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This paper proposes a method of measuring restoring force characteristic by means of two syn-
chronized accelerometers, in order to make urgent diagnosis for structures possibly damaged by an
earthquake. Time integration and synchronization are key to accurately measure the relation. The
method has been applied to a building for a few years, and it is shown that a restoring force char-
acteristic can be measured. Numerical simulation is carried out to apply this method to structures
which will be modeled as a multi-degree-of-freedom system.
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1. Introduction

(1) Background

Infrastructural construction such as road con-
struction, embankment works and irrigation
works contributed to economical growth of Japan
after world war 0. A lot of house and apart-
ment buildings have also constructed. Nowadays
these infrastructural and architectural structures
exist in Japan. But all structures have limited
life time. Generally infrastructural and archi-
tectural structures are needed to be repaired in
appropriate time and if a structure is diagnosed
not to function normally it is needed to be re-
built. Structures which have been constructed
after world war O are deteriorating. Near future
a lot of structures will become needed to be re-
paired in Japan.

By the way decline of the birthrate and ag-
ing of Jananese society have great influence on
maintenance of these structures. The total pop-
ulatuion of Japan is supposed to decline by 24%
from 127 million in 2008 to 97 million in 2048
and the labor population of Japan is also sup-
posed to decline by 38% from 76 million in 2008
to 47 million in 2048Y. A decrease in popula-
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tion and in labor population cause decline of tax
revenue and decline of the number of engineers
who are in charge of infrastructural and architec-
tural structures. This means that maintenance of
infrastructural and architectural structures con-
structed in Japan will have to be done by fewer
engineers and budget than now. Automation and
mechanization must be carried out in order to re-
duce cost and burden of engineers.

A degree of long-term deterioration of a struc-
ture is able to assume by a design specification,
service length and environmental condition. But
it is difficult to assume a degree of damage caused
by a large earthquake and a terrorism in advance.

It is important to take countermeasure in
advance in order to reduce damage and in-
jury caused by earthquakes. Nowadays seismic
retrofitting of infrastructural and architectural
structures which do not meet earthquake stan-
dards are being conducted and new methods of
construction are being developed.

A measure taken in advance is not enough.
Some structures must not meet earthquake stan-
dards when a large earthquake occurs. Even if a
structure meets the standards a big ground mo-
tion can damage the structure. It is needed to re-



duce discontinuity of social activity by diagnoses
of structure inside disaster-stricken area just after
earthquake occurs. Actually promptly checking a
damage degree of each structure in case of large
earthquake is an important topic. Nowadays vi-
sual inspection by experts and risk decision to
architectural buildings? are to be conducted in
order to grasp the state of disaster-stricken area
in case of large earthquake. But these methos
rely upon experience and subjective of experts.
Supposing large earthquake caused in a trench,
quickly grasping of the state of disaster-stricken
area cannot be achieved by visual inspection. Set-
ting measurement system in each structure and
quantitively graspig damage degree of a structure
based on data measured by this system is thought
to be an alternative method.

There are two types of measurement in struc-
tural health monitoring. One is a measurement
by sensors set densely in local area to grasp be-
havior of components. The other is a measure-
ment by sensors set sparsely to grasp behavior of
whole structure. It were needed to monitor all
components if we wanted to detect damage of all
components in the case of a major earthquake.
But that is not realistic in a view point of cost-
effectiveness.

On the other hand the sensor system which is
set sparsely to grasp behavior of whole structure
cannot detect the damage if the size of damage is
too small to detect by visual inspection.

(2) Aim

We propose sensing system which measures
restoring force characteristic of each layer and
sensing system which can detect damage of each
component. The former system can measure the
degree of plasticity in case of major earthquake to
estimate the degree of damage of each layer. In
this paper we define restoring force characteristic
as a relationship between load and displacement
in the case of dynamic behavior of a structure.
It is needed to solve equation of motion in order
to calculate a behanior of a structure in the case
of a major earthquake. If the behavior is elas-
tic we can calculate analytical solution. But if
the behavior is elasto-plastic we have to conduct
numerical integration to calculate numerical so-
lution. For this numerical calculation we have
to prepare restoring force characteristic of target
component in advance. A restoring force char-
acteristic is usually measured by a shaking table
test or a load test. In this reserach we construct
a system which can measure restoring force char-
acteristic of real structure. We conducted two
works written below.

e implementation of time synchronization be-
tween several sensors
e improvement of the accuracy of numerical in-
tegration
With respect to the latter system it is ideal to
conduct measurement by dense sensor network to
detect a damage of a component. For this kind of
measurement wireless sensor network is effective.
Wireless sensor network consists of a number of
sensor platform which include small sensors and
wireless terminals. By using wireless sensor net-
work we can collect measurement data acquired
by dense sensor network in target space without
complicated wiring. Sensor platforms developed
up to now have a function of multi-hop communi-
cation nd a function of power saving and minia-
turization of sensors was achieved. There is an
example of a research in which the system was
used for the observation of an ecosystem . But
this system is not practical for measurement of a
structure. There are several ploblem in this sys-
tem written below.
e This system does not have a function of time
synchronization
e It is unable to determine positions of sensors
automatically
e Accuracy of sensors implemented by default
is not enough
So it is needed to improve this system to use for
measurement of a structure. In this reasearch
software development was conducted for ”time
synchronization”.

2. An outline of measurement system
and techniques

(1) An overall picture of measurement
system

In this section an overall picture of measure-
ment system which we propose in this paper
wolud be shown. This measurement system con-
sists of a sensing system which measures acceler-
ation of each layer of a target structure to com-
pute restoring force characteristics and a sens-
ing system in which densly localized sensor plat-
forms gathers local information of the structure
to detect local damages. First measurement sys-
tem of restoring force characteristics wholud be
shown(Fig. 1). The aim of this system is diagno-
sis of a civil structure by measurement and eval-
uation of restoring force characteristics. A target
of this system is a whole structure, an apartment
structure and a bridge pier, for example. This
system has an eye on construction of a system by
which a person in charge of disaster management
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Fig.1 Measurement system of restoring force charac-
teristic.

can grasp a state of disaster in an area of jurisdic-
tion promptly. Simple shear model is supposed to
be applied to analyze a target structure and sen-
sor is supposed to be set every layer. It is needed
to set multiple sensors on one layer to capture
the behavior which contains a twist component,
but in this research this view point whold not be
considered.

