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ABSTRACT

Although the science of theoretical fluid mechanics has been well developed and
the computational methods are rapidly advancing, the measurement of the wind-
induced pressure and vibration of civil infrastructures, such as long-span bridges,
high-rise buildings, wind barriers, etc., is essential to understand the structural
performance of the infrastructure.

The conventional measurement system requires many devices such as a power
source, a data acquisition device, sensors, cables, etc., which pose difficulty in
installation and measurement on bridges or buildings that are in use. Therefore, it is
necessary to develop a miniaturized device so that researchers and engineers can
easily obtain wind-induced pressure and vibration data at any desired locations
without interrupting the use of the infrastructure.

This paper proposes a prototype development which can measure wind pressure
acting on a structure and acceleration of the structure. In this study, micro-electronic-
mechanical-system (MEMS) sensors are used in the prototype device such as
acceleration and pressure sensors. It is expected that the successful development of
the sensor module will help engineers and researchers measure wind pressure acting

on a structure and associated structural vibration.
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CHAPTER 1

INTRODUCTION

1.1 Research background

Although theoretical hydrodynamics have been developed continuously and
computational methods have been developed rapidly, analyze the dynamic
characteristics of civil infrastructures by measuring the actual structural vibration is

essential to prevent the large vibrations owing to external forces such as wind load,

vehicle load.
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® Measuring point accelerometer Aaccelerometer * accelerometer

Fig 1.1. Accelerometer layout of Seo-hae bridge

However, the conventional measurement system requires a lot of equipment
1



such as a power generator, a central process device, a data storage device, and sensors,
and each device have to be connected by a long cable. In addition, it is difficult for
researchers to compose their own measurement system and install a sensor on a civil
infrastructure due to the high initial cost and difficulty of wired sensor installation.
Because of these problems, researchers can not directly obtain needed data and can

evaluate the structure characteristic based on data that doesn't meet their purpose.

Sensors Power supply DAQ, ADC etc. PC

Fig 1.2. Conventional measurement system

In this study, propose a deployable measurement system which the researchers can
easily measure the vibrations of the structures and this system will be helpful to
analyze the dynamic characteristics of the civil infrastructures through the properly

measured data.
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1.2 Previous work and problem definition

In the measurement field, many wireless measurement systems are being used
to quickly and easily measure the structural vibration. There are two main types of
wireless sensors that are already being used. One is a commercial wireless sensor
made by mechanical engineering majors not only for structures but also for vehicles
and human movements, etc. and the other is a wireless sensor network developed

directly by civil engineering researchers with the aim of measuring civil structures.

1.3 Issues of commercial wireless sensor

In the case of commercial wireless sensors, since they are already
commercialized, the size of the sensor is small and the appearance of the sensor is
well finished. In addition, many proprietary programs have been developed, so the
user can easily operate the sensor through the manual. However, the price of
commercial wireless sensors is several times more expansive than conventional
sensor, which is not suitable for multi-point measurement, and the performance of
sensors (Resolution, Noise, Measurement range, etc.) cannot be selected for the
purpose and may have to purchase the high-performance sensors that are not required

but for meeting a particular performance at a high price. The commercial wireless



sensor. Commercial wireless sensor can measure the data without a central control
device such as a computer because it works independently through their own internal
controller. However, because there is no central control device, it is impossible to
update the time periodically, so that the time of each commercial wireless device can

be different or time drifting may occur.

Time
difference

,,,,, -3
£
!

Fig 1.3. Time drift issue in commercial wireless sensor
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1.4 Issues of designed wireless sensor

The use of well designed wireless sensor system by civil engineer also has issues
for general civil engineers. There are several research groups about Wireless Sensor
Networks(WSNSs) such as Imote2 for the Structural Health Monitoring (SHM).
These devices are useful and powerful for civil engineers but since these are not
mass-produced, these are difficult to obtain compared to commercial device. In
addition, since these devices are built with high-level technology, the user requires

knowledge about sensing technique to handle the unusual situation.



