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Simulation analyses on the shaking table test of scaled BWR model
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ABSTRACT: Simulation analyses are conducted on the results of a shaking table test of the 1/12 scale BWR full
model using two analytical models. One is the model that is used in the actual design. It does not have the hysteresis
loop and its damping factor is given in advance. The other is a new developed model that has the hysteresis loop,
whose damping factor increases automatically depending on the damage of the model. The dynamic responses of the
test structure from weak to strong nonlinear range are simulated quite well. The practicality of the analytical models

adopted is confirmed through these simulation analyses.

1 INTRODUCTION

The shaking table test of the 1/12 scale model of BWR
Mark II reactor building was carried out as seen in
Yano(1989). The test structure was subjected to the con-
secutive input of earthquake motion from low to destruc-
tive level. The test structure was demolished with the
shear failure on the 3rd floor at the end of test. The pur-
pose of this paper is to establish the analytical model and
to confirm the practicality of the model through the
simulation analyses on the test results.

2 ANALYTICAL MODEL

The test structure is the 1/12 scale model of the BWR
mark II type reactor building as shown in Fig.1.

Eliminating the complexity of the actual building and
neglecting the soil structure interaction, the prototype
structure was redesigned. Then it was scaled down to 1/
12 to comply with the law of similarity and the limitation
of the shaking table.

Compressive strength of concrete is 23.5MPa, and total
weight of the test structure is approximately SMN.

2.1 The flexure-shear type lumped mass model

The test structure was idealized to the 13 masses 3-sticks
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Figure 1. Test structure Figure 2. Analytical model
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flexure-shear type lumped mass model as shown in Fig.2
based on the method proposed by Tanaka(1986).

The validity of the flexure-shear model was already
confirmed by comparing with the results of FEM ana-
lytically, but it has not been confirmed experimentally.
Inside the wall of the test structure, strain gauges were
placed in a shape of triangle. Shear stress of wall was
measured using the Mohr's circle as explained in Fig.3.
Shear force acting on each wall was estimated by multi-
plying the shear stress with the shear area of the wall.
The apportionment of the shear forces acting on each
wall system was calculated by 14 low level tests and
compared with the analytical results as shown in Table 1.

€1~ €3: measured strain 02
€l €2 61,02,8 : principal
stress and angle O
a1
Shear stress(t) is calculated from o1, 62 and 6 according to
the following equation
t=0.5(062- ol) sin(2¢) ; where ¢ =270°- @

Figure 3. Method of measuring shear stress in wall by
triangle shape of strain gauges

Table 1. The apportionment of shear force of each wall

Position Experiment Analysis
Shield Wall 0.10 0.14
1st floor Inner Wall 0.27 0.35
Quter Wall 0.63 0.52
Shield Wall 0.14 0.13
2nd floor Inner Wall 0.41 0.38
Outer Wall 0.45 0.49
Shield Wall 0.22 0.21
3rdfloor 1hner wall 0.78 0.79
Shield Wall 0.27 0.20
4th floor yer wall 0.73 0.80
Shield Wall 0.34 0.16
Sth floor Inner Wall 0.66 0.84




On the 1st and the 5th floor, where the boundary condi-
tion suddenly change, the differences between analytical
and experimental results are large. With the othe; floors,
the analytical and experimental results agree quite well,
and the errors are less than 10%.

From those results, it is confirmed that the analytical
model adopted here represents the fundamental charac-
teristics of the test structure quite well.

2.2 Skeleton curve

Shear force acting on each floor was calculated by multi-
plying the mass of the floor with the observed accelera-
tion record of the floor, and by accumulating from top to
the noticed floor of the test structure. The measurement
of the story drift was done only on the 3rd floor. As for
other floors, the story drift was calculated by double inte-
grating of the relative acceleration time history.

The accuracy of the calculated story drift was confirmed
by comparing the calculated one with the measured one
on the 3rd floor. Taking the shear force as the ordinate
and the story drift as the abscissa, the load-story drift re-
lationship was obtained on each test. Their Peak points
are plotted in Fig.4. The analytical load-story drift rela-
tionship of the test structure was calculated using the tri-
linear skeleton curves proposed by Tanaka(1987). It was
obtained by applying the stepwise increasing static load
that was proportional to the 1st mode of the vibration to
the model afore mentioned. The results are plotted in
Fig.4 in broken line. On the 1st and 2nd floor, the ana-
Iytical results are slightly smaller than the experimental
results, but with the other parts, the analytical results
cover the experimental results quite well. The analytical
load-story drift relationship of each floor is idealized to
the tri-linear skeleton curve that is used in the following
analyses.

3. RESTORING FORCE MODEL

The differences of the characteristics of the model,
which are the rule of the hysteresis loop and the type of
damping factor, affect the analytical results strongly.
Two models are used in the simulation analyses. One is
the model conventionally used in the actual design of the
nuclear reactor building in Japan, and the other is the
model developed in this study.

3.1 Model used in the actual design ( called Model A)

The hysteresis rule used in this model is shown in Fig.5.

The hysteresis rule for a flexure component is the peak
oriented before yield point (My), and there is no hyster-
esis damping in the loop. After yield point, a stable loop
becomes a parallelogram and has a hysteresis damping.
The rule for a shear component is a peak oriented and the
loop does not have the hysteresis damping.

The analytical deflection of the flexure component is
not large enough to exceed the yield point. It means that
both the flexure and the shear component do not have
any hysteresis damping. On the other hand, an equiva-
lent damping factor obtained by the experiments is the
combination of the viscous and the hysteretic dJamping
and is impossible to separate. It increases depending on

the damage of the test structure as shown in Fig.6.
Therefore all the damping is applied as the viscous type
in a priori as shown in Table 2.

