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Nagaoka University of Technology publishes an online, open access journal titled “Transactions on
GIGAKU”, which is focused on the science and technology related to GIGAKU. The mission of this
journal is to spread out the concept of GIGAKU and the fruits of GIGAKU to the global world and to
be a strong network for innovations in science and technology and for development of next
generations of high-level human resources. This journal, therefore, covers research and education
activities related to GIGAKU in broad areas.

“ See “What is GIGAKU?’ below.

‘What is GIGAKU?’

GIGAKU is a term composed of two Japanese word-roots; Gl and GAKU. The word Gl
literally stands for all kinds of arts and technology, and GAKU stands for scientific
disciplines in general when used as a suffix.

The term was originally coined to describe the fundamental philosophy of education and research of
Nagaoka University of Technology (NUT) when it was established in 1976. Through this term the
founders of NUT intended to express their recognition that all technical challenges in the real world
require a scientific approach. And NUT has a relentlessly pursued GIGAKU since then.

Fourty-one years have passed and all surrounding conditions have changed dramatically during those
years. We are witnessing rapidly globalizing economics and huge scale changes in demographic,
industrial and employment structures. All those changes seem to necessitate the further evolution of
GIGAKU. In response to this, NUT recently announced its new “Growth Plan” and a renewed
definition of the term is given;

GIGAKU is a science of technologies, which gives us an angle to analyze and reinterpret diverse
technical processes and objects and thus helps us to advance technologies forward. By employing a
broad range of knowledge about science and engineering, management, safety, information
technology and life sciences, GIGAKU provides us with workable solution and induces future
innovations.
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Enhancement of Evanescent-Light-Induced Wedge Waves
due to Water Confinement in a Point-Contact Configuration

Iwao Matsuya®”, Yuuki Hirai?, Yasuhisa Oguro?, Takumi Arait, Toshiki Machida?,
Takayuki Ishibashi?, and Ikuo Ihara!

YDepartment of Mechanical Engineering, Nagaoka University of Technology,
ADepartment of Materials Science and Technology, Nagaoka University of Technology,
1603-1 Kamitomioka-machi, Nagaoka 940-2188, Japan
*E-mail: matsuya@mech.nagaokaut.ac.jp

A new method for generating ultrasonic waves utilizing evanescent light
during the total internal reflection at the surface of a half ball lens is presented.
A waveguide with a sharp wedge is employed as a specimen to launch a wedge
wave and the edge tip of the waveguide ridge is attached to the lens to create a
contact point between them. A low-power pulsed Nd:YAG laser is irradiated
into the lens to form the evanescent light. The effect of water confinement in a
point-contact configuration is investigated for the ability of generating wedge
waves by comparing in an open system. The amplitude of the first mode 1
wedge wave produced by the evanescent light is enhanced more than eight
times due to the water confinement. The similar relationship between the direct
ablation and the confined ablation for the direct laser irradiation is
demonstrated.

1. Introduction

A laser ultrasonic technique is a powerful tool where an ultrasonic wave is excited by a pulsed
laser in a material and material properties are evaluated by detecting its elapsed time [1, 2]. In
association with the technique, a shock wave provided by the pulsed laser has been applied in medical
applications such as a drug delivery, killing tumors, and so on [3-8]. However, the applicable size has
still been limited to a relatively large-scale due to the diffraction limitation of the irradiated light, and
a micro-nano scale application has not still been explored for the technique. Recently, in order to
overcome the limitation, near-field optics, including evanescent light, has been offered as the method
in which the laser energy can be focused on a very small area [9, 10], and that has begun to combine
with laser ultrasonic technology [11-14]. If the evanescent light become available as a wave source,
especially in a liquid, the unprecedented usability for smaller objects in the application will be
developed broadly.

We have been attempting to generate bulk acoustic waves in an aluminum plate utilizing
evanescent light formed at a right-angle prism, and it has been successfully carried out [13]. However,
the amplitude of the obtained acoustic waves has been easily changed according to the contact state
because the plane contact between the plate and the prism is imperfect due to the surface roughness of
each plane. Besides, the excited wave signal has usually been nothing but a noise level. On the other
hand, there are two methods to generate ultrasonic waves utilizing a pulsed laser ablation. One is direct
ablation where the pulsed laser is directly irradiated onto a bulk sample and the ablation causes
ultrasonic wave, the other is confined ablation where the target sample is covered with a transparent
material such as a glass plate or a liquid and the enhanced ultrasound is generated in the closed system
[15-17]. Although the confined ablation is a very important technology in terms of creating an intense
ultrasound, we could not have verified that as long as employing the plane-contact configuration.

A wedge wave is a kind of elastic guided wave propagating along a ridge of a sharp blade [18-21].
Wedge waves can propagate for a long distance with a low attenuation because its energy during the
travel concentrates in a small spot at the blade tip. The vibration of the wedge wave shows
asymmetrical movement across the ridge line and its amplitude is usually much bigger than the other
bulk elastic waves. The wedge wave is thus appropriate for being produced by the evanescent light

1



Transactions on GIGAKU 6(1)(2019)06001/1-8

which only has a small energy. Moreover, the point contact between the waveguide and the prism
surface at which the evanescent light is formed can be easily achieved if the edge tip of the waveguide
ridge is attached to the prism. Therefore, the contact state is drastically improved compared with the
plane contact, and most importantly, the confined ablation for the evanescent light can be realized by
arranging a liquid around the contact point.

In the present work, we report a method for generating ultrasonic wave taking advantage of the
evanescent light. The half ball lens is employed instead of the right-angle prism to avoid stray light at
the oblique side of the prism. A waveguide with a sharp wedge is used to create the intense signal of
the wedge wave and to make the point contact configuration. The generation of wedge waves is carried
out in both the open system and the closed system. The effect of the water confinement is investigated
for the ability of generating wedge waves.
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Fig. 1 Scheme of evanescent light generation. (a) Evanescent light and total internal
reflection of pulsed laser at medium 1-2 interface. (b) Electric field of evanescent light.

