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Summary

Field testing on the dynamic behavior of actual structures is significant for
the seismic safety of nuclear power plants. For their mechanical components
and piping systems, the full scale testings are also important as well as the

in-situ test of buildings. In general, it is often observed that they don't
behave as that of analytical model for the design. This article tries to
discuss how such discrepancy is occuring, and how t overcome it.
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1. NECESSITY OF IN-SITU TESTING AND LARGE SCALE TESTING

In this introductory chapter, the author likes to discuss the necessity of

field testing of large scale structure including in-situ testings and also

large scale model test on shaking table. In Japan, various kinds of testings

of this level have been done more than ten years.

In early 1960s, we tried to observe the dynamic behavior of piping systems of

conventional steam power plants to obtain the fundamental knowledge for the

aseismic design of piping systems in nuclear power plants, and the response

observation of piping systems of shutdown tests in a 10OMW class steam power

plant was made. Based on the experience of this test, we tried to perform

forced vibration tests on several new steam power plants and one old plant

which was going to decomission. The results of these tests were very

benefitial to get the ideas of the dynamic behavior of three dimensional piping

systems, especially on damping coefficients, and also to prove the adequecy of

the eigen-value analysis program, which is called "DYNAPS". The details were

reported at the lst SMiRT Conf. and in Nuclear Engineering and Design.

Another project had been done since 1968. A three story reinforce concrete

building was built, in which piping and equipment models have been installed,

in Nagano City, where was not so far from the epicenter area of Matsushiro

Earthquake-swam which started from the summer of 1965. We expected to collect

the response data to ground motions coming from the nest, and we successed to

get approximate sixty records to ground motions exceed 10 gals as PGA. Also,

we tried to test by using unbalance mass-type shaker to know its dynamic

behavior. For this test "MIK" system which is described in Chapter 7 was used.

Through this study we recognized that the responses obtained didn't agree to

computational results.

By the experience on these studies, we understood the importance of a field

testing and a large scale model test. There are many reasons why we need such

tests, but the most important ones were nonlinear effect and soil behavior

caused by the three-dimensional wave propagation in continuous media. And the

discrepancy, between a real structure and a model constructed from its

drawings, is also significant reason not to fit both results.

The purpose of such large testings is considered to prove the adequecy of

design analysis in general, but also there are several other reasons. It is

important to obtain data on characteristics which are not numerically

analyzable such as a damping cefficient.

The purpose of constructing Tadotsu 1000 ton shaking table is to be said to

obtain the public acceptance on nuclear safety under a destructive earthquake

condition. This is exceptional as a technical project, and the results,

obtained from tests done at Tadotsu, are also very useful for the technical

purposes mentioned-above. And it should be remembered that such a testin is

firstly for the licencing, secondarily for improving the design practice and

thirdly for more detailed research, and the detailed practices of testings are

much different.

2. SIMILARITY LAW

In this article, the author will discuss not only on a building structure, but

also on a piping system and equipment as already described in the previous

chapter. Active components, that is, pumps, valves, emergency diesel generator

and so on, are most significant for the safety. He experienced those tests on

more than forty items. Most of tests were done on real components, but also

some reduced size models were used. As discussed in Chapter 4 two approaches

to confirm the adequecy of design analysis. One is direct, and the other is

exterpolation of analytical procedure from model size to real size. We

employed both approaches.
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On the other hand, we should consider a similarity law for a reduced scale

model test. But it is very complicated, especially for an active component.
Also it should be noticed that even for a shell, two similarity laws should be

considered such as membrane problem and bending problem.

i) Membrane structure dynamics,
ii) Bending and torsional structure dynamics,

iii) Fluid Mechanics, and
iv) Elasto-plastic behavior.

Above tour items are those most related to testing bjects discussed in this

article. Usually it is impossible to satisfy these conditions simultaneously,

except the reduced scale is unity, that is a full scale model, this means that
the direct proving the adequecy of design analysis could be dne by a full-size

test only.
Therefore, we should introduce the concept of proving "the adequecy of
analytical procedure" to such testings. This i an indirect way, and the
exterpolation of the range of applying the procedure. So the range of
exterpolation should be limited, based how many laws are involving. Gap
problem is one of most serious conditions to reduce the scale, and discussed in
the following chapter. Gap effect is expressed by two major phenomena, such as
friction and collision. These two have own similarity laws related to contact

stress, and are partially involved in the fouth condition.
On the other hand, for the reduced scale model to prove the anti-earthquake
characteristics, we usually keep the acceleration ratio is unity. This is
important fr any kinds of tests including vertical round motion effect and

the ravity, and this condition is absolute one. a group f the researchers
on soil behavior, a centrifugal device was introduced and the gravity is
increased. Even though our earthquake egineers have never used such

technique, but this means that the similarity law is not absolute, and the
design of testing, how to reduce the scale of model, must be done in this view
point. However, if there is any uncertainty in teir behavior, a full-scale

test is more preferable.