Data missing
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Central Processing Unit

® Measured data

Fig 1.4. Data missing issue during data transmission

1.5 Prototype of deployable measurement device

This research the proposed a device to solve the problem of conventional
wireless sensor which is not time-synchronized and too expensive for multi-point
measurement. The proposed device consists of MCU (ATmega328P) and GPS
(Ultimate GPS), Accelerometer (MPUG6050), Pressure sensor (BMP280) and Micro
SD. All components of the proposed device are small and lightweight, easy to carry
and install. Moreover, the components are mass-produced so easy to purchase and
inexpensive. If this research is successfully developed, it is expected that researchers

easily obtain the desired data.



Micro SD

Micro Controller Unit

Fig 1.5. The components of the proposed device
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CHAPTER 2

Time synchronization

2.1 Micro Control Unit (MCU) clock

The simplest way to compare MCU performance is to compare the MCU clock
speed. MCU clock speed is not only representing the processing speed of the MCU
but also affects the setting of the internal timer, ADC, 12C, etc. of the MCU function
which needs the clock. Therefore, it is important to select the MCU having the clock
speed suitable for the purpose. The MCU used in the proposed device is
ATmega328P which is widely used in many fields and it has 16MHz clock speed.

The timer function using the MCU clock is used to detect how much time has
elapsed since the power was turned on, or to detect an elapsed time such as executing
another task after a certain time. However, detecting an elapsed time through the
MCU clock has several problems. When using the MCU clock for a long time, clock
speed error can occur due to temperature change of MCU crystal and counter missing
due to priority command which higher than the timer function. Therefore, it is not
appropriate for use to make precise time stamp. Moreover, it is impossible to
synchronize multiple devices using the MCU clock because the timer is reset when

the MCU is not powered.



2.2 Real Time Clock (RTC)

Like MCU clock, RTC is a computer clock that maintains the current time
through counting vibration of internal crystal and is used not only in measurement
device but also in many places such as computers and digital watches. But the
difference with the MCU clock is that RTC has a separate power source from a
control device, the time stamp is maintained even if the central processing unit is
turned off. Because RTC is designed to maintain time, it can maintain time more
accurately than the MCU Clock, and it can reduce power consumption rather than
using MCU Clock. However, since the smallest unit of RTC count is seconds, it is
not suitable for use for measurement device which stores more than 100 times per
second. In addition, as same with MCU clocks issue, RTC also has time drift issue

due to temperature changes in crystal.
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Fig.2. 0-1. Difference of time according to time counting method

Figure2.1 shows the pressure value when the volume of the closed cylinder is
periodically changed, each line has the different time stamp measured by the MCU
clock and the RTC clock, the actual elapsed time. At the beginning of the
measurement, all three lines show the same phase but at the end of the measurement,
the phases are change. As confirmed from the Fig., If the reference time is dependent
on the internal controller, time drift may be caused by various reason. Therefore,

periodic time update is required through the external reference time.



2.3 Global Positioning System (GPS)

The GPS receiver receives signals transmitted from three or more GPS satellites
to determine the position of the satellites and receivers through the signal arrival time
difference, and synchronizes the respective times through the transmitted time
information. The proposed device synchronizes the time with other devices through
the two types of GPS signal. The first signal is the National Marine Electronics
Association (NMEA) which has a relatively long data length signal to contain
information such as time, position orientation, and so on. Through the NMEA signal,
it is possible to receive global time from the maximum year unit to the minimum
centi-second unit, so that the time stamp of the proposed device can be synchronized
even if each device operates at different time. The other is a very accurate pulse
signal with a one-second period called Pulse-Per-Sencond (PPS). Since the length of
the NMEA signal is long, there is a little arrival time error until the signal is
transmitted to each device in the satellite. However, since the PPS signal is just a
simple pulse signal, the signal length is short and arrival time to devices is very

accurate.