2. Evanescent Light
When the pulsed laser reflects at a boundary between two different mediums, if the incident angle
is more than the critical angle, the evanescent light is formed outside the boundary. Figure 1(a)
illustrates the scheme of the evanescent light generation. During the total internal reflection of the
pulsed laser irradiated from the medium 1 to 2, the evanescent light exhibits exponential decay with
distance from the interface. The electric field of the evanescent light at the interface is given by [22]

2
E(x,z) = Tyexp (—iwt + i%n;l—;xsin 6) exp <—27nz\/(:—;) sinZz g — 1) Q)

Here Ty is maximum amplitude of electric field, w is angular frequency of the incident light, 4 is wave
length of the light in the medium 2, and @ is angle of incident light, t represents time. The axis
perpendicular to the boundary is Z, the axis equivalent to the boundary is X. ny and n; are refractive
indexes of the medium 1 and 2, and the medium 1 is usually glass. Figure 1(b) shows the electric field
of evanescent light along the Z-axis when the medium 2 is changed. The penetration depth of
evanescent light into the medium 2, which is the distance where the initial electric field decreases 1/e,
is expressed as follows [22],
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A= @)
2771 (Z—;) sin? 6-1

where A is penetration depth of evanescent light. The refractive indexes are 1.33 for water, 1.37 for
aluminum, and 1.51 for glass [13]. In this work, the incident angle of the pulsed laser is determined to
be 69.0° which is larger than the critical angle of 62.1° derived from Snell’s law for the glass-water
interface, and that of 65.1° for the glass-aluminum interface. Using Eq. (2), when the medium 2 is
changed, the penetration depths of evanescent light are 170 nm for air, 362 nm for water, 510 nm for
aluminum. When the evanescent light illuminates a solid plate specimen which usually has more than
1 um of surface roughness, it does not reach the medium 2 entirely due to the imperfect plane-contact.
In order to verify the ability of generating ultrasonic wave using the evanescent light, the point-contact

between medium 1 and 2 is essential.
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Fig. 2 Schematic depiction of experimental setup. (a) Contact point configuration between
waveguide (around ridge) and half ball lens. (b) Picture of waveguide with 30° wedge.

3. Experiment

Figure 2 shows the experimental setup for launching wedge waves on the ridge of the waveguide
by means of the evanescent light. A well-polished aluminum (A5052) waveguide with 10 mm
thickness is used as a specimen. As shown in Fig. 2(b), the waveguide is 100 mm in length and has a
tip angle of 30°, the sharpness of which is measured at an average of 16.3 um by a laser microscope.
The flat surface of the half ball lens with 10 mm diameter is positioned to be facing upward. The front
edge of the waveguide ridge is attached on the flat surface of the half ball lens to make a point contact
between them, the angle between the ridge line and the flat surface is fixed at 45°, and the surface S
of the waveguide and the flat surface are normal to each other, as shown in Fig. 2(a). The contact force
between the waveguide and the lens is carefully removed to be less than 50 g, which is confirmed not
to exceed the proof strength of aluminum by the 3-dimentional elastic analysis simulation. A pulsed
Nd:YAG laser (Tempest 30, New Wave Research, 1064 nm) is operated at a 8.2 mW single shot with
a duration of 4 ns. When the evanescent light is irradiated on the front edge of the waveguide ridge,
the wedge waves are launched and propagated along the ridge of the waveguide. In order to detect
wedge waves, a laser doppler vibrometer (OFV-505, Polytec) is used. The detection point in the middle
of the waveguide is 50 mm away from the contact point, and the distance between the detection point
and the end edge of the waveguide is 50 mm.

Figure 3 shows the simulation result of the ray-trace for the optical system using the optical design
software, OpTaliX. A laser beam of 5 mm diameter is focused using a biconvex lens with a 200 mm
focal length. The beam is reflected at a mirror to enter the half ball lens at an incident angle of 69°.
The focal point is controlled to be placed at a point which is 2 mm away from the reflecting point in
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the half ball lens, as shown in Fig. 2. If the pulsed laser is focused at the surface of the half ball lens,
it is easily broken due to an energy concentration. But employing this arrangement, the lens is able to
endure the laser power up to approximately 22 mW for a single shot. The spot size on the flat surface
of the half ball lens is derived at 0.33 mm and 0.18 mm in the major and the minor axis, respectively.
The generation of the wedge wave utilizing the evanescent light is carried out with and without water
on the flat surface of the half ball lens. For comparison, removing the half ball lens, the pulsed laser
is directly focused on the front edge of the waveguide ridge with and without a drop of water. The oval
focused-area on the surface S of the waveguide is 0.14 mm and 0.10 mm in the major and the minor
axis examined by the knife-edge technique [15].

. Focal point
)

b e Half ball lens
69° | \
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o

Mirror ,
Biconvex lens

Laser beam
E= 50 mm

Fig. 3 Ray-trace simulation for optical system. The inlet shows enlarged view of the half ball lens.

When the wedge waves are detected by the vibrometer, the voltage signals are captured using a
12-bit serial acquisition board at a sampling rate of 100 MHz. In order to evaluate the waveforms
purely, data processing such as a filter or an averaging is not conducted. To derive the velocities of the
wedge waves from the waveform, the cross-correlation method is utilized to obtain the elapsed time
between the first and the reflected wedge waves from the end edge of the waveguide. The velocity V
for wedge wave in the air is reported as an empirical formula as shown below [18],

V =Vgsin(mgp) (3)
where Vr is velocity of Rayleigh wave, m is order of wave mode, ¢ is wedge angle. Since Vr for the
waveguide is experimentally obtained 2940 m/s, the velocities of the wedge wave are estimated to be
1470 m/s for mode 1 and 2546 m/s for mode 2. Note that since Eq. (3) is an empirical formula, it is
expected that the velocity derived from Eq. (3) is different from the experimental value as the wave
mode increases [23].