3. NONLINEAR MODEL

Existing a gap is one of the severest nonlinear properties, but the failure is
another important topics for large scale model test on a shaking test.
Brustings in the field have been used for this purpose, and in some cases,
nuclear testings are used. However, most of failure tests were done on various
size shaking tables including Tadotsu 1000 ton table and Tsukuba 500 ton one in
Japan. Our research in the Chiba Field Station of the Institute of Industrial
Science, which the author belongs to, is very unique to look for failure
mechanism. Weakly designed structures are prepared for natural earthquakes of
level 0.1 G, which is expected once every ten years. The details of this

research is reported under another subject by Professor Takanashi and Dr. Ohi.
The author wants to back to the gap problem again. One of the full scale test

was done on the refueling machine of CANDU in Canada as a cooeprative study
between AECL and EPDC. Also a nonlinear simulation computer program was

developed. The model includes many piece-wise linear springs and friction pad
elements, but energy absorption of local plasto-elastic deformation was not
considered.
Some theoretical analyses have been made on the response from a single-degree-

of-freedom system to a beam-type system to continuous sinusoidal input motions
with energy absorbing stoppers, and several nonlinear phenomena were found.

On the other hand, very few study for such systems has been made on their
response to transient input like earthquake motions. It is obvious that there

are differences between responses to continuous sinusoidal input and to
transient earthquake-like input. This fact gives to the same type differences
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on testing results, that is, some instability is observed during sinusoidal
sweep test, but it is not so significant to an earthquake response.

4. ANALYSTS AND SIMULATION

In advance to the testing, we make the analysis and response simulation. Those

are different from design analysis, because those are for predicting the
behavior of testing objects. Therefore, the model should be free from any
margins which are required for design analysis.
The purposes of two types of analysis and simulation are different. The rsult

by design analysis must be conservative, and it must be proven to have adequate
margin in any condition, but the result from the simulation f the behavior

under testing condition is similar to the result of testings as well as
possible.
The model for the simulation shall represent the testing object with some
certain acculary, including various kinds f nonlinearity, if necessary. An
analitical model for design procedure will be obtained from the model above-
mentioned with some simplification and margins. The distinction between two

types of model is extremely important. At the earlier period of such studies
in Japan, these were many confussion for understanding the testing results.
Especially, a damping value problem was a typical one. The damping coefficient
using for the design analysis had been decided by the political judgement as
well as the technical judgement. So there were and still are some discrepancy

of these damping coefficient values.
Models for soil-structure interaction using for the design analysis of nuclear
power plants in Japan are also a typical example. For the licenciriq by the
authority is rather simpler to compare to those obtained for previous plants.
Actually, the design engineers also calculate them by using newer, more

complicated methods. But it should be mentioned that there are some
discrepancies on the dynamic behaviors of the building structure, even if we
use newer techniques compare to results observed by testings on actual
structures of NPP, and also on large mass concrete block models.
The high accuracy simulation is significant for checking the physical model or

concept of complicated systems like SSI, but not so for proving the design's
adequecy.

5. INPUT AND OUTPUT

As regarding to inputs for in-situ testings or field testinqs, there are many
restriction to introduce the adequate level inputs to the purpose of the test.
We use the following inputs:

1) Micro-tremor (MT)
2) Low-level earthquake (LE) 10 al>
3) Mid-level earthquake (ME) 10 50 gal
4) High-level earthquake (HE) 50 100 gal
5) Strong earthquake (SE) >80 gal
6) Low-level exciter (LV) 100 m>

7) Mid-level exciter (MV) 2mm `v 10 Wm
8) High-level exciter (RV) )2mm
9) Shaking table; Low-level test (STL) 50 gal>

10) Shaking table; High-level test (STH) >50 gal

Micro-tremor means very low level ambient vibration caused by natural phenomena

like sea waves, winds and/or human activities like traffics. Earthquake means

natural earthquakes. Exciter has much variety, an unbalance mass type is

popular. a hydraulic ram is also used very often, and inertia effect of a
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weight with a hydraulic actuator is also used. Snap-back test, brusting test,
impaction test may be categolized as an impact excitation similar to those LV U

HV. A shaking table has also much variety in its capacity, size and dynamic
characteristics. In some cases, human action is t be an exciting device.