There are some methods to evaluate restoring
force characteristics. Visual inspection of restor-
ing force characteristics by specialist of earth-
quake engineering is one method. This diagno-
sis is based on the reselt of shaking table tests
which were held on the past. Automatic diagno-
sis by software is another method. In this method
a database which contains results of shaking ta-
ble test targeted at many component and struc-
tures wholud be constructed and based on this
database software estimates a lebel of damage
by measured restoring force characteristics. Un-
der the existing circumstances the former method
must be applied, but in the future practical im-
plementation must be conducted to the latter
method to realize rapid and cost-effective diag-
nosis.

After rough diagnosis had done by measure-
ment system of restoring force characteristics,
based on the information of the diagnosis an
emergency measure whould be done. It is ca-
pable to make a plan of the emergency measure
by visual inspection if the damage is large. But
if the damage is diagnosed to be small it is dif-
ficult to determine the place and degree of the
damage. Even if the damage is too small to have
an effect on resilience of the structure increment
of eccentricity of the target structure or chemical
deterioration might occur. Then damage identi-
fication by detailed measurement which is con-
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Fig.2 Fixed and mobile measurement system.

ducted by densely located sensors. This paper
proposed mobile measurement system which con-
tains a number of wireless sensor platforms(Fig.
2).

(2) Elemental technologies

Components of measurement sysytem is shown
in Fig. 3. As is written in previous section,
this measurement sysytem is consists of 2 sys-
tems, and these systems are divided to 4 layers,
”Sensor”, ”Node”, ”System”, and ” Analysis”. In
this research, technologies on ”Fixed system”-
” Analysis” and ”Mobile system”-”System” were
developed. On ”Mobile system”-” Analysis” el-
emental technologies for diagnosis of structures
have not developed yet for this system. About
elemental technologies on other layers, machines
developped in other reseraches were used for this
research. Elemental technologies for these layers
whould be descrived in following chapters.
a) Measurement system of restoring force

characteristics

The aim of this research is computation of

restoring force characteristics from acceleration
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data set taken by multiple sensors. Function and
accuracy required for this system would be shown
below.

Sensor Accelerometers would be used in this
system as sensing layer. Because the aim is to
measure the response acceleration of a structure
in the case of major earthquake, the range of
sensors must be set as -2000-2000[gal]. A servo
type accelerometer which realizes linear relation-
ship between acceleration and voltage is desirable
and SN ratio of accelerometers must be high so
that mechanical damages are detected by visual
inspection of restoring force characteristics.

Node To acceleration measurement node an
AD converter, a data storage, a communication
terminal, a power source and (micro) controller
muse be needed. Key parameters of an AD con-
verter are sampling frequency and data length. It
is needed to set these parameters to appropriate
values. According to sampling theorem® sam-
pling frequency must be twice as high as natural
frequency of a high order. A data strage must be
selected on the view point of accurate recording
of whole vibration data.

System Because this system consists of mul-
tiple sensors, it needs to have a function of time
synchronization and a function of data collection.
Sensors must be synchronized accurately to eval-
uate healthiness of a target structure by measured
restoring force characteristics. As to a function

of data collection measurement data in multiple
sensors must be colledted to a master node with-
out loss in this system.

Analysis Collected data is processed to com-
pute restoring force characteristics after data col-
lection. In this step a function which integrates
acceleration data set to make displacement data
set, a function which synchronizes sensors substi-
tutively and a function which evaluates healthi-
ness of a target structure by analysis of restor-
ing force characteristics are needed for the sys-
tem. As to a function of intefration it is needed
to estimate the amount of error of integration
in advance because the accuracy of integration
has an effect on the accuracy of restoring force
characteristics directly. As to a function of time
synchronization it is important to take time syn-
chronization between data set without communi-
cation because time synchronization by commu-
nication between sensors might be incapable in
the case of a major earthquake. It must be eval-
uated how accurate the method of time synchro-
nization without communication is in comparison
with a method of time synchronization by com-
munication. As to evaluation of restoring force
characteristics automation is important. It is also
important to construct a function which extracts
indices of healthiness of a target structure by two
dimensional data set consists of force data set and
displacement data set.

b) Mobile measurement system

The aim of this system is to detect damage
by measurement of densely arranged sensor plat-
forms to a layer of which plastic deformation
is detected by measurement system of restoring
force characteristics. Functions required for this
system whould be shown below.

Sensor Accelerometes are mainly used as sen-
sors. Because an elastic wave caused artificially
is assumed to be measured the range must be -10
- 10[gal]. It is desirable to use servo type ac-
celerometers and SN ratio must be set properly.

Node To acceleration measurement node an
AD converter, a data storage, a communication
terminal, a power source and (micro) controller
muse be needed. It is desirable to set these pa-
rameters properly to detect damages. According
to sampling theorem® sampling frequency must
be twice as high as natural frequency of an elastic
wave which is used for diagnosis. A data strage
must be selected on the view point of accurate
recording of whole test wave.

System Because this system consists of mul-
tiple sensors, it needs to have a function of time
synchronization and a function of data collection
in the same way as Measurement system of restor-



ing force characteristics. This system is required
to take time synchronization to detect damages
by data set of elastic wave measured. As to a
function of data collection measurement data in
multiple sensors must be colledted to a master
node without loss in this system in the same way
as Measurement system of restoring force charac-
teristics.

Analysis It is required to detect damages by
processing of measurement data set. On this step
it is needed to detect a place and a size of a dam-
age by processing data sets which are measured
by multiple sensors set on a component of a tar-
get structure. Automatic damage detection must
be constructed for prompt evaluation of healthi-
ness of a structure but implement of this function
was not conducted in this research.