4. Results and Discussion

Figures 4(a) and 4(b) show the waveforms of the wedge waves excited by the directly-irradiated
pulsed laser without water (direct ablation) and with water (confined ablation). In Fig. 4(a), the first
small wave is the surface acoustic wave (SAW). The wave packets A; and A, correspond to the mode
2 wedge wave, which is passed through the detecting point after the launch and is reflected from the
end edge of the waveguide. The wave packets B: and B, correspond to the mode 1 wedge wave.
Because of the dispersiveness of wedge waves, the width of the wave packet B, in time-domain is
widened compared to wave packet B:. The velocities of the mode 1 and 2 wedge wave are obtained to
be 1462 m/s and 2367 m/s for both cases, which agree well with Ref. 20 and 21 despite the differing
launch method. Considering the velocities of the wedge wave and the propagated distance, the wave
packets between A, and B; are the mode-converted wedge waves converted at the end edge of the
waveguide. The same tendency concerning the position of the wave packets can be observed in Fig.
4(b), except for the amplitude of the waves. Compared to Fig. 4(a), the peak-to-peak amplitude of the

4
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first mode 1 for the confined ablation is 7.12 times greater than the corresponding one for the direct
ablation, which is enhanced from 9.62 to 68.5 A.U.. In general, during laser heating, the produced
pressure in confined ablation is 4-10 times greater than direct ablation [16], so this result is considered
to be appropriate.

Amplitude (A.U.)

(@)

e L o n =

0 20 40 60 80 100 120
Time (ps)

Fig. 4 Waveforms of wedge waves obtained by (a) direct ablation and (b) confined ablation for direct
laser irradiation. Those produced by evanescent light in (c) open system and (d) closed system
confined by water.

Figures 4(c) and 4(d) show the waveforms of the wedge wave generated by the evanescent light
with and without water. Regarding the wave position, the first and the reflected mode 1 and 2 wedge
waves are observed as well as the above cases of the direct and the confined ablation. It has been
confirmed that the half ball lens vibrates by itself only if the lens breaks. In addition, any breakdown
inside the half ball lens was not observed following those experiments. Consequently, it is considered
that those major waves in Figs. 4(c) and 4(d) are not brought by the vibration of the lens but excited
by the evanescent light. The velocities of the mode 1 and 2 wedge waves are 1446 m/s and 2329 m/s,
as shown in Fig. 3(c), and the corresponding ones in Fig. 4(d) are 1449 m/s and 2329 m/s. Those values
almost coincide with both cases of the direct and the confined ablation. The peak-to-peak amplitude
of the first mode 1 wedge wave in Fig. 4(c) is 1.58 A.U. and the corresponding one in Fig. 4(d) is 13.1
A.U. which is amplified 8.26 times. Although the amplitudes of the evanescent-light-induced wedge
wave are roughly one-sixth of those produced by the direct laser irradiation, the similar amplification
factor due to the water-confinement is indicated. When the front edge of the waveguide ridge is
separated less than 0.5 mm from the surface of the lens, which is far bigger than the penetration depths
of the evanescent light in the air and the water, no signal is observed regardless of the existence of the
water. Therefore, it is considered that the vibration of the water that absorbs the energy from the
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evanescent light was not the excitation source for the wedge waves. Figure 5 shows the scanning
electron microscope (SEM) image of the apex of the front edge after the one shot of the evanescent
light confined by the water. A triangle-shaped damaged region is observed at the apex. It is considered
that the temperature of the waveguide was rapidly increased by the evanescent light irradiation and
the apex was melted, vaporized and ionized in the water-confined geometry. Therefore, it is clearly
shown the wedge waves were excited by the ablation of the evanescent light on a small scale. We
considered the consumed energy for missing volume which is melted and evaporated by the evanescent
light. The missing volume is estimated to be 1.00x1023 m? at best by using the SEM image as shown
in Fig. 6. Note that every corner of the 3D model in Fig. 6 is sharp, which is different from the actual
shape, the estimated burnout volume might be excessively large. The density of aluminum is 2.68x108
g/m?, therefore the mass of the missing part is derived to be 2.68x10°7 g. Using the mole number of
aluminum (26.98 g/mol), the missing volume is 9.93x10% mol. Consequently, the energy of the
burnout of the apex can be calculated to be 3.0 J in the best case by taking advantage of that the heat
quantities for melting and vaporizing aluminum are 1.07x10% and 2.91x10° J/mol, respectively [24].
Compared to the total energy of the irradiated laser (2.1 MJ), the energy consumed by the burnout is
considered to be extremely small due to the point contact.

100 pm

Fig. 5 SEM image of apex of front edge after evanescent light irradiation confined by water.