10



Fig.2. 0-2. GPS signal transmission wherever under clear sky

The proposed device operates in order of time array part and measuring part
after power is connected. Since the NMEA signal has a lot of information including
the global time, the signal length is too long and the measurement signal can not be
read through the sensor while the NMEA signal is received, so the operation section
is divided as two parts. For this reason, the Time array part does not read the sensor
data and only receive NMEA and PPS to make the global time stamp. After the time
array part, the Measuring part does not receive the NMEA but only receives the PPS
signal, keeps the time stamp, and simultaneously reads the measured data through

the sensor.

<€ PPS

VIV N b b b b

Measuring part

Fig.2. 0-3. Operation flow of the proposed device

The proposed sensor updates the reference time periodically through the GPS

11



attached to each device, and can independently generate a time stamp synchronized
with the global time without an additional central control device. It is also possible

to synchronize with another device that uses global time without additional devices.

12



CHAPTER 3

Accelerometer

Since the accelerometer uses various field not only civil engineering but also
mechanical vibration, human motion, etc., so it is important to select an appropriate

accelerometer according to the measurement purpose.

3.1 Type of accelerometer

Accelerometers are divided into two types depending on the measurement
method: a piezo accelerometer and a capacitive accelerometer. Since the
measurement frequency range and the maximum acceleration magnitude vary
depending on the measurement principle, it is necessary to know about the

measurement type of accelerometer.

3.1.1 Piezo electric type accelerometer

13



Piezo-electric
crystal

o

Squeezed crystal
generates voltage

Fig. 3. 1 Principle of piezoelectric type accelerometer

Piezoelectric type accelerometers measure the acceleration using a piezoelectric
effect that generates electric charges on the crystal surface due to internal
polarization when a crystal such as barium oxide (BaTiO 3) is subjected to a force.
Piezoelectric type accelerometers have built-in amplification circuits (ICP, IEEE),
which can make low output impedance and it can make using long output cable. In
addition, since the piezoelectric type has a linear response at high frequency, it is
widely used for measuring high-frequency motion, and also the sensitivity of the

sensor can be adjusted focused on a low frequency.

3.1.2 Capacitive type accelerometer

Conducted
plate

J

g

Fig. 3. 2 Principle of capacitive type accelerometer

rl Capacitance changes
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The capacitive type accelerometer is an accelerometer widely used in the low-
frequency range where the response is slow, such as the vibration of the structure.
The vibration is measured using the effect that the capacitance changes according to
displacement change between the two conducted plates. Capacitors, the main
material used in capacitive type accelerometers are less affected to temperature

changes, so It can be used in environments where the temperature changes greatly.

3.2 Accelerometer validation test

Before measuring actual structural vibration through the proposed device,
experiments were conducted to verify the performance of MEMS accelerometers in
a controlled environment. Accelerometer validation tests were carried out using
QUANSER's Shaker 2 which laxis screw motor type shaking table. Shaker 2 can
simulate sinusoidal motion at specific single frequencies from 0.1 Hz to 5.0 Hz, and
also it can simulate seismic motion which has various frequency components such

as El-Centro.

15



Wired
sensor

Sensor

Fig. 3. 3. Shaking table: QUANSER’s Shaker2

Through these two types of indoor experiments, the measurable frequency range
and the acceleration magnitude of the MEMS acceleration sensor were confirmed.
The reference accelerometer used in the experiment is Kistler's 8315A single-axis
analog output accelerometer. It has 2,000mV / g of sensitivity, OHz to 250Hz of
frequency range, and 0.35mg resolution. The MEMS accelerometer used in the
proposed device is InvenSense's MPU6050 3-axis digital accelerometer. It has
16,384 LSB/g of sensitivity and 16-bit analog to digital converter. Both
accelerometers used in the experiments are Piezo-electric type accelerometers and

can measure =T 2.0g measurement range.

3.2.1 Sinusoidal motion
The sinusoidal motion tests were performed by simulating a single motion from
0.2 Hz to 2.0 Hz, which is the interested frequency range of civil infrastructure, and

the acceleration was measured during 100 seconds for each frequency motion.

