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SUMMARY

In this study, on-line hybrid experiments are conducted in which earth-
quake response 1is calculated by a digital computer adopting the real
hysteretic restoring force of a reinforced concrete bending structural element
directly measured from a loading actuator. Tested results show that the total
absorbed energy by hysteresis loops is one of the best parameters to represent
deterioration process of stiffness, strength and energy absorbing capacity of
structural elements. Correlation of conventional and new damage and failure
criteria are examined for theoretical and practical earthquake damage
assessment of structures. Tested specimens are repaired by grouting of the
epoxy resin and reloaded with the same eathquake motion as the original one to
find restoration of the resistance. It is verified from the results that even
a specimen of which concrete is severly crushed can well be repaired.

1. INTRODUCTION

In earthquake resistant design of most structures, it 1is a common
approach to produce a structure capable of responding to moderate shaking
(more than a few times expected intensity of excitation in its life time)
without damage, and capable of resisting the unlikely event of very strong
shaking without seriously endangering the occupants. In the second case, it is
necessary to investigate earthquake response properties of structures beyond
yielding, limit approaching to failure.

When hysteresis 1loops of restoring forces of structures do not
deteriorate during earthquake response, a large amount of energy absorption is
expected to suppress their dynamic response, so that aseismic design of
structures becomes possible with relatively low yielding level, as has been
suggested by Newmark et al. (1). This may be the case for ductile structures
like steel framed buildings.

For reinforced concrete or composite structures, however, increasing
emphasis has been given to deterioration effects during earthquake response on
the basis of recorded seismograms (2) and loading tests of structural elements
(3). For those structures, two fundamental researches are needed : (a) how to
represent deterioration process of structural resistance, and (b) what are
appropriate damage and failure criteria. The author has been involved in
analytical and experimental studies in this field (4,5) and this paper
presents the latest results with a newly developed on-line hybid testing
system.

2. HYBRID SYSTEM FOR ON-LINE EARTHQUAKE RESPONSE ANALYSIS

The equation of motion of hysteretic structures is written in the next
form as, .
MX(£) + CX(t) + E(X(£)) = -M{1}Z (£) «ouvniiennn..on(D)
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where, M : mass matrix
X(t) =(X. yeunnn ,x_) : relative displacement vector at time t

C damping matrix
F(X(t)) : hysteretic restoring force vector
EB_: ground acceleration
In solving Eq. (1), F(X(t)) has been mathematically modeled using results
of static and dynamic loading tests. Although a 1lot of efforts and

sophisticated techniques are needed in modelling E(K(t)), some errors can not
be avoided. If we can adopt F(X(t)) directly from a loading actuator and
calculate Eq.(1l), this techniqﬁé—is one of the most accurate estimations of
earthquake response. This is the basic idea of hybrid on-line earthquake
response analysis (6,7).

The on-line hybrid system is schematically illustrated in Fig.l, where
analog and digital data are exchanged through DA and AD convertor. The
specimens were simply supported by a pair of cylinders and constant axial
force was generated by the system shown in Fig.2 and Photo 1, in which oil
pressure was Kept constant with air pressure regulator. The relation between
displacement 6 and restoring force f at the center of the specimen shown in
Fig.3(a) is adopted as f(x,) in Eq.(l). This relation between f and § is
supposed to represent that 6% the bridge pier shown in Fig.3(b).

3. SPECIMENS AND INPUT EARTHQUAKE ACCELERATION

In the experiment, reinforced concrete specimens shown in Fig.4 which
have cross section of 150x100mm and span-length of 1500mm were used. Four
longitudinal reinforcing bars (9.5mm and 16.0mm) are placed, equivalent to a
reinforcement ratio p of 1.1 % and 3.1 %, respectively. Lateral tie hoops
(6.0mm) are placed every 70mm to prevent shear failure. The axial force was
controlled go as to generate conpressive stress 0, of concrete ranging trom 10
to 20 kg/cm .

As input earthquake excitation, two earthquake accelerograms were used.
One is the NS component of El Contro record during Imperial Valley earthquake
(5-18-1940) in the U.S. and the other is NS component of Hachinohe record
during Tokachioki earthquake (5-16-1968) in Japan. Maximum acceleration of the
two accelerograms are set in the range from 100 to 300 gal (=cm/sec®).

Types of specimens and cases of the experiments are summarized in Table
1. In total, 30 hybrid experiments of earthquake response were conducted.
Results of static load-displacement relation of all types of the specimens are
shown in Table 1, from which it is found that ductility of the specimens
becomes lower with the higher reinforcement ratio and with the larger axial

stress. It was also noted that cracking and yielding loads of the specimens
become higher with the larger axial stress due to the same principle as
prestressed RC beams. These load-displacement relation agreed well with

analytical results.