= Burnout part

124 pm™
~ Ridge

N —

——3
90 pm

Fig. 6 3D model of missing volume at the apex of front edge.
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5. Conclusion

We have reported a novel method for generating ultrasonic waves utilizing evanescent light during
the total internal reflection at the flat surface of a half ball lens. The waveguide with a sharp wedge is
used as a specimen to obtain clear signal of generated wedge waves which is much bigger than acoustic
bulk waves. The point-contact configuration between the tip of the waveguide and the half ball lens is
employed to achieve better contact state than the plane contact, and to examine the effect of confined
ablation with water. The ray-trace simulation is applied to create the optimal optical system and to
avoid breakdown inside the half ball lens. The amplitude of the first mode 1 wedge wave generated
by the evanescent light is enhanced more than eight times due to water confinement, which shows a
similar relationship between the direct and the confined ablation for the direct laser irradiation.
Although the contact point configuration with the wedge was examined to produce wedge waves in
this work, it is also possible for the evanescent light to provide an ultrasonic wave or a shock wave for
other applications, such as an extremely small material in a liquid medium.
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Precision geometrical quantity measurements are absolutely necessary in
electric power stations (steam power station, nuclear power station, and etc.)
for environmental load reduction, quality assurance, and safety. These
precision measurements are difficult manual operations. Specifically, these
measurements are often performed in high or narrow places, uncomfortable
environments, and so on. As such, power station employees are subjected to
stressful situations and painful postures, among other difficulties. Hence, we
studied and developed a precision geometrical measuring robot to relieve stress
and improve the work environment. Herein, we propose the research on
precision measuring robot that is a precision measurement instrument with
mobility. The robot proposed in this paper is a mobile, crawler-type precision
measuring robot that can perform surface roughness measurements. Handling
robots that supply workpieces to surface roughness instruments have been
developed; however, we do not know of research on the robotization and self-
propulsion for roughness measurement instruments. Stiffness and stability of
mechanical structure is important for high-precision measurement; however,
the measurement accuracy of the measuring robot decreases because of the
decrease in stiffness and stability caused by the lightweight structure needed
for robotization. Therefore, we propose a measuring unit that uses
electromagnets. In this research, the mechanism and structure of the measuring
unit was designed and developed, and the effectiveness and capability of the
developed measuring unit were examined through experiments. From the
results of the measuring experiments, standard deviations of the roughness
parameter value, Ra, were improved from one third to half by using the
proposed measuring unit with electromagnets.

1. Introduction

Precision geometrical quantity measurements in electric power stations are absolutely necessary
for environmental load reduction, quality assurance, and safety [1-3]. These precision measurements
are difficult manual operations. Specifically, these measurements are often performed in high, narrow
places, uncomfortable environments, and so on. As such, power station employees are subjected to
stressful situations and painful postures, among other difficulties. Hence, we study and develop a
precision geometrical measuring robot to relieve stress and to improve the working environment.

Examples of precision geometric quantity measurements in electric power stations include length
measurement, form measurement, geometrical tolerance measurement, surface roughness
measurement, surface texture measurement, and wear measurement, among others. In this work, we
propose and develop a precision crawler-type geometrical measuring robot that can measure surface
roughness, because surface texture influences the environmental loading and lifespan of power stations.
To the best knowledge of the authors, this research is the first that introduces a precision geometrical
measuring robot with mobility for surface roughness measurement. Presently, handling robots that
supply workpieces for surface roughness instruments have been developed [4]; however, we do not
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know of research on robotization and self-propulsion for roughness measurement instruments.
Furthermore, in this research, we develop a measuring unit to improve the accuracy of the roughness
measurement. Weight reduction of the robot is essential to enable self-propulsion and smooth motion;
however, the measurement accuracy of the measuring robot deteriorates as its stiffness and stability
decrease as a result of the lightweight structures. Therefore, we propose a measuring unit using
electromagnets. In this research, we design and develops the mechanism and structure for the
measuring unit. The effectiveness and capability of the developed measuring unit are examined
through experiments. From the results of the measuring experiments, standard deviations of the
roughness parameter value, Ra, were improved from one third to half by using the measuring unit with
electromagnets.

2. Precision Measuring Robot

In this research, we designed and developed a prototype of a precision measuring robot. In earlier
studies, we presented a basic concept and conceptual design for the precision measuring robot [5, 6].
Figure 1 shows the developed prototype precision measuring robot in this research. Figure 2 shows
the 3D CAD model of the prototype precision measuring robot as a schematic diagram. Specifically,
the precision measuring robot is a roughness measurement instrument that is capable of self-propulsion
by crawlers. The size of the robot is 400 mm long, 280 mm wide, and 220 mm high. Additionally, the
primary structure of the robot consists of aluminum plates and frames for weight reduction. As shown
in Figs. 1 and 2, the crawlers for self-propulsion are arranged on both sides of the main body of the
robot, and the surface roughness measuring unit is located at the center of the robot. The crawlers are
driven by two geared motors (TG-47G-SG-50-HA, TSUKASA Electric Co., Ltd.) and eight sprocket
wheels. The main components of the precision measuring unit are a contact-type surface roughness
measuring sensor, a drive unit for the roughness measuring sensor, electromagnets, and a vertically
moving unit for the roughness sensor, drive unit, and electromagnets. The details of the prototype
precision measuring unit are introduced in the following section.

Electronic circuits for controlling the crawlers and the roughness measuring unit are arranged on
top of the robot at the rear. A microcontroller in the electronic circuits uses Arduino, which is an open-
source electronics platform based on hardware and software [6]. As shown in Fig. 3, the transmission
of control commands to the electronic circuits of the precision measuring robot and reception of
measured results by the precision measuring robot are performed wirelessly by a Bluetooth connection.

3. Precision Measuring Unit Using Electromagnets

In this research, we designed and developed a prototype precision measuring unit for improvement
of measurement accuracy.