16
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Fig. 3. 4. Acceleration data in 2Hz sinusoidal motion

Fig.3.4 shows the measured acceleration data through each accelerometer at
2Hz motion in the time domain. And the above graph shows that the 8315A and
MPUG050 measure the same acceleration feature in magnitude and phase but the
Fig3.4(b) graph also shows that the MPUG6050 is less sensitive than 8315A in
measuring small-high frequency vibrations occurred by screw motors.

In order to confirm both accelerometers measure the same frequency according
to the motion frequency change, conduct the FFT to show the main frequency of
measured acceleration. Fig.3.5 shows the FFT results of the measured data from

0.2Hz to 2.0Hz frequency range through the 8315A and MPUG6050.
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Fig.3.5 shows that the acceleration measured at high-frequency motions have a
more distinct peak compared to low-frequency motions and unexpectedly, Fig3.5
shows that the peak in the low-frequency motions is more pronounced on the
MPUG050 than on the 8315A. Through the sinusoidal motion test, it is confirmed

that the proposed device can measure the mode frequency of the actual structure.

3.2.2 Seismic motion

The seconds experiment was carried out to compare the accelerations obtained
by measuring seismic motions which have various frequencies through two
accelerometers. An El-Centro earthquake was used for the seismic motion test.

Fig.3.6 shows the measured accelerations through 8315A and MPU6050 in time

domain.
— Wired Wireless
15 - ————
L0t
E
c 5r
S i
8 0 M\( :
2 !
B -5r
%-Iﬂ 1 I;AA; L || 1 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
Time(sec
@ (sec)
19



Acceleration(m/s?)

1.2 1.4
Time(sec)

(b)

Fig. 3. 6. Acceleration data in seismic motion

Compared to the two measured accelerations, the magnitude and phase of both
accelerations are similar overall, but the 8315A more sensitively measured small and
high-frequency motion than MPU6050.

The results of the two validation tests showed that the acceleration measured
from the proposed device is similar to the conventional wired accelerometer in
magnitude and phase but it is confirmed that the proposed device is less sensitive
than the conventional wired accelerometer in measuring small high-frequency

motion.

3.3 Application of proposed device

It is confirmed that the proposed device can measure the interested frequency
range of the structure (OHz ~ 2Hz) through the validation tests. But before applying

to the actual structure which has small vibration, another field test was carried out
20



on actual structure which have large vibrations to verify that the proposed sensor can

be used to measure the dynamic characteristics of structures.

3.3.1 Suspended footbridge

The suspended footbridge is only supported by the steel cables without support
structure such as pylons and piers, so it is easy to occur large vibration even in small
impact. The footbridge used in the field test is a Geo-chang suspended footbridge
located in Geo-chang, Korea, and it is composed of three different lengths of spans.

The proposed device and the wire accelerometer were attached to the same
position of the footbridge and measured the bridge’s vibration. The first one is
Kinemetrics's ES-U2 which is 1-axis analog wired accelerometer and its
measurement range is +* 2.0g. The other is the MPU6050 3-axis wireless

accelerometer used in the proposed device and its measurement range is set to + 2.0g.

Fig. 3. 7. Geo-change suspended footbridge
21



The two kind accelerometers were installed at the middle of the 1%t span and 3"
span of the bridge, and a total of 400 kilograms of people jumped in place at the

center of 1% span for simulating vertical impact.

3rd Span

b Wireless
sensor

Sensor location
Sensor location

Fig. 3. 9. Location of vertical impact

Fig.3.10 shows the vertical acceleration data in time domain measured by ES-U2

22
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wired accelerometer and MPUG6050 at the center of 1% span. When the two
accelerations measured at the 1% span of the loaded bridge were compared, it was
confirmed that the acceleration magnitude and phase changes of both data were the

same, and also time drift was not founded.

