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SYNOPSIS

Earthquake response of reinforced concrete structures is presented.
This paper deals with the effects of various features of restoring force
characteristics, which includes the whole hysteretic region to the extent
of the state of ultimate collapse, of reinforced concrete structures.

First, the restoring force characteristics of braced frames and
walled frames are obtained by experiments on the model specimens, the
force being applied laterally and cyclically from the small displacement
region to the state of ultimate collapse. Then, the method of idealizing
the restoring force characteristics of reinforced concrete structures is
described. The effects of the various properties of the restoring force
characteristics that influence the one mass system's response to earth-
Quakes are also mentioned.

INTRODUCTION

When the structures are subjected to both vertical load and horizon-
tal load such as an earthquake motion, the structures would be suffering
at each structural element due to the increasing displacement, and at
last they would come to lose the resistance against the lateral load.

In some of the worse cases, the structures would become unable to support
even the vertical load and lose mechanical stability to entire collapse.
These entire collapse cases could be seen in recent disastrous earth-
quakes, such as Hakodate Univ. at Tokachioki Earthquake 1968 Japan and
Olieve View Hospital at San Fernando Earthquake 1971 U.S.A.

The vibrational behaviour of structures, that is induced by earth-
quake motion strong enough to fall into the state of collapse, might be
a very complicated one. In this case, the behaviour should be affected
with the dynamic properties i.e. the restoring force characteristics of
whole region from small displecement to ultimate state of entire
collapse.

Thus, to estimate precisely the aseismic safety of the structure,
we must realize the restoring force characteristics throughout the whole
region from beginning to end.
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Generzally it is admitted that, when the structures are affected by
the strong vibrational force, the structural failure progeeds, and as
nearing the ultimate state, the effects due to both the increase of
displacement and the alternation of cyclic external force are increasing.
Under these circumstances, strength and stiffness of the structures are
gradually reduced. Especially if the failure of reinforced concrete
structures occurs in a brittle manner, the reduction of strength and
stiffness would be more notable and load-displacement curve would become
discontinuous. In such cases, the vibrational responses of the structures
are thought to be no longer than siuple behaviours.

On the other hand, up to this time, most of the earthquake responses
have been calculated by adopting rather simplified models, such as Bi-
linear model, Tri-linear model or Degrading stiffness model (1) (2) (3).
However, it is desirable to show the adsquate idealized rodel which
describes the restoring force characteristics of reinforced concrete

structures more precisely.

The authors have been studying the restoring force characteristics
of reinforced concrete aseismic elements, As the result of this study,
we have noted that the restoring force characteristics of reinforced
concrete structures could be represented by composing a skeleton curve
and Normalized Characteristic Leoop (I:CL model) (2) for the region up to
about 70% of maximum strength. This paper deals with the test results
experimented recently by the authors on the restoring force characteris-
tics in the ultimate region of reinforced concrete model specimens. we
will show that the restoring force characteristics can be represented by
NCL model with consideration of cyclic deterioration effects even in the
ultimate region.

EXPERIMEKTAL RESULTS

The outlines of loading apparatus and test specimens, braced frames
and walled frames are shown Fig. 1 and Fig. 2, respectively. Material
properties are listed in table 1. Horizontal displacement D relative to
its base was measured by 1/100 dialgage and horizontal load P by load
cell, respectively. Vertical load N was imposed on the tops of both
colums, totally 6 ton which corresponds with normal stress 47 kg/cm<.
Ten braced frame specimens were used in six test programs (B-1vB-VI)
while six walled frame specimens were in three test programs (W-IvW-I1).
Open frames were also experimented (F-I~F-II). Some of the typical P-D
curves are shown in Fig. 3-1~Fig. 3-9. Fig. 4-1 and Fig. 4-2 show the
ultimate state of each type of frames. In this paper we will pay atten-
tion to only P-D curves from the point of view to idealize the restoring
force characteristics model.