In general, precision measurement instruments are designed such that the stability and stiffness
of the instrument are high, because high measurement accuracy is a top priority. However, improving
the stiffness causes the instrument to be heavy. In contrast, a robot must be lightweight, because the
motion of the robot becomes disabled if the weight of robot is designed as heavy as a precision
measurement instrument with high stiffness. However, the measurement accuracy of the precision
measuring robot deteriorates, because robotization of a precision measurement instrument involves a

Fig. 1 Prototype precision measuring robot for roughness measurement.
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(c) Top view

Fig. 2 Schematic diagram of prototype precision measuring robot.
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Fig. 3 Radio communication via Bluetooth.
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decreased stability and stiffness associated with the weight reduction. Therefore, we devised an
application of electromagnets for the precision measuring unit to solve this problem and develop a
prototype of the precision measuring robot. Figure 4 shows the internal structure of the prototype
precision measuring unit. The measuring unit has three guide ball bushings and one ball screw coupled
to a geared motor. The measuring unit is vertically moved by the ball screw. The unit has four
electromagnets (Uxcell Co., Ltd., 12V, 0.24 A, 25 N of magnetic force, and 20 mm diameter), two of
which are located at the corner positions of the rectangular base plate of the measuring unit. The
electromagnet attracts the measuring machine and the measuring surface during measurement. We
consider that the electromagnet can suppress vibration of the measuring machine unit at the time of
measurement. The other two are located at nearby positions of both sides of the roughness sensor to
improve measuring accuracy. In the present study, the contact-type surface roughness measuring
sensor and the drive unit for the sensor were not developed; consequently, a portable surface roughness
tester SRT 6210 (Nihon Sonatest Advanced Inspection Technology Inc.) was utilized. When measuring
roughness, the stylus slides on the measuring surface. The stylus detects irregularities on the measure-

(a) Perspective view

Guide ball bushing

Ball screw /

(b) Side view

Base plate

Electromagnet Electromagnet

SRT 6210

(c) Top view

Fig. 4 Internal structure of the precision measuring unit using electromagnets.
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Stylus tip

(a) Side view (b) Bottom view
Fig. 5 Stylus of the surface roughness tester SRT 6210

Table 1 Specification of the surface roughness measuring instrument [7, 8]

Parameters

Ra, Rz, Rq, Rt

Measuring Range

Ra, Rg: 0.005 - 16.00 pm

Rz, Rt: 0.020 - 160.0 pm

Accuracy

<10%

Fluctuation of display value

<6%

Sensor Test Principle: Inductance type
Radius of Probe Pin 5um
Material of Probe Pin Diamond
Dynamo-measurement of Probe 4 mN(0.4 gf)
Probe Angle 90 degrees
Vertical Radius of Guiding Head 48 mm
Maximum driving stroke 17.5 mm

Cutoff length (1) 0.25 mm /0.8 mm/ 2.5 mm optional

sampling length = 0.25 mm, Vt = 0.135 mm/s

Driving speed sampling length = 0.8 mm, Vt = 0.5 mm/s

sampling length = 2.5 mm, Vt = 1 mm/s

Profile digital filter Filtered Profile: Gauss

Evaluation length 5 cut-off

ment surface. The roughness parameter is calculated by analyzing the unevenness of the measured
surface. The stylus is operated by the measuring unit. The position of the stylus is shown in Figure 5.
The measurement principle of the roughness sensor is a method of converting stylus deviations into
electrical signals with a piezoelectric element. Commands to, and results from, the measuring unit are
transmitted and received via Bluetooth wireless radio. Table 1 lists the specification of the surface
roughness measuring instrument.

4. Experiment
This paper presents a basic experiment for the precision measuring robot. The robot elevates the
measuring unit after each roughness measurement, and thereafter, moves to a next position.
Subsequently, after movement to the next position, the robot measures the surface roughness at the
position by lowering the measuring unit. Table 2 lists the roughness measurement results obtained
using the developed precision measuring robot. Experiments were performed on a cast iron precision
surface plate, and surface roughness parameters Ra, Rzss, and Rq [9, 10] were measured. For
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inspection of the precision of the robot, the parameters were measured 10 times at each of two different
positions—A and B. To verify the validity of the measuring unit with electromagnets, measurements
were taken with the electromagnets turned on and off at each position. As listed in Table 2, the
measurement result is reasonable because it is within the accuracy of Table 1. When the electromagnets
are turned off, the average measurement results for position A are Ra is 0.287 um, Rzus is 0.812 um,
Rq is 0.364 um; and those for position B were Ra is 0.217 um, Rzus is 0.615 um, and Rq is 0.264 um.
When the electromagnets are turned on, the average results for position A are Ra is 0.284 um, Rzas is
0.804 um, Rq is 0.366 um; those for position B are Ra is 0.213 um, Rzas is 0.603 um, and Rq is 0.266
um. To verify the validity of the measuring unit and electromagnets, the standard deviations and ranges
of the measurement results are also shown in Table 2. When the electromagnets are turned from off to
on, the standard deviations of Ra are improved from 5.6 nm to 2.4 nm at position A, and from 4.1 nm
to 1.0 nm at position B. Similarly, the standard deviations of Rzxs are improved from 15.8 nm to 6.9
nm at position A, and from 11.3 nm to 3.0 nm at position B. The standard deviations of Rq are
improved from 9.3 nm to 4.5 nm at position A, and from 3.0 nm to 1.8 nm at position B. Moreover,
when the electromagnets are turned from off to on, the ranges of Ra are improved from 21.0 nm to 7.0
nm at position A, and from 14.0 nm to 3.0 nm at position B. Similarly, the ranges of Rzs are improved
from 60.0 nm to 19.0 nm at position A, and from 38.0 nm to 9.0 nm at position B. The ranges of Rq
are improved from 33.0 nm to 13.0 nm at position A, and from 10.0 nm to 6.0 nm at position B. From
these experimental results, we consider that the use of the measuring unit with electromagnets results
in reduction of measurement variation. Table 3 lists the results of measuring similar measurement
points on a different surface roughness measuring machine SJ 210 (Mitutoyo Corporation) [11].
Comparing the measurement result by SRT 6210 when the electromagnets are turned off with the
measurement result by SJ 210, Ra and Rq are the same, and Rzus is not the same. However, the

Table 2 Measurement results of roughness parameters Ra, Rzus, and Rq by the developed precision
measuring robot, and validity of the measuring unit and electromagnets.