Reference Prototype
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Fig. 3. 10. Measured accelerations at the 1% span center

Fig.3.11 is the vertical acceleration data in frequency domain measured by ES-
U2 wired accelerometer and MPUG050 at the center of 1% span. Fig.3.11 shows that

the frequency domain results of both measured accelerations are almost the same,

and the maximum error of the peak is 1.308%.
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Fig. 3. 11. Acceleration FFT results of 1st span

Table.3. 1. Differences of 1st span FFT results between two accelerations

Peaks lst 2nd 3rd 4th 5th 6th

Reference (Hz) 0535 0.677 0935 1271 1355 1.600
Prototype (Hz) 0.542 0.677 0935 1270 1354 1.599
Difference (%) 1.308 0.000 0.000 0.079 0.074 0.063

Fig.3.12 shows the vertical acceleration data in time domain measured by ES-

U2 wired accelerometer and MPU6G050 at the center of 3 span. When the two

accelerations measured at the 3 span of the loaded bridge were compared, it was

confirmed that the acceleration magnitude and phase changes of both data were the

same, and also time drift was not founded.
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Fig. 3. 12. Measured accelerations at the 3 span center

Fig.3.13 is the vertical acceleration data in frequency domain measured by ES-
U2 wired accelerometer and MPU6050 at the center of 3 span. Fig.3.13 shows that
the frequency domain results of both measured accelerations are almost the same,

and the maximum error of the peak is 0.836%.
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Fig. 3. 13. Acceleration FFT results of 37 span

Table.3. 2. Differences of 37 span FFT results between two accelerations

Peaks 1st 2nd 3rd 4th 5th 6th

Reference (Hz) 0535 0.677 0935 1271 1.355 1.600
Prototype (Hz) ~ 0.536 0.678 0936 1.270 1.355 1.160
Difference (%)  0.040 0.836 0.032 0.000 0.078 0.063

3.3.2 ehicle serviceability

Considering the serviceability of using infrastructure is also an important part

of the design of the structure. Since most structures are used not only by pedestrians

but also by various means of transportation, so many factors such as the weight of

the transportations, the vehicle speed, and the road surface condition have to be

considered. In recent years, transportation analysis programs (CarSim, TruckSim,

etc) have been developed for modeling the evaluating use serviceability. However,
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it is quite difficult to accurately apply the state of actual structures to the program
model, so the actual driving state should be measured and evaluated the
serviceability numerically. In order to evaluate the serviceability of a vehicle running
on the structure, the International Organization for Standardization (ISO) uses an
acceleration data. In order to verify the using versatility of the proposed device,
evaluated the serviceability of the bridge through the vehicle running.

ISO evaluates the inconvenience of the human body by multiplying the
measured acceleration by the weight according to the position of the accelerometer,
the vibration direction, and the frequency range of vibration. In the evaluation index
below, ISO evaluates large discomfort in the vertical direction vibration and specific

frequency range (less than 5 Hz) vibration.
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Fig. 3. 14. I1SO weighting curve according to frequency range
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Table.3. 3. Weighting factor according to accelerometer location and direction

. o . Multiplying
Location Direction Weighting
factor(k)
Floor Fore-and-aft Wi 0.25
Floor Lateral Wi 0.25
Floor Vertical Wi 0.40

The total response acceleration (a,) is calculated from the above coefficient

factors and the serviceability is evaluated by the magnitude of a,,.

a, =W Xa (3.1)

a, = \/(szxa,% + szyaﬁ + WZ2,a2)/n (3.2)

Table.3. 4. Approximate indications of reactions

Magnitude of vibration(a,,) Discomfort response
0.315m/s” to 0.63m/s” A little uncomfortable
0.8m/s’ to 1.6m/s” Uncomfortable
Greater than 2.0m/s’ Extremely uncomfortable

The vehicle used in the test is Hyundai's Grand Starex and three kinds of

accelerometers were used for test and attached to the floor of the vehicle center. The
28



first accelerometer is the JOOSHIN's AC-310 1-axis analog wired accelerometer, the
second accelerometer is the MicroStone MVP-SD 3-axis commercial wireless
accelerometer, and the last is MPU6050 3-axis wireless accelerometer used in the
proposed device. The 3-axis wired accelerometer was made by 3-axis by combining

three of the 1-axis accelerometer.