According to the tests of braced frames, when reaching its maximum
strength point, failure of each specimen occured brittlely at compressive
bracing, and at the same time, the restoring force dropped abruptly.
Thereafter, the restoring force increased as the displacement increased.
The restoring force at this stage is approximately equal to the sum of
the strength of reinforcements in tensile bracing plus that of the frame
system which consists of columns and a beam. Displacement at the ultimate
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state and the process to the ultimate state of all specimens were not

the same, but every specimen can be considered to be a composed system of

frame and tensile bracing.

Summary of braced frame experiment is as follows:

(1) Displacement at maximum strength is about 6 mm (10x10~3 rad)
for all specimens.

(2) Reaching the point of maximum strength, the compressive bracing
fractured brittlely and the restoring force dropped abruptly to
the value which coincides approximately with the sum of each
strength of frame and reinforcements in tensile bracing.

(3) 1In large displacement region (larger than about 6x10~3 rad),
cyclic deterioration effects become notable.

(4) Even in the large displacement region (100x10~3-130x10-3 rad)
after the maximum strength point, the frame can still support
vertical load.

(5) 5~10 cycles are required to cause failure in compressive bracing
under the fixed load amplitude of about 90% of maximum strength.

(6) Due to the cyclic behaviour on one side of the region after reaching
the maximum strength point, the strength of the other side decreases
gradually.

The restoring force characteristics of walled frames are compared
with those of braced frames. Displacements at maximum strength are
different, which suggests to us the instability of the dynamic properties
of walled frames. These facts are thought to be attributed to various
processes of failure in walled frames contrally to rather simple failure
mechanism of braced frames, in which the maximum strength is pertinent to
compressive bracing failure only. So, when the restoring force drops
at its maximum strength point, there is an abrupt jump-like phenominon in
the case of braced frames. However, walled frames show more gradual
reduction of strength, appearing as a continuous curve in the P-D
relationship. '

The cracks due to the shearing force progress into the column

straight forwardly and this would weaken the column strength. These
behaviours are undesirable for aseismic safety of the structures.
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IDEALIZED MCDEL FOR RESTORING FORCE CHARACTERISTICS

We have already reported about the restoring force characteristics
model for the region before reaching the maximum strength (4) (5).

2(D)=Ax(EM =80 ) cueens .. (1)

Eq. 1 represents the skeleton curve after the maximum strength
(2nd SC) which is comparable to those of the braced frames experimental
results in Fig, 5. Fig. 6~1 shows the hysteresis loops of braced frames
(B-III ) normalized by each corresponding peak point. Fig. 6-2 shows the
averaged normalized loop of those in Fig. 6-1. The model loop simulated
to this averaged one is idealized by 10th order power expression as seen
in Fig. 6-3. This idealized loop will be used in response calculations
in the next section as the normalized characteristic loop in ultimate
region (2nd NCL).

As illustrated in Fig. 7-1, the cyclic effect of external forces
would cause the displacement amplitude to increase under the fixed load
amplitude. We define K; to be a temporal stiffness which reffers to the
i th peak point, and the coefficient of stiffness reduction I to be Ki /K.
The relationship between logi and }.ogzg'1 is generally said to be a linear
one. This relationship of two braced frames (B-VI) is plotted in Fig.
7-2. Admitting the linear relationship between logi and log]{’, we, obtain
Eq. 2 in which a is a proportional constant.

logi=axlog‘)‘;-1 N )

In Fig. 7-2, the averaged value of a's is observed as about 0.1.
Furthermore, if the strength in the ultimate region is to be constant Qu
Eq. 4 is held.

Ki=ly /Di ...... ceeciacs .(4)

Where D { is the displacement of i th peak point. From Eq. 3 and
Eq. 4, we obtain Eq, 5.

a
D; =Dy X | e eeeneeeaeaa (5)

Hysteresis curve obtained by combining the 2nd skeleton curve of
Eq. 1 and the normalized characteristic loop in Fig. 6-3 is illustraited
in Fig., 8-1 where the cyclic deterioration effects are taken into account
as expressed by Eq. 5. Ve can compare this idealized hysteresis behavi-
our with that of the experimental result shown in Fig. 8-2 (B-III).