Position A Position B

Ra pm Rzuns pm Rg pm Ra pm Rzuns pm Rqg pm

Electromagnet Electromagnet Electromagnet Electromagnet Electromagnet Electromagnet

Times OFF ON OFF ON OFF ON OFF ON OFF ON OFF ON
1st 0.276 0.289 0.782 0.817 0.342 0.371 0.207 0.211 0587 0597 0.257 0.262
2nd 0.283 0.282 0.801 0.798 0.355 0.364 0.214 0.213 0.606 0.603 0.262 0.265
3rd 0.289 0.282 0.817 0.798 0.366 0.366 0.217 0.214 0.616 0.606 0.264 0.267
4th 0.291 0.286 0.823 0.811 0.366 0.373 0.218 0.214 0.619 0.606 0.266 0.267
5th 0.297 0.286 0.842 0.811 0.375 0.371 0.217 0.214 0.616 0.606 0.264 0.267
6th 0.284 0.284 0.804 0.804 0.366 0.369 0.221 0.214 0.625 0.606 0.266 0.267
7th 0.286 0.282 0.811 0.798 0.369 0.362 0.217 0.213 0.616 0.603 0.265 0.266
8th 0.284 0.282 0.804 0.798 0.364 0.362 0.22 0.212 0.622 0.600 0.267 0.267
9th 0.289 0.283 0.817 0.801 0.369 0.364 0.218 0.213 0.619 0.603 0.266 0.268
10th 0.289 0.283 0.817 0.801 0.369 036 0.221 0.213 0.625 0.603 0.267 0.268
Average 0.287 0.284 0.812 0.804 0.364 0.366 0.217 0.213 0.615 0.603 0.264 0.266

Standard
deviation 5.6 24 15.8 6.9 9.3 45 41 1.0 11.3 3.0 3.0 1.8

nm

Range
21.0 7.0 600 190 330 130 140 3.0 38.0 9.0 10.0 6.0
nm

Table 3 Results of roughness parameters Ra, Rzaxs, and Rq by SJ 210.
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Position A Position B

Times Rapm  Rzaispm  Rgpm Rapm  Rzaspm  Rg pm
1st 0.284 1.098 1.756 0.195 0.819 0.253
2nd 0.286 1.149 1.836 0.192 0.777 0.25
3rd 0.285 1.178 1.841 0.195 0.796 0.253
4th 0.285 1.159 1.842 0.195 0.783 0.253
5th 0.285 1.174 1.851 0.196 0.800 0.255
6th 0.286 1.208 1.868 0.196 0.843 0.255
7th 0.287 1.202 1.897 0.197 0.804 0.256
8th 0.287 1.238 1.923 0.197 0.821 0.256
9th 0.287 1.229 1914 0.197 0.813 0.257
10th 0.288 1.246 1.940 0.198 0.797 0.254
Average 0.286 1.188 1.867 0.196 0.805 0.254

Standard deviation nm 1.2 458 54.2 1.7 19.4 2.0

Range nm 4.0 148.0 184.0 6.0 66.0 7.0

standard deviation by SJ 210 is higher than SRT 6210. Therefore, the result of Rzxs cannot conclude
which surface roughness measuring machine is correct.

5. Conclusion
We designed and developed a precision measuring robot. Moreover, a measuring unit with using
electromagnets was proposed, and its effectiveness and capability was confirmed through experiments.
The main conclusions obtained in this study are as follows:

1) In this study, a precision roughness measuring robot was proposed as a new precision roughness
measurement instrument, and it was designed and developed. To the best knowledge of authors,
this research is the first that introduces a precision geometrical measuring robot that is a mobile
surface roughness instrument with mobility.

2) We proposed using electromagnets to mitigate the measurement accuracy deterioration of the
measuring robot due to the decrease in stiffness and stability. The prototype precision measuring
unit using electromagnets was designed and developed.

3) The proposed measuring unit with electromagnets can improve the standard deviations of
roughness parameters Ra, Rzxs, and Rq from one third to half, or greater. Because the effect of
utilizing electromagnets for measurement accuracy improvement was confirmed through a basic
experiment, the idea of this research is considered valid and efficacious.

Our plans for future work are as follows: 1) The authors will analyze the frequency characteristics
of the precision measuring robot and the measuring unit with electromagnets. The effect and
mechanism of the electromagnets will be examined and clarified by both experimental and numerical
analysis. 2) The authors will design and develop an optimized measuring robot and unit by using the
frequency analysis results. 3) Demonstration experiments with the developed precision measuring
robot will be performed in industrial fields for commercialization.
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This study estimated the ultimate lateral resistance of pile group against
horizontal ground movement by using two-dimensional rigid plastic finite
element method (RPFEM). The effect of ground movement direction on the
ultimate lateral resistance was investigated through the case studies.
According to the results, it can be seen that changes in both the ultimate
lateral resistance and the failure mode of ground around piles were observed.
The impact of the pile spacing on load bearing ratios was studiously
investigated. Since each pile in the group affects other piles, it leads the load
bearing ratio significantly to depend on pile positions such as the front or
back piles. Moreover, the load bearing ratio of each pile went up with an
increase in pile spacing, but it was different remarkably among piles. The
load bearing ratio varied with the directions of the ground movement.

1. Introduction

Pile foundation is designed not only to carry a vertical load of superstructures, but also to resist a
horizontal load and a bending moment. In earthquake engineering, the examination of lateral resistance
of pile group against horizontal movement of ground is an important task in the design of pile
foundation. These days, the design value for lateral resistance of pile has increased as an increase in
measured ground response displacement of clayey soils during earthquakes. It makes the design of
pile foundation mainly severe on economical aspect. Therefore, it is crucial to assess the ultimate
lateral resistance of piles against large horizontal ground movement since it provides an extreme
condition of design on load applied to pile.