3. Development of elemental technolo-
gies for measurement system of
restoring force characteristics

(1) Sensor system

3 accelerometers were combined to 3-axis ac-
celerometer for the use of sensor layer. Specs of
components of the machinary were shown in Fig.
4. In an analog circuit used in this research a fil-

Functions Spec
Accelerometer Servo type
Frequency characteristic DC-50Hz (-3dB)

Maximum acceleration +2200Gal

Resolution less than 1Gal

Measurement directions 3 components(X, Y, Z)

AD resolution 24bit

Sampling frequency 2000Hz

Trigger level 5Gal

How to start measurement Waked up by DO signal from master node

Error of time synchronization 0.6ms
Clock Inner clock (corrected by GPS)
Sampling length 120s

6 waves (inside the accelerometers)

Capacity of recording 150 waves (inside the BOX computer)

Fig.4 A system of restoring force measurement.

ter circuit was set between an accelerometer and
an AD converter This 6th order butterworth filter
cuts frequency component more than 50[Hz] and
an output signal was inputed to an AD converter.
A merit of setting a filter in an analog circuit is
exclusion of an effect of aliasing. A demerit is
to input different signal from initial signal to an
AD converter because a high-frequency compo-
nent was cut and because an effect of nonlinear
phase on the input signal was added.

(2) Node layer

In this chapter elemental techniques of mea-
surement system of restoring force characteristics
whould be shown.

AD converter As to AD converter sampling
ration and bit number are important parameters.
In this research digital sigma type AD converter
whose resolution is 24 bit is adopted. Sampling
ratio was set to 2000[Hz]. On the comparison of
usual seismic measurement these parameters are
too large but this realizes determination of opti-
mal sampling ratio for structural healthiness by
data analysis. A sensor node for this experiment
consisits of a CPU, an exclusive interface IC and
an AD converter in order to make CPU burden
for the sake of control of AD converter 10%.

Memory and Communication equipment
Implementation was done to record acceleration
on the time of earthquake occurrence. A trig-
ger of recording was exceedance of output of
at least one accelerometer 5[gal]. A ring mem-
ory was adopted as a memory to make start
time of recording acceleration data set backdated
30[s]. It was capable to record only 6 data sets
by high-speed memory SRRAM24Byte because
the size of one data set of acceleration for one
node was 2.88[MByte]. So data was corrected by
RS485(105600[bps|) communication to record in
memory card 512[MByte]. As a result it became
capable to record 50 data sets.

(3) System layer

a) Time synchronization between sensor
platforms

In this chapter time synchronization method
was implemented to ”Mica2” for practical use of
sensor platforms. In this implementation mea-
surement of restoring force characteristic of each
component of a structure was took in a consid-
eration. Sensor platforms is explained in chapter

1. Specifications of ”"Mica2” is described in Ta-
ble 1. wireless module which was used in this
research was implemented in ”Mica2” by default.
RBS(Reference Broadcast Synchronization) ), in
which sensor nodes are synchronized by reference
signals is a famous method of time synchroniza-
tion for sensor network. In this research a method
in which sensor nodes are synchronized by time
stamps sent from specified sensor node.

System composition The following itemiza-
tion shows structural elements of synchronized
sensor networks.

e function generator
”Clock node” 0 Mica20J
”Sensor node” [0 Mica2[
"Receiving node” 0 Mica2[



Tablel Main specifications of ”Mica2”

One-Chip MicroComputer

Chip ATmega 128L
CPU 7.3MHz

RAM 4kB

Flash 128kB

ADC 28.6kHz 10bit
RF Transceiver

Chip Chipcom CC1000
Frequency 315MHz

FSK data rate 38.4Kbaud
Microphone

Chip WM-62A

SNR more than 58dB
Sounder

Chip PS14T40A
Frequency 4.5kHz

Synchronized measurement of acceleration is con-
ducted by this system.

”Clock node” transmits time stamps regu-
larly (10 10[Hz]) by using pulse signals send from
function generator as trigger signals.

This time stamps contain sequential numbers
equivalent to time. These sequential numbers are
used when measurement data are synchronized.

All ”Sensor node” start measurement by using
receipt of first time stamp as a trigger of measure-
ment. ”Sensor node” measures acceleration data
in assigned sampling rate and measured data is
recorded in memory equipped on Mica2.

”Sensor node” sends packets contains time data
and measurement data shown in Fig. 5 on the
timing of receipt of time stamps

”Receiving node” receives these packets and
transfers them to the server.

Concrete information equipped in Nth packet
is shown like below.

e ID of sensor node

e Nth and N+1th time stamps(T'S(N) ,

TS(N +1))
e "a top margin”,”
M)

e the number of measurement data (n)

e arragement of measurement data
A margin means the number of count which a
timer fired from receipt of time stamp to first
sampling of acceleration data. This is used for
correcting sampling time of data. Length of time
which the margin indicates corresponds is shorter
than the interval of data sampling. Sampling
time is computed based on the number of time

a bottom margin” (M ,

TS(N +1)=TS(N)— M, (N)— M, (N)

data(1) data(n)

M, (N) data(2) data(3) data(4) data(n-2) data(n-1)

5| |
| | N | |

T(N,2) T(NJ3) T(N4)

M (N)

TS(N) TV T(N.n=2) TV,n=1) TN.n) - TS(N +1)

TS(N): Nth time stamp
M, (N): margin between TS(N) and T(N,l)
M (N): margin between T(N,n) and TS(N +1)
T(N,i): i-th sampling time
n . The number of mesuremet data in TS(N)~TS(N +1)

Fig.5 Component of Nth packet.
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stamp, a margin and the number of sampling data
(Fig. 5). A time series from start of measurement
to data collection is shown like Fig. 6. As men-
tioned before, receipt of time stamp triggers the
formation and transmission of data packets.

This measurement system is capable of real-
time collecting measurement data sampled by
synchronized multiple sensors.