EARTHQUAKE RESPCNSE BEHAVIQUR

In this section, we will discuss the earthquake response behaviour
affected by the two notable characteristics of the restoring force
characteristics mentioned in the previous section. One is the effect of
the discontinuous curve in the P-D relationship pertaining to brittle
failure. 2nd is the cyclic deterioratiocn effects in the large displace—
ment region.
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Equation of motion of a one mass system is expressed as Eq. 6.
m.X+3( X J=-m.% R €

where m is the mass of the system, Z is the ground acceleration and
X 1s the displacement of the mass relative tc its base, respectively.

NCL model is addopted as the restoring force function Q(X), and El-
Centro 1940 IS (maximum 230 =al) accelercscras. is used as an input data.
Responses are calculated numerically by the 4th ordered Rung-Kutta method.

The curves shown in Fig. 9-1 are used as the lst skeleton curve in
the region before the maximum strength point and the 2nd skeleton curves.
The initial stiffness of lst skeleton curve is adjusted to have 0.6 sec.
natural period. Ve define scme paremeters as follows, oiis the ratio of
the maximum strength Qof the system to the weight r.g (g is the gravity
acceleration) i.e. Qy S4ri.g, Bis the ratio of maximum strength of 2nd
skeleton curve 9, to Qu i.e. Qu=6-G§y and X is the displacement at
which the brittle failure is to occur,

Fig. 9-2 shows the ncrmalized characteristic loop used in the region
before reaching the maximum strength point (1st NCL).

The displacement response wave under the assumption Xg=® and the
associated restoring force characteristics are shown in Fig. 10-1 and Fig.
10~2, respectively. And its raximum displacement is Xmax=10.2 c.m. at
L.8 sec. from the beginning of earthquake motion., Fig. 11 shows the
relationship between the maximum displacement and the ccefficient G,
defined as X¢ =C‘Xmax. And also, Fig. 12-1 and Fig. 12-2 show the respon-
se waves and restoring force characteristics for the cases of f=0.2 and
B=0C.L under the fixed value of 0=0.9. Fig. 11 suggests to us that the
maximum displacements are not so influenced by the coefficient C as by
the parameterg . ©specially, it is seen that when the 8 takes the large
value, the maximum displacement is rather smaller than that of the case
of Xf=0 shown in Fig. 10-1l. This results are thought to be attributed
to the fact that the larger hysteretic damping effect is expected from
the 2nd normalized characteristic loop than that of the first normalized
characteristic lcop.

Furthermore, we could see that response displacement inclines
remarkably, hence, the structure is to keep responding in the unsymmetric
state., We also observe that when the brittle failure occurs at one side
of the P-D curve, it can hardly reach the maximum strength point at the
other side.

From these observation, we could say that the response displacement
might become large, if @ takes the small value, so the structural safety
should be decreased.

Influence of *he crclic deterioration effects is observed by using
the restoring force characteristics model, which is now composed by the
1st skeleton curve of Fig. 9-1 and the lst normalized characteristic
loop in Fig. 9-2. Eg. 5 is assumed to express the stiffness reduction
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model in cyclic behaviours. The relationships between the maximum
displacement and the parameter a are shown in Fig. 13. Note that the
experimental value of a is thought to be between 0.1 and 0.3 approximate-
ly. From Fig. 13, we could say that the cyclic deterioration effects of
actual structures would hardly make an influence on the response behavi-
ours of reinforced concrete structures. One of the response behaviours
%=0.4, a=0.1l) is shown in Fig. 14. When comparing Fig. 14 with the
response wave obtained by ignoring the deterioration effects in Fig. 10,
little distinction between them is observed.

From the response calculations of various restoring force characte-
ristics, we could summarize as follows:

(1) When the structure falls into brittle failure and the restoring
force drops abruptly under the vibrational force, the response
characteristics are no more than simple and symmetric.

(2) Once the brittle failure occurs in one direction, the failure has
a tendency to keep on proceeding in the same direction and failure
on the opposite direction might hardly occur.

(3) When the amount of strength reduction is large (@ is small),
the displacement response should be expected to increase considerably.
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