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In relation to disastrous damage of reinforced concrete (RC) columns due to recent Hanshin-Awaji
Earthquake, high-frequency behavior of RC beams subjected to impact loading is reexamined. Thus, the
effect of high-frequency horizontal motions on the columns is inclusively studied, solving RC beams in the
elastic range by BEM. From the dimensional analysis, it is suggested that the local failure mode of the
columns due to horizontal motions could result from high-frequency earthquakes over 10 Hz. The stress
analysis suggests spalling failure of cover concrete due to high-frequency bending motions and the high
shear stress zone localized at one end due to the higher frequency motions.
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1. INTRODUCTION

Recent Hanshin-Awaji Earthquake has brought
tremendous disaster and damage on concrete
structures®. As a result, numerous topical issues and
urgent forums are offered by a variety of organiza-
tions, institutes and societies. One of unexpected
disaster widely-reported is failure and damage of
reinforced concrete (RC) columns. Some of critical
phases on the failure are pointed out, as follow :

1) causal directions of vibration ; horizontal or verti-
cal,

2) failure modes resulted in disastrous failure ; shear
or bending, and

3) effect of high-frequency motions due to epicentral
quake.

At present, answers and reasons on these findings
are intensively studied by a number of research
groups. Previously, dynamic behavior of RC beams
due to impact was investigated in our lab., and some
effects of high-frequency motions on the beams were
clarified by the boundary element method (BEM)?.
Reexamining these results and analyzing new models,
the effect of high-frequency horizontal motions on
the RC column is studied. The effect of high-fre-
quency motions on RC members is not probably
associated with ultimate faiylure, but could be referred
to as triggering the nucleation of dynamic failure.
Consequently, the analysis is conducted on RC beams
in the elastic range. Although the boundary condi-
tions of the columns are different from those of the
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beams, the basic relation between the resonance
modes of high-frequency motions and the failure
modes could be derived from the dimensional analy-
sis. In order to clarify the stress generation under
dynamic motions, the elastic stress analysis of RC
beams due to high-frequency loads is also performed.

2. DYNAMIC MOTIONS

Dynamic elastic behavior of a RC member is mathe-
matically represented by a function, F(x, ¢) on the
location vector, x and time variable, ¢. Since a contin-
uous function on ¢ can be expanded into Fourier
series, we have,

F(x, )= an(x)cos 2afut + ba(x)sin 2afnt)]
=Xcal(x)exp(i2xfat). (o)
Complex coefficient c¢,(x) at frequency f» can be
obtained as solution u.(x) of Navier’s equation in the
steady state,
(A ) at5,1(2 ) + prans(2e) + (270 P 2) =0,
where A and 4 are Lame constants.

From eqs. 1 and 2, it is realized that actual behav-
ior of the structure could be reproduced as a linear
combination of the motions u:(x) at particular fre-
quency f.. Thus, a key issue is the analysis of
dynamic steady-motions due to particular frequency
incidence. For this purpose, a BEM code for the two
-dimensional (in-plane motion) elastodynamic steady
-state problem is developed?.
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Fig.1 Frequency responses of the two RC beams.

3. DIMENSIONAL ANALYSIS

Dynamic behavior of a structure is characterized
by incident wave motions, material properties, and
structure sizes. The kinetics of motions is prescribed
by frequency f, or period 7 which is equal to 1/1.
The material property essentially responsible for
dynamic motions is elastic-wave velocity », which is
derived from Young’s modulus, Poisson’s ratio, and
the density. The effect of the kinetics and the wave
velocity are united as wavelengths, v/f. Then, a
relation between the wavelength and the structure
sizes contributes to complicated dynamic behavior of
the structure.

In the present case, the structure sizes to be taken
into account are the length or span L, and the width
or depth, 4, of the member, which lead to a non
~-dimensional parameter ; aspect ratio A. Normalized
parameter x is assumed as the following function,

x=F(f,v, L,A).
The analysis leads to a relation,
x=AfL/v. (4)
This implies that the similar dynamic behavior is
predicted in the case that parameters x and A are
identical.

The applicability of the relation is studied by anal-

yzing dynamic responses of two similar RC beams.

6
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(1) Case x=0.878 (A=9)

Model (a) at 488 Hz

Model (b) at 976 Hz

(2) Case k=21.08(A=9)

Model (a) at 11712 Hz

Model (b) at 23424 Hz

Fig.2 Resonance vibration modes at the two peak fre-
quencies in Fig. 1.

These are model (a) of dimension L=90 cm and &=
10 and model (b) of dimension 45cmX5cm. Both
models are of the aspect ratio A=9, and are loaded at
2/9 of the span from the left edge. Vertical displace-
ments on the top at 4/9 of the span from the right
edge are analyzed by BEM. Configuration of the
specimen is given at the top of Fig. 2. In the analysis,
equivalent Young’s modulus to the RC beam is
employed?. Young’s modulus is 34.3 GPa, Poisson’s
ratio is 0.2, and the density is 2300kg/m?®. Responses
due to impact with 488Hz frequency increment are
shown in Fig. 1. P wave velocity of the models v, is
identical, because of the same material constants.