Verification An experiment shown below was
conducted in order to verify the accuracy of time
synchronization of this system. Measurement was
conducted by synchronized measurement system
in which pulse signals generated by an identical
function generator were inputed into two Sensor
nodes simultaneously. In this experiment sam-
pling rate was set as 500Hz. The times of rising
points of pulse signal(event times) were computed
as to two Sensor nodes from measurement data
sets and difference of them were also computed
O refer to Fig. 70.

There is a difference between actual event time
and detected event time in case of discrete sam-
pling (Fig. 7). It is rare for them to coincide.
Because of this theoretical reason a maximum
value of an error of time synchronization is able
to be 2[ms] in this experiment in which sampling
rate was 500[H z]. Differences of detected event
times for about 450 events were computed and
histogram was made. The result was shown in
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Fig. 8. The difference of event times was shown
to be less than 2[ms] for all events. This verified
that the error of time synchronization of this sys-
tem is less than the resolution of this experiment.
It is able to conduct another experiment in case
of higher sampling rate. In this case the differ-
ence of event times would exceed time resolution
of sampling of the experiment if the resolution
of sampling exceeds the resolution of time syn-
chronization of this system. Because this system
is planed to measure response behavior of civil
structures in case of an earthquake it is enough
to verify the accuracy of time synchronization of
2[ms].

(4) Processing layer
a) Integration of acceleration

Past researches Many methods in which ac-
celeration data set was integrated to displace-
ment data set were proposed. ”Linear accelera-
tion method” in which correction by polynomials
was conducted after integration in time domain is
a famous method®. A method of integration in
which trapezoidal approximation is used is also
generally used 7.

If displacement data set was computed only by
integration of acceleration data set unreal fluctu-
ation of displacement was occured in almost all
cases. So it is needed to correct in a process of
integration. A method in which high-pass filter
was conducted to acceleration data set ® and a
method in which a sequential line was deducted
from velocity data set ? are widely used. The
latter method is based on a fenomena in which
base line of acceleration fluctuates in measure-
ment time. As causes of this fenomena change of
slope of ground by severe vibration and change of
inner condition of sensor nodes are considered!'®).
This is because length of permanent displacement
which is represented by result of integration fluc-
tuates.

A method in which filter with a recursion for-
mula is used in order to correct displacement data
set on-site was constructed ). Integration meth-
ods like this have limitation in accuracy of ampli-
tute and phase although it is enable to correct
measurement data in real time.

There is a past research in which integration
in frequency domain is implemented. In this re-
serach permanent displacement is evaluated by
using real part of fourier spectrum and perma-
nent displacement was accurately reappered in
case of short length measurement. The aim of
this research is not an evaluation of permanent
displacement but an evaluation of plastic defor-
mation in dinamic vibration.

Integration in frequency domain Error
value which is computed by taking difference be-
tween integrated displacement data set and ac-
tual displacement data set must be small. An er-
ror in measuremrent of acceleration and an error
in integration rose as causes of error in displace-
ment. Causes of error in measurement accelera-
tion are shown below.

e a slope of base line because of a slope of foun-

dation

e noise of a sensor probe

e noise of a analog circuit

e quantization error
Causes of error in integration are shown below.

e extension of noise in low frequency compo-



nent
e accumulation of approximation error
In this research integration in frequency
domain'? ¥ was used. In this method calcu-
lations shown below is conducted twice.

N kn
X = nzz:la:n . exp(—27riﬁ) (1)
Y = A - Xi, (2)
N kn
Yn = Z Y - exp(2mﬁ) (3)

k=1
coefficients multiplied to frequency component of
acceleration data set are shown below.

1 2rk

Wk

If this method is used without filtering noise in
low frequency component increases to produce
low-frequency trend in displacement data set. So
generally integration is conducted after low-cut
filtering. Because this reserach uses a method us-
ing DFT, filter is multiplied to coefficientsAy to
restrain increase in noise in low frequency com-
ponent caused by integration.

4. Verification by shaking table test

(1) Outline and aim of an experiment

An outline of an experiment would be exper-
imented in this chapter. An experiment using
1-axis shaking table was conducted in order to
verify the accuracy of integration of acceleration
data set. A movement of shaling table was mea-
sured by accelerometer and laser displacement
sensor and displacement data set computed from
acceleration data set and displacement data set
measured by the laser sensor were compared. A
servo type accelerometer and laser type displace-
ment sensor were set in shaking table(Fig. 9).
A servo type accelerometer was same as a sensor
node developed as a sensor layer of measurement
system of restoring force characteristic.

sine wave(1[Hz]O 60[Hz]) and measured seismic
wave were inputed to shaking table and two ac-
celerometers and displacement sensor were used.

(2) Properties of accelerometer

If the amplitude of frequency domain of accel-
eration data set is represented as A(w) fourier
amplitude of displacement data set computed by
twice integration from acceleration data set is
represented as A(w)/w?. Ratio of these two data
set was computed. If fourier amplitude of dis-
placement data set is represented as U(w) this

Accelerometer

Displacement sensor
) (Raser)
|

‘_’:D:f Shaking table [€ == {
| |
| |

Fig.9 Shaking table test

computation is shown as below.

Aw) -
Uw) - w? (5)
Ratio of amplitude R is shown in Fig. 11. From
this figure the ratio R is away from 1 in low fre-
quency domain. This is because characteristic of
instruments and expansion of error in fourier am-
plitude of acceleration in low frequency domain.
A low-cut filter was applied in order to eliminate
the error in low frequency domain caused as a re-
sult of integration. According to Fig. 11 a cut-
off frequency was set as 0.2[Hz|. Ratio of fourier
amplitude of displacement data set as a result of
twice integration from acceleration data set and
fourier amplitude of measured displacement data
set for several frequencies was shown in Fig. 12
In this cimputation sine wave was used as an in-
put wave.

