base exited by lateral forces. The mid-storey damages or even
collapse of medium-rise buildings, cause by earthquakes, could be possibly
explained by this effect.

Received on June 11, 2010



166

Tudor Sireteanu, Gheorghe Ghita, Viorel Serban 12

REFERENCES

INOUE Keiichi, Different positions of a collapsed story caused by earthquake ground motions
and capacity distribution of a building, February 2001.

FAIZIAN Marjan, ISHIYAMA Yuji, Lateral strength distribution and collapse mechanism of
buildings, Hokkaido Branch meeting, AlJ, Muroran, 2002.

ISHIYAMA Yuji, Distribution of lateral seismic forces along the height of a building, Building
research institute, Paper No. I 20, Ministry of construction, Japan, March 1986.

SIRETEANU Tudor, 4 Possible Explanation of the Building Breakage between 2 and 3" Floor
when Subjected to Strong Earthquakes, Proceedings of the Romanian Academy, Series A, 6, 3,
pp. 241-247, 2005.

SERBAN Viorel, ANDRONE Marian, SIRETEANU Tudor, VETURIA Chiroiu, STOICA
Madalina, Transfer, control and damping of seismic movements to high-rise buildings,
International Workshop on Base Isolated High-Rise Buildings, Yerevan, Armenia, June 15-17,
2006.

GHITA Gheorghe, SIRETEANU Tudor, BALDOVIN Daniel, Behavior of Elastic Structure
under Earthquake Loading (Chap. 4), in: Research Trends in Mechanics — Vol. 1, pp. 107-139,
Edit. Academiei Roméne, 2007.