Several studies reported the ultimate lateral resistance of single pile such as Broms et al. (1964),
Randolph and Houlsby (1984). Broms (1964) studied the slip line method to calculate the ultimate
lateral resistance of single pile in the range of 8.28 c,-12.56 c, for various pile sections under smooth
and rough conditions on the interface between pile and soils, in which ¢, is un-drained shear strength
of soil. Chen et al. (1994), Chen and Poulos et al. (1997), Georgiadis and Sloan et al. (2013) used the
numerical analysis to calculate the ultimate lateral resistance of pile groups. However, most of the
previous studies analyzed the limit load for the prescribed load applied to the piles. Hence, the past
work focused on the ultimate lateral resistance of single piles because the load applying to each pile
in a pile group was not known prior to an analysis. This study newly defines the boundary condition
for assessment of ultimate lateral resistance of pile groups against horizontal ground movement. The
author simulated the pile-soil system by employing a two-dimensional rigid plastic finite element
analysis based on the upper bound theorem. Rigid plastic finite element method (RPFEM) has been
applied to geotechnical engineering by Tamura et al. (1987) and developed for frictional material as
Tamura et al. (1991). In this method, the limit load is calculated without any assumption on potential
failure modes. The method is effective in computing the ultimate lateral resistance of pile group against
horizontal ground movement in clayey soil.

In this study, the pile-soil system is simulated for rough condition on the interface between pile
and soils under two-dimensional condition. The ultimate lateral resistance of the pile group is affected
by many factors, such as pile spacing, number of piles, and directions of the ground movement.
However, only a few studies have considered the effect of loading direction on the ultimate lateral
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resistance such as Georgiadis et al. (2013), Zhao et al. (2017). They demonstrated the change in the
total ultimate lateral resistance and the failure mode of ground around the pile. The effect of the
number of piles arranged in a row was not considered. This study investigated the effects of the
directions of ground movement on the ultimate lateral resistance by increasing the number of piles in
a group. Load bearing ratios of piles in groups are calculated by adjusting the pile spacing.

2. Rigid plastic finite element method
Tamura (1991) developed the rigid plastic constitutive equation for frictional material. The

Drucker-Prager’s type yield function is expressed as follow.

f(a)=a|1+\/\]_z—k=0 Q)

where Iy is the first invariant of stress o, and 1, =tr(g;; ) in which extension stress is defined positive.
tang

V9 +12tan?¢

are the material constants in which ¢ is internal friction angle and c is cohesion

J2 is the second invariant of shear stress s;and J, =%Sijsij and the coefficients, a =
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under the plane strain condition. The volumetric strain rate is expressed as follows:
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where 4 is an indetermine multiplier and 1 is the unit stress tensor. The strain rate ¢ which is purely
plastic component should satisfy the volumetric constraint condition as follow:
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in which ¢, and ¢ indicate the volumetric strain rate and the norm of strain rate, respectively. The

parameter 7 is defined in Eq. (3). The rigid plastic constitutive equation is expressed by Lagrangian
method after Tamura (1991) as follows:

and k =
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where £ represents a Lagrangian multiplier which indicates the equilibrating stress satisfying the yield

function expressed by Eq.(1). Moreover, the constraint condition on strain rate is introduced into the
constitutive equation directly with the use of penalty method (Hoshina et al. (2011), Quang et al.
(2018)). The stress-strain rate relation for the Drucker-Prager’s yield function is expressed as follow:

6=L£.+K(é‘v—7]e' I—ni (5)
, 16 é
30 +=
2

where K is a penalty constant. FEM with this constitutive equation provides the equivalent equation
of the upper bound theorem in plasticity so that this method is called as RPFEM in this study. It is
noted the property of this constitutive equation that the relationship between stress and strain rate is
specified. The norm of strain rate is substantially indeterminate since the limit state of structure is
focused. Stress is determined for normalized strain rate using its norm. Hoshina et al. (2011)
introduced the constraint condition on external work into the equilibrium equation by using the penalty
method. They reported that more rational results were obtained by the developed method than by
methods in previous works. The use of the penalty method is advantageous in that it can shorten the
computation time and lead to stable computational results. Since this study focuses on cohesive soils,
as mentioned above, the constitutive equation is limited to the von Mises yield function where the
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ground is frictionless and deforms under a constant volume. The rigid plastic constitutive equation is
simple and effective for assessing the limit state of the ground due to the advantage of not using an
uncertain elastic modulus for the ground.

3. Ultimate lateral resistance of line alignment piles
3.1 Analysis boundary condition of model under plane-strain condition

Figure 1 shows two ways to simulate pile-soil system under different boundary conditions. The
typical finite element mesh and the boundary condition of single pile against horizontal ground
movement are shown in model (a). The soil and pile were assumed as rigid perfectly plastic material,
with the following properties: the undrained shear strength of soil was ¢,=100 kPa and the internal
friction angle of soil was ¢=0°, while the shear strength of pile material was c,=50000 kPa and the
internal friction angle of pile was ¢=0°. Analyses were performed for a pile diameter of D=0.6m. In
particular, the outer boundary elements perpendicular to the direction of ground movement employ
rigid elements to simulate the homogeneous ground movement. A uniform distributed load was
applied at all nodes of the rigid outer boundary elements to define the prescribed load and the load -

Model (a) Model (b)
Uniform distributed load

ST T T

Direction ot ground movement

Typical finite element mesh and boundary condition

]

o

Failure modes of ground around piles

Fig. 1 Boundary conditions and failure modes of single pile in two models

_ pEl2.27c
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coefficient. The ultimate lateral resistance was assessed by computing the limit value for this load
coefficient, and be set up with the started load factor of 1. The center of the pile was set as a fixed
velocity boundary condition and the reaction of the piles was calculated to analyse the load bearing
ratio. Moreover, the distance from the center of the pile to four boundary surfaces was set at more than
10.0 D to avoid the effect of boundary conditions on the failure mode of the ground around pile. Model
(b) shows the second boundary condition for directly applying the load on pile as the previous works.
The center of pile was set with the free condition but the four boundary surfaces were set by a fixed
condition. The analysis was performed by applying the uniform distributed load at all nodes of the pile
diameter.