R(w) =

(3) Verification of accuracy of time inte-
graion

Measured acceleration was integrated setting
cut off frequency as 0.2[Hz] and 0.1[Hz]. Differ-
ence between the result of integration and mea-
sured displacement data set was computed. Two
seismic waves were used as input waves. An am-
plitude of one wave is small and the other was big.
Difference of displacement data set in case that
cut off frequency was set as 0.2[Hz| was shown in
Fig. 13. In this figure 5 period trend was ob-
served. This is because the appearance of low
frequency component in measured displacement
caused by conduction of low cut filter. So low fre-
quency cimponent was eliminated from difference
data set setting a cut off frequency as 0.2[Hz].
The result of this is shown in Fig. 14 and Fig.
15. For the two types of waves the value of 3 o
were 0.06[cm] and 0.05[cm] and the maximum val-
ues were 0.16[cm] and 0.10[cm]. Difference of dis-
placement data set in case that cut off frequency
was set as 0.1[Hz] was shown in Fig. 16 and Fig.
17. In these figures low frequency components of
error were eliminated. For the two types of waves
the value of 3 o were 0.09]cm] and 0.07[cm] and
the maximum values were 0.16[cm] and 0.11[cm)].



(b) Time series of measured displacement

Fig.10 Wave forms of measured data set
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5. Observation of seismic vibration of
a real structure

(1) Outline of measurement

Monitoring of strong-motion of a modern apart-
ment was conducted to verify whether realistic
restoring force characteristic of civil structures
are properly observed in case of middle level
earthquakes. Three 3-axis accelerometers have
been set on a platform of 1st floor, a ceiling of
1st floor and a platform of 11th floor of a 11-
story RC made apartment and strong-motions

[cm]
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0.5 /\

0.0 AV /\ " /\V/\V/\
VVi2 40 60 80 Tod ~ V120
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Fig.13 The error of integration Cut off frequency :
0.2[Hz]00

Fig.14 Low cut component(more than 0.2[Hz]) of
the error of integrationd Cut off frequency :
0.2[Hz], Big amplitudedO

Fig.15 Low cut component(more than 0.2[Hz|) of
the error of integrationd Cut off frequency :
0.2[Hz], Small amplitude0O

[s]
0

Fig.16 Low cut component(more than 0.1[Hz]) of
the error of integrationd Cut off frequency :
0.1[Hz], Big amplitudedO

have been observed'?). The outline of this sys-
tem is shown in Fig. 18. Three sensor nodes are
connected by communication cables and time se-
ries data of acceleration is corrected when earth-
quakes occurs to generate trigger signals. The er-
ror of time synchronization is less than +0.6[ms].
Detail of measurement methods are described in
Section 3. Sensor nodes are connected on plat-
forms and ceilings with bolts. Acceleration data
sets are corrected to a local host and transmitted



Fig.17 Low cut component(more than 0.1[Hz]) of
the error of integrationd Cut off frequency :
0.1[Hz], Small amplitudedO
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Fig.18 An outline of measurement system[]

through network to a office. Sampling frequency
and data length are set as 2000[Hz] and 24[bit] re-
spectively. These values are overspec for the sake
of monitoring of seismic vibration. Especially if
the final goal of this research is on-site diagnosis
of structures damaged by seismic ground motion,
it is needed to reduce size of measurement data.
Discussion about these values were descrived in
a past research', in which it is concluded that
200[Hz] and 16[Bit] are appropriate. In follow-
ing chapters time series of acceleration measured
on platform of 1th floor and 11th floor were used
to compute restoring force characteristics of this
structure.

(2) Estimation of restoring force charac-
teristics of the target structure
a) Restoring force characteristics
Displacement data sets were computed from ac-
celeration data sets with a low-cut filter cutting
low-frequency component less than 0.2[Hz] in or-
der to draw restoring force characteristics of a tar-
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334Gal

23Gal

[mm]

Fig.19 Example of restoring force characteristic
computed from measured datall

get structure. Data sets used in this research were
measured in a period from Aug 2005 to Dec 2007.
Relative displacement and acceleration were com-
puted by equations shown below.

(AunDan) = (uy — uyCay,!) (6)

In this equations superscripts 717 and 711”7 rep-
resent being measured in 1st floor and in 11th
floor respectively. Example restoring force char-
acteristics are shown in Fig. 19. In these three
cases values of maximum acceleration in 11th
floor are 3340 230 2[Gal]. The earthquake in
which 334][Gal] was observed is maximum earth-
quake in measurement period. According to these
figures linear restoring force characteristics are
computed for earthquakes in which values of re-
sponse accelerations are from several Gal to sev-
eral hundred Gal.

The restoring force characteristic in main vibra-



tion direction is shown in Fig. 19. To compute
restoring force characteristics in main vibration
direction, direction in which relative displace-
ment was maximized was calculated and EW
and NS components were converted in this di-
rection. In case that seismic vibration is large
linear restoring force characteristics are shown in
EW and NS components being same as Fig. 19
But in case that seismic vibration is small, lin-
earity of restoring force characteristics computed
by EW and NS components are not clear rather
than restoring force characteristics in main vi-
bration direction. Quantitative analysis using
measured restoring force characteristics was con-
ducted. Values of slope of restoring force char-
acteristics were computed for all observed earth-
quakes. Least-square method was used to calcu-
late slope values. Restoring force characteristics
are represented like a = k Aw if time series of
calculated relative displacement Au and acceler-
ation measured a are represented like {Auy,,ay}
and if values of slope of restoring force charac-
teristics are represented like k. So k would be
calculated by minimizing values of error which
contains k as a variable.

N

Z (an — k Auy,)?

n=1

1

Bk =~

(7)
In this equation N is the number of data mea-
sured. From this equation an equation shown be-
low is drawn out.
5:1 an Aty (8)

N

n=1 Au%
Values of errors of Equation(7) E are calculated
by using k. E was Normalized by being divided

k:

by norm of time series of acceleration ¢/ 3 a2.