The damping matrix is the strain energy proportional
type. It is recalculated using the deteriorated stiffness of
test structure after an analysis of each test to take into
account the degradation of it.
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Figure 4. Comparison of load- story drift relationship
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Figure 5. Restoring force characteristics of model A

Table 2. Test case and assumed damping factor

Test name Observed iqput Assurr_led

Acceleration  Damping
0.5A0 137 Gal 2 (%)
Ao 257 Gal 2 (%)
1.6A0 646 Gal 4 (%)
2.0A0 567 Gal 4 (%)
2.3A0 568 Gal 4 (%)
2.6A0 674 Gal 5 (%)
4.5A0 1247 Gal 6 (%)
6.0A0 1394 Gal 8 (%)
9.0A0 2658 Gal 10(%)
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3.2 New developed model ( called Model B)

The restoring force model is defined with reference to
the study of Sato(1989) and Inada(1987) as follows:

1. A stable loop is a parallelogram as shown in Fig.7.

2. The shape of loop is defined by evaluating the inter-
ception of the abscissa (a), which is calculated by assum-
ing that the equivalent damping increases depending
upon the amount of the story drift.

As mentioned in 3.1, the change of the damping factor
with the damage of the test structure is presented in
Fig.6. Itis assumed that the viscous damping in an elas-
tic range is about 2% and constant. The rest of the damp-
ing is assumed to be the hysteresis damping that in-
creases with the increase of story drift.

The relationship between the hysteresis damping and
the displacement on shear component is assumed as
shown in Fig.8 based on Fig.6 and the work of
Sato(1989). The same relationship is applied to the flex-
ure component.

The rules are;

1. It is an elastic range until the 1st break point( y1),
then the hysteresis damping is zero

2. At Y2 point, the apparent damping factor obtained
from experiment is 6%. Subtracting the 2% of viscous
damping, the hysteresis damping at Y2 is 4%. The damp-
ing factor varies linearly between Y1 and 2.

3. The damping factor is 4% and constant between Y2
and y3(4/1000)

4. The damping factor at the final stage is approxi-
mately 10% and the shear deformation angle on the 3rd
floor is about 8/1000, which is equal to 2y3. Subtracting
2% of viscous damping, the equivalent hysteresis damp-
ing at 2y3 is 8%. The damping factor varies linearly
between Y3 and 2y3.

4. SIMULATION ANALYSIS

Among many tests, major 9 tests are selected as the ob-
ject of the simulation analysis as shown in Table 2.

Simulation analyses were carried out in the same situ-
ation as the actual test sequence to take into account the
effect of the previous test. Level Aoin Table 2 produces
the response shear stress of 2.35MPa, which is 10% of
the compressive strength of concrete at the 3rd floor of
inner wall, that is predicted to be the weakest part of the
test structure. On this test, level Ao was 275Gal.

In the actual test, the overturning moment of the test
structure causes an unfavorable pitching motion of the
shaking table. Therefore, to simulate the actual move-
ment of the shaking table, both the horizontal and the
pitching acceleration recorded on the base of the test
structure were input simultaneously in the analytical
model.

4.1 Results of Simulation analysis

Among 9 tests shown in Table 2, results of 4 tests that
are 2A0, 2.3A0, 4.5A0 and 9A0, are discussed below.
Analytical results of both models are compared with
experimental results in the response spectrum at the 6th
floor with 1% of the critical damping as presented in
Fig.9, and in the profile of the maximum response accel-
eration distribution as shown in Fig.10. The thick line
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Figure 8. Relationship between assumed restoring force
model and equivalent viscous damping

represents the analytical results and thin line represents
the experimental results.

1. In 2A0 test, the test structure went into the plastic
range slightly. As for the response spectrum, both mod-
els can simulate the peak frequencies of the 1st and the
2nd mode and the twin peaks of the 1st mode. As to the
distribution of maximum response value, the analytical
results are slightly larger at the 3rd, the 4th and the roof
floor, but a good correlation is shown as a whole.



2.1In 2.3 Ao test, the amplitudes of response spectrum of
analytical results are larger than the experimental results,
and the peak frequency of the 1st mode is slightly higher.
The result of model A shows better correlation than that
of model B. As for the distribution of maximum re-
sponse value, both models show a good correlation with
the experimental results.

3. In 4.5A0 test, the 1st and the 3rd floor of the test
structure were considerably damaged, so the fundamen-
tal characteristics of the test structure were slightly
changed. There are some differences in the response
spectrum. Model A gives a better correlation than model
B. As to the distribution of maximum response value,
the results of model A are smaller than the experimental
results. Model B shows better correlation than model A.

4. In 9A0 test, the test structure was demolished on the
3rd floor, then the response of the test structure became
so complex. As for the response spectrum, model A
gives the good correlation on peak frequencies and their
amplitudes. Model B gives a good correlation on peak
frequencies but gives a larger amplitude. As for the dis-
tribution of maximum response value, the results of
model A are smaller than the experimental results as a
whole. The results of model B show good correlation
with the experimental results, except the roof floor.

5. CONCLUSION

With the flexure-shear lumped mass model that is com-
monly used in the acmal design, the fundamental dy-
namic characteristics of the complex structure like a
nuclear reactor building is evaluated precisely.
Simulation analyses are conducted using two analytical
models. One is the model that is used in the actual de-
sign. It does not have the hysteresis loop, and its damp-
ing factor is given in advance. The other is the newly de-
veloped model that has the hysteresis loop, whose damp-
ing factor increases automatically depending on the
damage of the test structure. The dynamic behavior of
the test structure from an elastic stage to the collapse
stage is traced successfully.

Through the simulation analyses, the practicality of the
analytical models adopted in this study is confirmed.
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Figure 9. Comparison of acceleration response spectrum
on 6th floor (damping 1%)
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