Instrumentation and data acquisition system is also important to treat output

data and to evaluate the relation of output to iriput. These details will be

discussed in Chapter 7.

Two main characteristics of input are amplitude and frequency components. if

we want to pay much attention on the failure problem, the duration or the

envelop of input waves is also important. These three characteristics are

listed in the beginning part of the Guideline for NPP Seismic Safety in Japan

to define the design basis earthquake. These re also important for the

testing as well. The author likes to discuss more details.

A) Amplitude

The relation of testings is mainly expressed in aplitude as shown in Fig. 

To evaluate the linear vibration characteristics of the tested object. 10 U 50

gal is adequate in general. If the damping ratio is lower than 2 or 3 50 gal

sinusoidal input may be too high, and it may cause some failures. Testing in

such a level, the question what is the standard vibration characteristics, is

remained, because most of gaps, which will be expected for hitting the gaps

during high-level and destructive earthquake excitations, is still open in this

level of input. As described in Chapter 8, the pre-operational safety tests

are required for NPPs as the licencing process in Japan, and many items related

to the anti-earthquake design are listed. For te pre-operational test, two

ways are mainly used. One is the test is performed as-built condition of the

plant, and the vibration analysis is made to fit the as-built condition. And

the other way is the test is done by adjusting the boundary conditions to

simulate the response to large amplitude inputs, for example, to insert shims

to compensate the gap. We call this type cf testings as "Vibration

Characteristics Test". Almost of all in-situ testing of buildings should

remain in this level. Only several tests of full-size building or large scale

model tests have been done to know the nonlinear behavior near to their

failure over this level.

Test, whose input level is higher than 100 gal, is called Design Approval

Test", Design Basis Test" or "Qualification Test". This level tests are only

avairable for equipment and limited piping systems. For some cases of

equipment which are mounted on higher level of floors, the level of peak

acceleration of input motions may exceed 2 G and its response sometimes

reaches to 20 G.

"Endurance Limit Test" is done under a stricter condition, and usually it

intends to know the failure limit of the object. Therefore, it is governed by

the performance of a shaking device which is avairable. The performance is

described not only by the maximum vector force or acceleration, but also by

the maximum displacement and velocity. If the capacity of a shaking device is

lower than the required one to cause failure on the object, we can only know

the fact that it endures a certain level of input. Then we know the margin of

the object by comparing the level to its design level. We call Margin Check

Test" instead of "Endurance Limit Test".

We also quote the term "Function Proving Test" as a categorization of tests.

The purpose of this type of test is devided into three; test of pressure

boundary or container, active mechanical component and logical component.

Here, logical component means a relay, a switch, an electronic logical unit and

so on. Failure of pressure boundary is not unlike to failure of an ordinary

structure, and is situated in between Design Approval Test and Endurance Limit

Test. Margin Check Tst is sometimes corresponding to this level. -Functional

failure and mulfunction are very complicated nd are not defined by the

amplitude of input motions as shown in the figure.

B) Frequency Characteristics

Frequency characteristics are usually expressed by the response spectrum in the
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earthuake engineering. But devices to produce large exciting force to fit in-

situ or field test have very limited dynamic characteristics as shown in Fig.
3. Except a shaking table and a hydraulic actuator, only sinusoidal waves are
avairable one in general.
In Japan, rocket propellent was used to obtaine a controlled arbitral sharpe

larger force, but there was many restrictions. Train of brustings were used
for the same purpose, and the way of Controlling wave form is known in a

certain degree.
A weight with hydraulic actuator can produce the arbitral shape force

theoretically, but the force level is lower compare to the size of the device,
and the mass ratio of the device to the object is not adequate. Therefore,
this device is using for sinusoidal excitation in general.
C) Duration
Duration of motions is important for the following view points. i)
Stabilization of response to sinusoidal input. This is significant for a
slightly damped object and a structure with viscous continuous media. The