ABy = 20 (9)
re TN 5
N n=10n

Values of maximum response accelerations in all
cases, values of errors E and values of relative
errors AFE are shown in Table 2. Units of max-
imum values of response acceleration and error
of them are [Gal]. Fig. 20 is a scatter diagram
between the value of error and the value of slope
k and Fig. 21 is a scatter diagram between the
value of relative error and the value of slope k.
According to these diagram, an actual value of
k seems to be about 150. In Fig. 20 there is
not clear trend in the value of error and slope.
But in Fig. 21 the value of slope is near 150 in
case that the value of relative error is small. Ac-
cordingly as an index which represents reliability
of linear restoring force characteristic computed
relative error is more appropriate than error. If

11

Table2 Values of error and relative error of restoring
force characteristics for all earthquakes

Response
Date Acceleration S'°,§’e Relative Error Errozr
[Gall [s*] [Gal 7]
2005/08/16 334.14 130.10 0.24 9.33
2005/10/19 29.16 133.35 0.20 1.03
2005/10/22 17.53 137.68 0.29 0.83
2005/11/01 11.00 141.82 0.21 0.26
2005/12/02 22.88 140.07 0.24 0.96
2005/12/05 15.67 147.77 0.18 0.49
2005/12/17 42.28 149.12 0.21 1.21
2006/01/18 16.71 152.23 0.29 0.71
2006/03/28 3.58 135.67 0.30 0.17
2006/03/29 7.41 136.40 0.47 0.35
2006/04/02 12.63 157.14 0.17 0.21
2006/04/10 11.69 143.20 0.44 0.40
2006/07/06 9.03 152.79 0.31 0.31
2006/09/09 10.69 158.16 0.27 0.41
2007/03/25 3.16 84.47 0.37 0.22
2007/03/31 10.41 147.69 0.28 0.32
2007/04/03 1.77 5.77 0.95 0.18
2007/04/05 14.06 167.01 0.29 0.41
2007/04/11 1.42 2.48 1.00 0.17
2007/04/14 2.30 150.67 0.39 0.12
2007/05/29 6.60 162.42 0.54 0.28
2007/06/16 3.35 125.91 0.37 0.17
2007/07/16 11.57 122.71 0.38 0.77
2007/11/26 26.00 155.49 0.21 0.73
2007/12/25 16.41 160.69 0.27 0.64
slope [5'2]
200
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n u
100
u
50
n
0
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error [Gal]

Fig.20 The relationship between the value slope and
error of restoring force characteristics.

the value of relative error is about 0.3 the value
of slope of restoring force characteristic could be
coomputed in the accuracy of £10%.

Time serties of measured acceleration were con-
verted to frequency domain to calculate natural
frequencies of 1st mode. A transition of the natu-
ral frequency in a period of monitoring is shown in
Fig. 22. According to this figure there is no trend
in the transition. According to a past research
as to a transition of natural frequency of RC
structure'®, daily transition of natural frequency
because of a change in temperature is about 0.02
0 0.04[Hz] throuthout the year and rearly daily
transition gets over 0.06[Hz]. The width of tran-
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Fig.22 The transition of natural frequencyl]
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sition of natural frequency taken in this research
is few times as large as that of this past research.
This is because natural frequencies were calcu-
lated not by ambient vibration but by seismic re-
sponse.

b) Consideration

In this research linear restoring force character-
istics are calculated even if the maximum value
of displacememnt is less than 1[mm]|. As is shown
in last chapter, displacement data sets computed
from acceleration data sets contains about 1[mm]|
error in a shaking table test. Accordingly it is
doubtful that restoring force characteristics of ac-
tual structures in case of small earthquakes were
properly measured by same type accelerometers.
As a matter of course the width of the error of
restoring force characteristics measured in case
of a large earthquake shown in Fig. 19 is several
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[mm]. It is consistent. But as to restoring force
characteristics measured in case of small earth-
quakes, a lag from a straight line is less than
1[mm]. As a reason values of lags of restoring
force characteristics from straight lines it is con-
sidered that maximum value of acceleration is
small. If aximum value of acceleration is small,
error of integration became small to compute dis-
placement data sets in which the value of error is
small. Outside of this reason it is suggested that
there should be correlation between acceleration
data sets measured and displacement data sets
computed. If acceleration data sets has errors
whose slope is k, a lag from a straight line be-
comes small as a result. The reason of correration
in error is integration in frequency domain with
low-sut filter. Further investigation is needed.

6. Evaluation of restoring force charac-

teristics by numerical calculations

In last chapter whole structure is regarded as
one component in modeling. By this modeling it
is enable to treat a wall or a pillar as one compo-
nent. Considering this point of view, in this chap-
ter a method to measure restoring force charac-
teristics which show behavior of springs connect-
ing particles of target structures whould be in-
vestigated by numerical calculation using MDOF
model.

(1) Formularization

How to formularize a method to measure restor-
ing force characteristics by N piece of springs
whould be presented by using NDOF model as an
example. Behavior of response of a target struc-
ture is supposed to restrict in one direction. Dis-
placmement of ath particle is supposed to be rep-
resented by z and restoring force of a spring con-
necting a-1th and ath particle is supposed to be
represented by F'® respectively. Based on these
assumption, equation of motion of ath particle
would be shown like below.

m®E%(t) + FO(t) — FOTH(t) = —m® g(t) (10)
If a fixed number of a spring is set as k%, F'“ in
linear domain is shown like below.

F = k% (2
0

o xoa—l)

(11)
In this equation, z" is corresponding to input seis-
mic vibration g and FN*! is zero.

If acceleration of ath particle whould be repre-
sented by a®, restoring force is formularized like
below according to equation of motion of Nth
particle.

(12)



m a
. R
d*=a"-a
m’ a’
°93 3
d=d’-a’
m* a’
d*=a*-d'
kZ
m' a'
1 1
1 d =a —g
k

Fig.23 MDOF model.

On the other hand velocity and displacement of a
string located between N-1th and Nth particles
are computed by using ¢ and o™V ~! which are
recorded in measurement.

N (1) = / YN —a i d (1)
dN(t) = th(t)dt (14)

to

Accordingly, drawing (dV,—a") on a plane
straight line whose slope is k&~ /m!V would present
as restoring force characteristics of a string con-
necting N-1th and Nth particles. By repeating
this operation from upper strings, restoring force
characteristics of a string connecting ath and a-
1th particles would be computed. For example
from equation(10) following equation would be
introduced.