%

Setof 3
1-axis accelerometer

Fig. 3. 15. Location of acceleration measuring point

The serviceability test was conducted on the concrete bridge which has a total
400m length and there were installed the three expansion joint at both ends and the

center of the bridge.
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Fig. 3. 16. . Locations of the expansion joints on the bridge

As a result of the data measurement, it was confirmed that acceleration increases
as the vehicle running speed increases. Fig.3.17 shows the vertical acceleration of
the vehicle floor in time domain when driving at 100 km/h above the test bridge.
Although the measured accelerations using the three accelerometers are similar in

magnitude and phase, the MPUB050 is less sensitive to small acceleration variations

than the MVP-SD.
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Fig. 3. 17. Vertical acceleration of the vehicle running at 100 km/h

Large acceleration was not measured in most sections of the bridge, but large
acceleration was detected by the expansion joint and applied to the ISO serviceability
evaluation. Large acceleration was not measured in most sections of the bridge, but

large acceleration was detected by the expansion joint and it was calculated to the

ISO serviceability.
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Fig. 3. 18. 3-axis of measured acceleration at 100km/h

Fig 3.18 shows the 3-axis acceleration data measured at the center of the vehicle

floor running at 100 km/h, which used for evaluating serviceability.
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Fig. 3. 19. Total response acceleration based on 1SO
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Fig. 3.19 is the evaluation result of serviceability by the ISO method through
the measured 3-axis acceleration data. The results show that the human body did not
feel great discomfort in most of the positions of the bridge tested, but it was evaluated
to feel a great inconvenience at expansion joint.

The proposed device can help to evaluate the structure and serviceability based
on numerical data by easily installing the accelerometer and measuring the

acceleration.
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CHAPTER 4

Pressure sensor

4.1 Type of pressure sensor

The pressure has generally measured in an environmentally controlled
laboratory because the pressure value varies depending on many factors such as the
shape of the structure and the temperature change. However, there is a needs to
measure the actual pressure acting on the structure, as the movement due to the wind
loads, such as the vibration of the bridge due to the typhoon and the vibration of the
sound barrier due to the vehicle running effect.

For these reasons, the proposed device was designed for simultaneously
measuring the acceleration and wind pressure of the structure to analyze wind-

induced vibration.

4.1.1 Piezo-resistive type pressure sensor
Piezo-resisting type pressure sensor is a device that measures pressure by using
an effect that changes the resistance ratio of a crystal when external forces are applied

to a semiconductor crystal.
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a b
P: External force
p: Material coefficient
a

b b A: Area
R= p— —R=p—
A a pA

Fig 4.1. Principle of piezo-resistive type pressure sensor

The propose device uses Bosh’s BMP280 pressure sensor for measuring
pressure. BMP280 has £12 Pa of accuracy and 0.16 Pa of resolution and using this
pressure sensor and using this sensor, and a validation test was conducted to verify

that it can measure the wind pressure acting on the structure.

4.2 Pressure sensor validation test

4.2.1 Pressure change test according to volume change in closed cylinder
A verification experiment was conducted based on the basic idea that the

pressure value changes when the volume of the closed container changes

35

S Eoa keidT



Fig 4.2. Basic concept: Boyle’s law

As shown in Fig.4.3, BMP280 was installed in a closed container, and using the
shaking table to periodically vary the volume of the inside air and measured the

pressure change.

Shaking table Accelerometer Pressure sensor

Fig 4.3. Setup of pressure validation test using shaking table

The experiment could not use a reference pressure sensor, so the measured
pressure data through BMP280 is compared with the ideally calculated pressure
through volume change. The volume change tests were carried out by varying the
speed and displacement of the shaking table from 0.5 Hz to 5 Hz and from 5 mm to

20 mm. Fig.4.3 shows the pressure value that the ideally calculated pressure and
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measured pressure when the shaking table moves at 2Hz and 10mm.