later one has a complicated dynamic property coming from a wave propagation
phenomenon.
Fatigue type failure is depending on the duration of excitation. Therefore, as
an endurance limit test, the duration of one process of input motions is

important. But it is also very significant how to control total accumulation
of fatigue type damage through the various levels of testings. It is always a
difficult question whether or not the most significant proving test is

performed in advance to all other testings as a vergin specimen.
A recent digital controlled shaking table requires several trial shakes to

compensate the input signals so as to fit the total dynamic characteristics of
the table and object. The conductor of testings is very nervous how to save
the number of trial shakes.
Behavior of some electric components is very nonlinear, and they response to
input motions very slowly. So the occurence of mulfunction is sensitive to the
duration of input. One of the typical example is the response of the induction
disc type relay.
Recent large shaking devices provide hydraulic pressure accumulator for saving
a power of hydraulic units. In this case, the duration of on excitation is
limited from the equipment side.

6. EVALUATION OF COINCIDENCE OF TESTING RESULTS

Evaluation of agreement or coincidence of testing results to analytical results

is also a difficult problem. We can devide the results into two categolies in
principle. The first group is the parameters to express the characteristics of

the object, and the second group of response variables. The second ones are
affected by the agreement of the first group parameters and also the accuracy

of input and the response mechanism. In general, the tested object is modelled
by a multi-degree-of-freedom system or by a continuous system. Therefore, the
response is expressed by a set of variables, then how to evaluate the agreement
of these variables is one of subjects to define before the testing. The same
type discussion on the agreement of time history of the response of the object
is there. This subject has never been discussed systematically, and the
agreement is judged in a subjective way in general.
If there would be a failure, the result is obvious, but rather difficult to

evaluate the adequecy of testing results in quantitative way. On the other
hand, it is eary to measure the response to a certain input, and estimate the

dynamic characteristics. For example, transfer function, modal analysis and
modelling technique is now well-established, and many hard wares and soft wares

are avairable for this purpose. If we try to compare those results in a level
of a model, it is almost similar to that of the first group parameters, because
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there are many stochastic treatment in numerical calculation of the above

process, and the uncertainty contained in the multi-variable response is
truncated to the first group variables, such as eigen-frequencies, critical
damping ratio and so on. The data acquisition system is important for

efficient test works, but we must pay the attention not to lose the real
phenomenon which seems to be a simple uncertainty or error, or an instability

of instrumentation systems brings imaginal results with its automatic numerical
treatment. The author believes that it is very important to keep the original
output without any processing for monitoring.
For the design analysis, we introduce various methods to summing up the
responses of each modes like SRSS, Absolute Sum and so on. These are not

intending to evaluate the real response, however, in principle, it must be
conservative. And the parameters using for the design analysis, for example,

the system damping coefficients, are chosen in a conservative way. Therefore,
between the real response of the object and that obtained by the analysis,
there might be some diffference. This difference is not the problem, if it is
adequately conservative. In the design process, the design engineer has a

tendency to choose such parameters to avoid over-estimated response, but if the
analysis for checking the test result will be made in such a way, it may bring

a trouble of obtaining non-conservative analytical result compare to the result
obtained by testing.

7. EQUIPMENT FOR TESTING

Many devices for exciting the objects are provided in Japan.
i) Shaking table,

ii) Unbalance-mass type shaker,

iii) Pseudo-dynamic testing device and
iv) Tilting table

are main items for shaking device. On the 1000 tn shaking table in Tadotsu,

Mr. Tanaka is presenting. Dr. Sakai is presenting on their tilting test also,
even though their table is temporal one. Here the author introduces two types
of an unbalance-mass type shaker.
The Central Research Institute of Electric Power Industries, CRTEPI, operates

450 ton vibrator for pre-operational tests of nuclear power plants in Japan.
This vibrator consists of three 150 ton unbalance mass shakers, an DC-AC
rotary converter unit, a control unit and a data acquisition system as shown in
Fig. 2 The control unit and the data acquisition system are mounted on three

unit half-trailers. They were completed in mid-1970s, and used for the testing
of Hamaoka 2 unit. Because of their large capacity, the dynamic coupling

effect of unit and 2 unit through the soil was found. This device has been
used rather often, and the main bearings are weak-points. They were broken
several times, and at this moment two shakers are avairable to operate. The
CRIEPI has another set of a 50 ton vibrator. This consists of two 25 ton
unbalance mass shakers, and this is more convenient to use for the various type
of testings. Most of large scale Soil Structure nteraction test and coupling

of upper-structure and foundation test were made by this device.
For a complete system, the data acquisition system is significant, Professor
Muto and his laboratory and Prof. Ishii have been developed a unique system
called "MIK system" as a part of the business of Kajima Construction Company.