N
Fo(t) ==Y m? () +9(t)) (15
L=«

If a mass of a particle is known, restoring force
is given by ngv:a mPaP. If a mass of a particle
is unknown, assuming particles have same mass,
restoring force is given by A“ Zg:a a®. Rela-
tive displacement is given by the following equa-
tion.

do(t) = /t t /t L) — at Lt dtdt  (16)

By drawing (d*, —A%) on same plane, restoring
force characteristics are measured. Similarly to
SDOF model, if a string of MDOF model reaches
nonlinear domain, restoring force characteristics
drawing on (d*, —A?%) also become nonlinear. It
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Fig.24 Stiffness of a string.

Displacement

is enable to evaluate occurrence and level of dam-
age by observation of nonlinear behavior of restor-
ing force characteristics

(2)

It is nessesary to locate accelerometers on all
particles to measure restoring force characteris-
tics of all strings. But it is not nessesary to lo-
cate accelerometers on all particles in order to
evaluate plasticity which is represented by sift of
restoring force characteristics from straight line.
In this chapter numerical calculations would be
conducted by MDOF model in which accelerom-
eters are set on every several particles. The aim
of these calculations are investigation of minimum
number of accelerometers for evaluation of plas-
ticity. As a stiffness model of a string, bi-linear
model is used. Numerical calculation is con-
ducted setting ratio of initial stiffness and stiff-
ness in plasticity as 0.01 (Fig. 24). In imple-
mentation of numerical calculation '% is referred.

Arrangement of accelerometers

In numerical calculation seismic vibration mea-
sured in accelerometer set on 1st floor of ac-
tual structure in Iwate-Miyagi nairiku earth-
quake(2008) is used. Amplitude of seismic re-
sponse was regulated so that plastic deforma-
tion in a string between ground and 1st particle
would occur by about 50%. Fig. 25 shows input
seisimic vibration in Iwate-Miyagi nairiku earth-
quake(2008). This vibration was observed in an
accelerometer set on 1st floor of the target build-
ing.
a) Numerical calculation by 2DOF model
At first accelerometers are assumed to be set on
ground and 2 particles. 2DOF is assumed. Values
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Fig.25 Input  seismic  vibrationd Iwate-Miyagi

nairiku earthquake(2008)).

of mass, damping ratio and initial stiffness of all
layers are set as 100[kg]0 0.020 25.1[kg/s?]. du-
ration time, initial displacement, initial velocity
and yield displacement are set as 120[s], O[cm],
O[cm/s] and 4.0[cm]. To evaluate the accuracy of
numerical calculation, restoring force character-
istic composed by acceleration of a particle and
displacement of a string is drawn on Fig. 26.
This restoring force characteristic was regarded
as actual restoring force characteristic. From this
point forward restoring force characteristic given
by solution of numerical calculation would be rep-
resented as ”Actual restoring force characteris-
tic”. Based on measurement method of restoring
force characteristics, restoring force characteris-
tic computed from displacement calculated from
measured acceleration is shown in Fig. 27. From
these figures it is seen that plastic deformation of
a string connecting ground and 1st particle occurs
by about 50%.

Next a situation that accelerometers are set
only on ground and 2nd particle was assumed.
In this assumption 2DOF model is converted to
1DOF model. Fig. 28 shows restoring force char-
acteristic computed by average of restoring force
of a string and measured elative displacement.
Fig. 29 shows restoring force characteristic com-
puted by acceleration value of 2nd particle and
realtive displacement computed from time inte-
gration. Although plastic deformation of a string
connecting ground and 1st particle occurs it is dif-
ficult to evaluate plasticity of the structure from
this Figure.

Regarding that response of 2DOF model is con-
sisted of 2 types of mode, extraction of 1st mode
is attempted. As is seen in Fig. 30, there is
some amount of component except for 1st mode
in fourier spectrum of acceleration and relative
displacement. Relationship between acceleration
and relative displacement is shown in Fig. 31.

14

1st layer
100 /
/ [cm]
-6 -4 -2 2
-100
[N]
2nd layer
100
[cm]
-3 -2 - 1 2 3
-100

Fig.26 Actual restoring force characteristic.
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Fig.27 Measured restoring force characteristicll

Extraction of 1st mode(=+ 0.5[Hz]) was conducted
to create data used in this figure. It is enable to
detect plasticity by observation of apprearance of
pararell lines and elliptic curve. Mode decom-
position is not appropriate in nonlinear domain.
But by force it is considered to observe plastic-



Fig.28 Actual restoring force characteris-
tic(regarding 2DOF model as SDOF
model)0

[Gal]
2nd layer

characteris-

force
tic(regarding 2DOF model as SDOF model)O

Fig.29 Measured restoring

ity in restoring force characteristic by extracting
1st mode. According to nature of input seismic
vibration, 2nd mode surpasses 1st mode. In this
case this method cannnot operate appropriately.
Fig. 32 shows restoring force characteristic dr-
wan by relative displacement whose 2nd mode
was extracted. Because time intagration being
conducted in frequency domain, influence of eter-
nal displacement does not appear. So restoring
force characteristic has extreme error. But it is
enable to evaluate plasticity of the model. For
reference, relationship between acceleration data
set and realtive displacement data set near the
occurrence point of plasticity are shown in Fig.
33. It is clear that restoring force characteris-
tic shift from straight line in the the occurrence
point of plasticity.
b)
Numerical calculation by 4DOF model was con-
ducted in the same way. Values of mass, damping
ratio and initial stiffness are set as 50[kg]0 0.02
and 25.1[kg/s?] and duration time, initial dis-
placement, initial velocity and yield displacement
are set as 120[s], O[cm], O[cm/s| and 4.0[cm]. Re-

Numerical calculation by 4DOF model

15

[cm -
0.6

5]

0.4

0.2

i

1.0

A

[Hz]

2.0 3.0

Fourier spectrum of reltive displacement

[Gal - s]

bt

1.0 2.0

" [Hz]