From eq. 4, input frequencies fu of model (a) and f»
of model (b) are related as,

X :9fa(0 . 9)/1)1:
=9fb(0 . 9)/Up.

And thus, 2fe="1» 5)

The relation of eq. 5 clearly holds in Fig. 1. Vibra-
tion modes at the two peak frequencies in Fig.1 are



given in Fig. 2. In the model (a), the peak frequency
'488Hz corresponds to the case x=0.878, and x=21.08
at another peak frequency, 11712Hz. Between the
models (a) and (b), the similarity on vibration modes
is surely confirmed.

Corresponding to the case x»=0.878, the similar
resonance vibration of an actual structure is predict-
ed at frequency 13.55Hz for the case that the length L
=18m, the width h=2m, and P wave velocity 2500m/
s. It is reported that many columns destructed in the
earthquake are of around 10 to 20m height. As can be
seen in Fig. 2, in the case »=0.878, only 1/3 right
portion of the beam is dominantly deformed. It sug-
gests the fact that the failure mode of the column
corresponding to the resonance deformation given
results from high-frequency components of earth-
quakes over 10Hz. In the case of stubby columns, the
aspect ration A become smaller than those of slender
columns. It suggests that the resonance frequency
associated with the failure mode could become even
higher.

Another suggestion is derived from eq. 4 in respect
to hybrid seismic-loading tests®*. In those experi-
ments, seismic waves are often extended in the time
scale. It leads to lower frequency. Since the structure
sizes are also smaller in the model tests except for full
-scale testing, the parameter x becomes eventually
small and the effect of high-frequency other than
large deformation and cyclic loading may not be
simulated.

4. STRESS ANALYSIS

To clarify the failure mechanisms and identify the
locations -of localized failure, the dynamic. stress
analysis is performed. RC beam of dimension Z=1.2m
and 2=0.06m (aspect ratio: A=20) is analyzed. One
reinforcing bar is embedded at 3 cm cover thickness.
In the experiments®, it was found that the first reso-
nance of axial strain at the center-bottom is observed
at 292Hz. Thus, an equivalent Young’s modulus was
determined as 35.6 GPa. Poisson’s ratio was 0.2, and
the density was 2490kg/m?. Furthermore, the effect of
reinforcement on dynamic behavior was studied in
the experiment. It is realized that the difference
between vibration motions of RC beams and those of
plain concrete is inconsequential under global reso-
nance modes.

Impact stress 1 MPa of this frequency was applied
to the beam. The corresponding stress distribution is
given is Fig. 3. Negative values indicate compressive
stresses. The normalized parameter x=1.56 for
292Hz.

As can be seen, the vibration mode and the stress
distribution .. are of bending. In the central region,
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Fig. 3 Stress distribution in the beam at 292Hz (x=1.56
and A=20).

large tensile stress oyy almost half of the axial stress
Ozz 1S Observed.

Since the axial stress is reinforced in the RC beam,
the large o,y values suggest spalling of cover con-
crete. In the case that the column length 20m and P
wave velocity=2500m/s, an actual frequency corre-
sponds to 9.75Hz. Thus, spalling of cover concrete is
predicted due to high-frequency bending motions. It
is noted that the ratio of the maximum shear stress to
the maximum axial stress is just 8%.

To study the stress distribution of a similar defor-
mation to the case (1) £=0.878 in Fig. 2, the input
frequency 500Hz is applied to the model. The case
corresponds to x/A=0.134, which is fairly close to the
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Fig.4 Shear stress distribution at 500Hz.

case (1) in Fig. 2 (x/A=0.098). A result of shear stress
distribution at the cross-section 0.5cm down from the
top surface is given in Fig.4. In the analysis, it is
found that the maximum axial stress 122kPa. The
maximum shear stress is observed —19.7 kPa at
nearly the right end of the beam. Since the maximum
axial stress was 122 kPa, the ratio of the maximum
shear stress to the maximum axial could reach up to
16%, which might be high enough for shear failure.
Comparing Fig. 4 with Fig. 2, it is realized that the
high shear stress zone is generated at the 1/3 right
portion of the beam. It implies that shear failure of
the slender column could occur at this region due to
high-frequency vibration. Although equivalent
Young’s modulus is assumed, this is not only the case
of plain concrete but also corresponds to that of the
RC beam under global resonance modes.

5. CONCLUSION

The effect of high-frequency horizontal motions on

the RC column is studied, solving analytically RC
beams in the elastic range. The basic relation
between the resonance modes of high-frequency
motions and the failure modes is elucidated by the
dimensional analysis and the elastic stress analysis.
(1) The results of the dimensional analysis suggest
the fact that the local failure mode of the column due
to horizontal vibration could result from high-fre-
quency components of earthquakes over 10Hz.

(2) Spalling of cover concrete is predicted under high
-frequency bending motion. Concerning the local
failure mode, the high shear stress zone is identified
at the 1/3 right portion of the beam.” The stress
reaches almost 209 of the maximum axial stress,
which may be high enough for shear failure at the end
of the column.
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