Their idea is an application of the corelation technique. By taking the
corelation between its exciter's rotation and the response waves, the

resolution of the response are very much improved. They built this system on a
mid-size bus-cab in 1970, and used for the tests of various nuclear power
plants since Fukushima 1 unit. Their earliest report was appeared in the
fifth World Conf. in Earthq. Eng'q. in 1973. This older system employed an
analog device for the calculation, but the new one employs a digital device
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since 1979. The newest vibrator consists of a set of two 10 ton shakers built
in 1981. Testing results obtained by this system were reported in SMiRT and

WCEE.
A device, a weight with hydraulic actuator, is used. One of them has the

following capacity; the maximum vector force is 450 kg, the nominal frequency

range is 4 "- 1000 Hz, and its total weight is 59 kg. This device is convenient
for shaking piping systems.

B. SOME EXAMPLES

Testings, which were done and are doing, are devided into the following

categolies;
i) Peaceful Use of Atomic Anergy by STA,

ii) Co-operative Safety Research of Utilities,
iii) Computer-code Improving Project by MITI,

iv) Anti-earthquake Design Capability Test Project by NUPEC and MITI,
v) Individual Survey Test for Design of NPP by Utility,

vi) Individual Pre-operation Test of NPP by Utility and
vii) Individual Research Project of Utility, Construction Company and

Manufacturing Company,
where STA: Science and Technology Agency,

MITI: Ministry of International Trade and Industry.
NUPEC: Nuclear Power Engineering Center

The projects of i) had been made mainly for safety research in an early stage,
1960's. As mentioned in Chapter 1, some field tests both on a building and

piping systems started as a part of this project. The projects of ii) are
covering all sorts of safety researches in NPPs. Total budget of every year is

an order of V10B, and, the budget for earthquake engineering is more than 10%
of the above. The projects of iii) is intending to improve and establish the
standard computer codes for anti-earthquake design, and operated by JEANS under
the sponsorship of MITI. Those codes are called as SUN-series. The test
projects are done to prove their adequecy. The areas are from seismology to

mechanical vibration. SSI is one of the key subjects of these projects. The
projects of iv) are presented by Mr. Tanaka, and they have been carrying since

1981 for the eight year project, and total budget may be reached to 40B in
total without the cost of facility, its manufacturing and maintenance.
Those results were presented at SMiRT, WCEE and other occasions as their
summary reports. Most of details have not been disclosed yet. Some were

presented at the inter-governmental meetings.
We faced three types of discrepancy between the results of numerical analysis
and testings. One is values of parameters. The second is a model itself. The

third is unexpected new phenomenon which we had never expected. The third one
is rather seldom in the field of nuclear engineering, because the pre-study was

done with great attentions. Some of these are going to talk by Mr. Tanaka, Mr.
Chiba and Dr. Sakai.
These are coming from the following reasons mainly:

1) Neglecting higher mode effects,
2) Neglecting large deformation effects,
3) Neglecting nonlinear effects, especially gap effect,
4) Failing to eliminate significant errors in fabrication

process of the model,
5) Modelling of continuous media,
6) Insufficient understanding the phenomenon.
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9. CONCLUDING REMARKS

One of the most difficult subjects in a field of vibration is modelling. Not

only in the field of earthquake engineering, but also in mechanical

engineering, aeronautics, naval architecture, there. are many, many papers how

to construct models for linear vibration, nonlinear vibration, buckling,

fatigue failure, fracture and so on. Add to these, we are suffering from more

difficulties coming from continuous media like soil, the uncertainty of the

phenomenon which does not occure frequently, the heavy and expensive bject and

so on. Recently, instrumentation, data acqusition device and numerical

analysis, shaking device and its technique and, theoretical modelling and

analysis are much improved. But te author feels that it is very awkward and

time-consuming job to fill the discrepancy we have been discussing in this

article. Many reports are written very beautifully, but it is unsatisfactory

for the specialist of vibration or fracture mechanics.

The author regrets that he can not show the dtails of results by some

restrictions, and he wish to improve this article ith more data in the future.
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