Ideal value Prototype
600
400
g 200
€ 0
]
L -200
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-400
-600
0 2 4 6 8 10
Time(sec)

Fig 4.4. Measured pressure data through BMP280

Although the actual pressure value of inside the cylinder is not known due to
the absence of the reference sensor, it is confirmed that the BMP280 has a constant

ratio of 63% compared to the ideal calculated value.

4.2.2 Pressure change test according to wind speed in wind tunnel test

The large structures, such as long-span bridges, need to know about
aerodynamic properties of structure through wind tunnel tests to confirm the effects
of wind. Seoul National University has a 2-dimensional wind tunnel for the structural

wind resistance design, its size is 1.0m X 1.5m and can generate wind up to 20m/s.
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Fig 4.5. Wind tunnel in Seoul National University

To verify the performance of BMP280 pressure sensor used in proposed device,
a wind tunnel was used to measure the wind pressure acting on the sound barrier
model. The reference pressure sensor which TE connectivity's NetScanner 9116
model was used in the validation test and NetScanner9116 has 16 pressure taps, 0.21

Pa of resolution.
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Fig 4.6. Setup of pressure validation test using wind tunnel
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The validation tests were conducted through measuring the wind pressure acting
on the sound barrier which positioned at the center of the wind tunnel.
NetScanner9116 and BMP280 were attached to the same position as the sound
barrier to prevent side edge effect error. The experiment condition was that vary the

wind speed from Om/s to 15m/s and measured pressure for 2 minutes.
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Fig 4.7. Measuring point of sound barrier model

Fig4.7 shows the measured pressure according to changing wind speed. The
pressure of each wind speed indicated on the graph represents the average value of
the pressure measured over two minutes. The graph shows that the pressure
measured by the NetScanner and the pressure measured by the BMP280 are different

for each wind speed.

39



—&— Reference —— Prototype
200

150

100

Pressure(Pa)

0 5 10 15
Wind speed(m/s)

Fig 4.8. Measured pressure which acting on the sound barrier according to wind speed

Fig4.7 shows the measured pressure according to changing wind speed. The
pressure of each wind speed indicated on the graph represents the average value of
the pressure measured over two minutes. The graph shows that the pressure
measured by the NetScanner and the pressure measured by the BMP280 are different

for each wind speed.
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Fig 4.9. Correlation between NetScanner9116 and MPU6050
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Fig4.8 has plotted the graph axis by measured data for checking the correlation
between both measured data. As shown in Fig. 4.8, the graph shows that the pressure
values measured at the same wind speed through both sensors have a constant ratio
in all wind speed ranges.

The validation tests were carried out by measurement of pressure change due to
volume change and wind speed change. Although the pressure values measured by
the proposed sensor showed different with ideally calculated and measured valued
through the reference sensor, both results show a constant ratio over all measurement

ranges.
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CHAPTER 5

Summary and conclusions

This study objective is development of a deployable measurement system for
the civil infrastructures.

Commercial wireless devices are not free from time drift problems because they
use Real Time Clock (RTC). The proposed device uses GPS to solve the time
synchronization problem among devices. The GPS makes a proposed device to
receive global time anywhere under the clear sky and also maintain global time
through the PPS signal.

To verify the performance of the accelerometer used in the proposed device,
experiments were performed using a shaking table. As a result, it was confirmed that
it is less sensitive to small-high frequency vibration than the conventional wired
accelerometer, but it is confirmed that the acceleration was measured in the low-
frequency motion of the interest range, 0.2 Hz to 2.0 Hz. When the proposed device
measured the vibration of the suspended footbridge for comparing with the
conventional accelerometer in the frequency domain analysis, the maximum error
was confirmed as 1.38%. Therefore, it is considered that the proposed device is
applicable to measure the structural vibration.

Performance validation tests were conducted to verify that the wind pressure
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can be measured using the proposed device. As a result of the validation tests, it was
confirmed that the measured pressure values by the proposed device were different
from the reference values, but both validation test results showed a constant

correlation. Measuring wind pressure can be improved through future studies.
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