Fourier spectrum of aceleration
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lationship between restoring forces of strings con-
necting particles and relative displacement com-
puted by numerical calculation is shown in Fig.
34. Plastic deformation occured by about 50% in
1st layer. Except for 1st layer behaviors of strings
are linear. Restoring force characteristic based on
relative displacement given by time integration of
acceleration is shown in Fig. 35. For all types
of model in the same manner as 2DOF model it
is enable to evaluate plasticity by restoring force
characteristics if measurements are conducted in
all particles. As a following trial, numerical cal-
culation was conducted in the case that mea-
surements were conducted every other particles.
For this calculation restoring force characteristics
based on average of restoring force and relative
displacement computed by numerical calculation
is shown in Fig. 36. From this figure it is seen
that evaluation of plasticity is capable by obser-
vation of result of numerical calculation. Accord-
ingly if fine approximation of relative displace-
ment and restoring force is conducted, same re-



Fig.31 Actual
mode)O

restoring force characteristic(lst

Fig.32 Measured restoring force characteristic(lst
mode)O

sult would be acquired from result of measure-
ment. Restoring force characteristics based on
acceleration of 2nd particle and relative displace-
ment given by time integration is shown in Fig.
37. Shape of restoring force characteristic which
is the result of composition of 3rd and 4th layer
is straight line whereas shape of restoring force
characteristic which is the result of composition
of 1st and 2nd layer has some width. This shape
is the result of plasticity.

As a following step, frequency domain corre-
sponding to 1st mode was extracted. restoring
force characteristic based on 1st mode (+0.5[H z]
) is shown in Fig. 38. For all restoring force char-
acteristics shapes are straight lines, but restoring
force characteristics which is composition of 1st
and 2nd layer has nonlinearity. As to the oc-
currence point of plasticity, comparison between
actual restoring force characteristic and restoring
force characteristic as a result of measurement is
shown in Fig. 39. It is confirmed that measured
restoring force characteristic shifts from straight
line in the occurrence point of plasticity. This
suggests that ninlinearity of restoring force char-
acteristics show plasticity.
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Fig.33 Restoring force characteristic in the occur-
rence point of plasticityd

7. Conclusion

In this research development of key technolo-
gies, verification by experiments and investiga-
tion by numerical calculations were conducted, in
order to develop measurement system for restor-
ing force characteristics of civil structures Main
conclusions would be descripted in following para-
graphs.

Proposal for measurement system of
restoring force characteristics In this re-
search measurement system in which acceleration
data sets are corrected by multiple accelerometers
set on a civil structures was proposed. By obser-
vation of restoring force characteristics computed
from acceleration data sets, damage level of the
target structure could be estimated. This method
realizes estimation of damage level of 1st floor
or "Dannotoshi layer” on which it is easy to oc-
cur plastic deformation by setting accelerometers
on the target regions. Moreover a method of lo-
cal damage detection by densely located networs
sensing system was proposed.

Development of key technologies Key
technologies of sensor layer, node layer, system
layer and processing layer were developed in order
to measure appropriate restoring force character-
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Fig.34 An actual restoring force characteristic
0 4DOF modelO .

istics. As a key technology of a node layer, AD
conversion in high rate sampling was adopted.
As a key technology of a system layer, time syn-
chronization by wired communication and data
correcting system were adopted. As a key tech-
nology of a prosessing layer, a method of time
synchronization by using vertical component of
acceleration data set and utilization of integra-
tion method of frequency domain were proposed.
Moreover a method of time synchronization by
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wireless communication was implemented in sen-
sor platforms and it is confirmed that these plat-
forms could be synchronized at most in 2[ms].

Verification by shaking table test Perfor-
mance of acceleration measurement system and
accuracy of time integration were verified by
shaking table test. As a result it is confirmed
that amplitude characteristic is fine in natural
frequency band of a target structure. It is also
confirmed that maximum error of time integra-
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Fig.36 An actual restoring force characteristic con-
sidering 4DOF as 2DOF.

tion is about 1[mm].

Measurement of an actual structure A fi-
nal goal of this research is measurement of restor-
ing force characteristics of actual civil structures
as accurate as that of experimental structure
measured in shaking table test. During the ob-
servation period, seismic vibrations were appro-
priately corrected for about 30 cases. As a re-
sult of data processing, slope of restoring force
characteristics computed from measurement data
has constant value during the observation period.
This result corresponds to a fact that natural fre-
quency has constant value. Sampling frequency
and data length are 2000[Hz], 24[bit] respectively
in actual measurement. Same analysis in lower
specs concluded that it is enough to measure in
200[Hz], 16[bit] in actual use.

Investigation by numerical calculation
Numerical calculations were conducted for a
structure which is modeled in shear components,
in order to investigate whether restoring force
characteristics could be reappeared only by ac-
celeration data sets corrected on every layers. As
a result of the calculations, restoring force char-
acteristics computed only from acceleration data
sets have same shape like correct one which is
a result of numerical calculation for a structure
with stiffness which is represented by bi-linear

1st layer and 2nd layer

[Gal]

100

-100

3rd layer and 4th layer

Fig.37 A measured restoring force characteristic con-
sidering 4DOF as 2DOF.

model. Numerical calculations for cases that ac-
celerometers were set on every several layers were
conducted. Regarding 2DOF structure as SDOF
and computing restoring force characteristics of
the structure, it becomes clear that plastic de-
formation could be distinguished if 1st mode is
extracted.

Future works As to distinguish of plastic de-
formation by observation of restoring force char-
acteristics, the following points are considered as
future works.

e Development of a method to compute restor-
ing force characteristics objectively
e Devising a method to compute indeces which
represents damage level of target structures
by using restoring force characteristics
e Development of a system which computes
damage level of target structures by re-
sponses of the structures automatically
As to sensor network, the following points are
considered as future works.

e Development of a sensor which has an accu-
racy needed for measurement of appropriate
restoring force characteristics

e Development of wireless modules which can
communicate in a circumstance with many
walls

e Development of an algorithm which enables
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Fig.38 A 1st mode component of actual restoring

force characteristic.

time synchronization with plenty of sensors
in wide area
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