4. EARTHQUAKE HYSTERETIC RESPONSE OF RESTORING FORCE AND DETERTORATION
PROCESS OF STRUCTURAL RESISTANCE

In Fig.5, the calculated hysteretic response of restoring force subjected
to the E1 Centro accelerogram record with maximum value of 200 gal in duration
of 30 seconds is plotted for SC-1, 2 and 3. The natural period and damping
ratio of the structural model in the elastic range were set at 0.% scconds and
5 %, respectively. The intensity parameter y shows the ratio of maximum input
acceleration to yielding acceleration of the specimens. The restoring force
of SC-3 with no axial stress and SC-2 with low axial stress show football

104



shaped stable hysteresis loops. No large deterioration of the stiffness is
found for SC-3 and SC-2. In these specimens, maximum ductility factor
response is less than' the crushing displacement but larger than the allowable
displacement defined in reference 10.

The maximum ductility factor response of SC-1 with high axial stress is
larger than the crushing displacement, and the hysteresis loops change from
football type to inverted S type. The stiffness of the loops in small
amplitude is found to be small and a pinching effect is also found.

From these three figures, it is also verified that a higher axial force
results in the higher yielding level and the lower ductility of the specimens.

In Fig. 6, the relation between the stiffness deterioration ratio DS and
the accumulated absorbed energy E at the end of excitation is plotted, from
which the correlation is found very high. Comparing with similar plot between
the maximum ductility factor response u and E, it is verified that the
accumulated energy, which 1is an integrated parameter during earthquake
response, 1s a better measure for the stiffness deterioration than the
maximum ductility factor response, which is a point parameter at instantaneous
time.

Deterioration process of energy absorbing capacity of every half cycle is
detected from a index DWH'

2 2
VL 15 52 i@

where, Ei: absorbed energy in every i th half cycle
Xi: amplitude of the i th half cycle
It 1s interesting to find the relation between DW,6 and the accumulated
absorbed energy from the first yielding (E , X ), to the end of excitation.
This relation is plotted in Fig.7 where hlg% correla ion between DH, and E is
found. This result suggests that deterioration of energy absorbing capacity
can be well predicted from the total absorbed energy by hysteresis loops.

5. RESTORATION OF STRUCTURAL RESISTANCE OF REPAIRED SPECIMENS

Damaged specimens due to previous on-line hybrid loading tests were
repaired by grouting of epoxy resin using the BICS (Balloon Injector for
Concrete Structures) technique. The repaired specimens were subjected to
exactly the same intensity and the same earthquake excitation as the original
tests, in order to compare the restored structual resistance to that of the

original specimens. Deterioration process of hysteresis loops were also
investigated in terms of secant stiffness and accumulated hysteretlc energy
and damage functions as before. N

When maximum acceleration of excitations were 200 gal or less, damage of
original specimens were limited to cracking of concreterand tensile yleldlng
of reinforcing bars (Fig.8(a) and (b)). In this range of ‘damage, repaired
specimens are found to have almost the same structural resistance. and
deterioration process of hysteresis loops, although new damage was observed
not at the repaired point but just next to it (Fig.9(a) and (b)). A‘little
increase of restoring force was also detected. -

For maximum acceleration of excitations 250 gal or larger, severe
crushing of concrete was observed in wider range of original specimens

(Fig.8(c) and (4)). In these cases, significant change of structural
resistance had been expected because of the large amount of replacement of the
concrete material. However, repaired specimens have shown almost the same

structural resistance and earthquake response as the original ones.
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In Fig.l10, hysteretic response of repaired specimens which were subjected
to E1 Centro record with maximum acceleration of 200 gal is shown only from 0

to 5 seconds. No significant difference is noticed except an increase of
restoring force, which can be explained as follows. The original damage
occurred at the point where bending moment is maximum (Fig.15(a)). However
second damage was detected beside the repaired region, which has high yielding
strength because of epoxy resin grouting (Fig.15(b)). This means that the
second damage is caused not by the maximum, but rather a smaller bending
moment in the specimens. Therefore, larger force is needed to let the

specimens go beyond the yield point.

In Table-1, damage parameters of earthquake response of repaired
specimens are shown to have almost similar values to those of original
specimens. Hence, . from this table it is concluded that repair work has
restored asismic¢ resistance of specimens fairly well, even for severe damage.

6. ENERGY PARTITIONING AND EARTHQUAKE FAILURE CRITERIA

Maximum value of ductility factor response has been widely used both in
research and design practice for a measure of structural damage and failure,
when inelastic earthguake response analyses were conducted, mainly because of
its simplicity (1). As discussed in the previous sections, however, there are
other parameters which can measure structural deterioration better than the
conventional ductility factor response. It is the intent of this section to
find a better parameter for damage and failure criteria of deteriorating
hysteretic structures.

To investigate the ratio of energy absorption by hysteresis loops' to
total input earthquake energy, energy partitioning is calculated from next
equation.

t,. t, t t..
NIJ XXdt + CJ X“dt + J F(X)dX = —MJ ZXdt  .i.iieeie...(3)
0 0 0 0

The first term of the left hand side of the equation is kinetic energy Wk
of a structure at time t, the second is the energy absorbed by viscous damping
W_ and the third is summation of the energy absorbed by hysteresis loops and
tge potential energy at time t, which will be denoted as W_. The right hand
side of Eq.(3) is the total earthquake input energy E to a structure.

In Fig.1l2, an example of partitioning of input energy is plotted using
the data of the experiment. Because of yielding, W, is found much larger than

WC. The top curve represents the total input energy E.

The values of E, W, and W_./E at the end of earthquake excitation with
different intensity are 6&otted in Fig.13. It is natural to find that E and
W. increase with intensity of the excitation. However, W_/E shows its peak
around 250 gal, which suggests that the ratio of energy absorption by
hysteresis loops to the total input energy has an upper limit. These peak
points may be defined as the failure points from the point of view of energy
participation. This definition of failure agrees better with damage of
specimens inspected after the experiments than the conventional ductility
factor response.

In Table 2, the maximum ductility factor response, the stiffness
deterioration at the end of excitation and the hysteretic absorbed energy are
shown for increasing intensity of E1 Centro-NS record. Analytical calculation
was made by the "SAKE" program and the results are shown in parenthesis.
Values with * are experimental data of repaired specimens which were explained
in the previous section. Similar results are calculated and compared for
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Hachinohe-NS record.

7. CONCLUSION

1

2

3

4

) Developed on-line hybrid system is a very powerful tool to calculate
earthquake response of a structure with complex and detericrating hystere-
tic restoring force. Although a simple flexure beam with axial force is
investigated in this study, the system can easily be extended to more
complex structures with possible combinations of actuators and computers.

) Accumulated hysteretic energy absorption is found to be the best parameter
to measure deterioration process of equivalent stiffness and normalized
energy absorbing capacity of structures. However, from regression
analyses, conventional maximum ductility factor response is also confirmed
to be a good parameter for damage assessment of deteriorating hysteretic
structures.

Although Takeda's hysteresis model underestimates total hysteretic energy

absorption compared to the experiments, maximum ductility factor response

and stiffness deterioration are well predicted by the model. These results
suggest that Takeda's model is useful for practical purposes.

Repaired specimens by grouting epoxy resin have restored almost similar

resistance compared to original ones. Results verify that even a specimen

for which concrete is severely crushed can be repaired, unlesg reinforcing
bars and tie hoops are heavily damaged.
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Table 1 Types of Specimens for Tests

Types of New or o) o, g i Earthquake Records (gal)
Specimens | Repaired (Kg/cm?)
9 Hachinohe NS | E1 Centro NS
100,150,200,
SC-1 New 1.1 20 3.65 1.22 250,300
SC-2 New 1.1 10 5.00 1.67
i 100,150,200, 150, 200,
SC-3 New 1.1 0 7.26 2.42 250,300 250, 300
SC-4 New 3.1 10 3.32 1.11 | -
SC-5 Repaired | 1.1 0 7.26 2.42

uB:U]timate Ductility Factor, ua:A110wab1e Ductility Factor in [10]
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Table 2 Earthquake Failure Criteria
gal |
Failure Criteria Spe- 150 200 250 300
cimens
. SC-1 2.7 3.81 5.32 7.70
guctﬂxt_y Factor SC-2 3.02 . 4.40 s 6.44 » 9.08 *
esponse 2.71 3.39 5.43 6.20
SC-3 1.87(2‘31) 3.38(3_34) 4'69(5.48) 7'74(6.61)
. SC-1 0.64 0.55 0.41 0.20
gt%ffpesst SC-2 0.57 0.42 . 0.37 5 0.51 *
eterioration _ 0.63 0.54 0.38 0.22
SC-3 0'73(0.65) 0'53(0.48) 0.41(0.40) 0'4](0.36)
. SC-1 16.2 34,2 51.9 61.0
gysteret1c Absorbed SC-2 17.8 « 33.9 « 90.6 65.5 *
nergy _ 11.3 24.5 47.2 63.2
(ton'cm) SC-3 9.78(8.80) 23.2(]8.]) 4].6(29.8) 55.6(43‘9)

*Repaired Specimens, ( )Calculated by SAKE Program
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