The obtained results of strain rate distribution for two models are shown in Fig. 1. The norm of the
strain rate presented contour lines in the range of ¢ _ ~¢€ . (=0). The distribution of ¢ shows the

failure mode of the ground reflecting pile-soil interaction effect. Figure 1 shows similarly to the failure
mode of single pile in both boundary conditions. The failure mode of ground around pile is observed
in the range of 1.5 D-2.0 D from the center of pile and same the slip-line of Broms (1964), Georgiadis
and Sloan (2013). The ultimate lateral resistance of single pile generally obtained a close value as
12.27 ¢, for the model (a), 12.30 c, for the model (b), in which the total resistance is normalized with
the length of the pile diameter. The difference in ultimate lateral resistance is about 0.24% and
probably due to the difference in finite element meshes. These values are almost similar 11.95 c, of
Georgiadis and Sloan (2013). The difference may be caused by the fact that they employed different
models, namely, the soil and the pile were modeled as linear elastic-perfectly plastic and linear elastic
materials in their work.

In model (a), the obtained value of single pile was observed to coincide with model (b) and the

previous work. It proved that the method proposed for assessment of the ultimate lateral resistance of
piles is rational and accurate. Hence, model (a) is effective to calculate not only total ultimate lateral
resistance of piles, but also load bearing ratio of piles

3.2 Effect of direction of ground movement on ultimate lateral resistance.

As mentioned above, the purpose of this study is to investigate the effects of the direction of ground
movement on ultimate lateral resistance by considering the pile number. The ultimate lateral resistance
was systematically computed for changes in the pile spacing where the spacing s is the distance
between the centers of two piles. The horizontal direction angle is defined as the angle between the
direction of ground movement and the pile to pile axis, and varies from 0 to 90 degrees. This study
used the average ultimate lateral resistance of piles to discuss the effect of the direction of ground
movement. The average ultimate lateral resistance (g/cy) of piles is expressed as g/c, to indicate the
normalized value by the undrained shear strength of clay c,. The average ultimate lateral resistance g
(kN/m?) is subsequently calculated by dividing the total ultimate lateral reaction force Q (kN/m) by
the pile diameter and the number of piles.

Figure 2 shows the relationship between the average ultimate lateral resistance and the pile spacing
for an increase in pile number. The ultimate lateral resistance of the pile is normalized by the length
of the pile diameter. As a result, since the setting of shear strength and the pile diameter does not affect
the ultimate lateral resistance. In the case of two-pile, the average ultimate lateral resistance reduced
almost proportionally to the decrease in direction angle of ground movement in the range of 1.0 D-3.0
D and it coincided with that of single pile in the range of 4.0 D-6.0 D in pile spacing. While the average
ultimate lateral resistance increased non-linearly with an increase in pile spacing for all direction cases.
In the case of 90 degrees, the average ultimate lateral resistance was achieved slightly higher than that
of single pile in the range of nearly 1.0 D-1.75 D. It is because the intermediate ground between two
piles behaved as a rigid block as shown in Fig. 3(a). It seems appropriate that the average ultimate
lateral resistance was the greatest in case of 90 degrees, since the substantial distance of pile spacing
projected to the perpendicular plane against the ground movement was the largest even if the pile
spacing is the same. However, as the failure mode of the pile-soil system varied depending on the pile
spacing, the peak value in average ultimate lateral resistance was obtained at pile spacing of around
1.25 D. The trend to locally form the peak value was observed for other inclination angles at around
pile spacing of 1.25 D. In the case of three-pile and four-pile groups, the obtained results also show
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the similar trend with that of two-pile group in Figs. 2(b), (c). However, the difference in average
ultimate lateral resistance between the case of 90 and 0 degrees increased with an increasing number
of piles. In the case of 90 degrees, the average ultimate lateral resistance of pile obtained the same for
pile spacing despite number of piles. However, in the case of 0 degrees, the average ultimate lateral
resistance was shown to vary with the number of piles and to decrease with an increase in the number
of piles. The effect of the number of pile on the trend in ultimate lateral resistance against pile spacing
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Fig. 2 Average ultimate lateral resistance of piles: (a) two-pile, (b) three-pile and (c) four-pile groups
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changed with number of pile, where the range of pile spacing to vary the ultimate lateral resistance
became wider. The other cases varying from 0 to 90 degrees were found to exist in between those of
0 and 90 degrees.

As discussed above, the effect of the direction of the ground movement was caused by the change
in the failure mode of the ground around the piles. The typical failure modes of two-pile, three-pile
and four-pile groups were influenced by the direction of the ground movement at S=1.25 D spacing
shown in Fig. 3. In case of 0 and 90 degrees, the intermediate ground of piles did not yield any plastic
deformation, whereas it clearly yielded the plastic deformation in case of 45 degrees. It indicates the
shearing of intermediate ground took place despite the same pile spacing with the case of 0 and 90
degrees. It is interesting that the failure mode changed due to direction of ground movement in spite
of smaller pile spacing, besides the ultimate lateral resistance varied continuously between the values
of 0 and 90 degrees. From Figs. 3(a) to 3(c), it is apparent that the area of failed ground became wider
as the number of piles was greater. The failure zone of ground around pile was observed about 3.0 D-
3.5 D from the center of pile for two-pile group, 4.5 D-5.0 D for three-pile group and 5.5 D-6.0 D for
four-pile group.

Direction of O degrees Direction of 90 degrees

@)

Direction of ground movement

<
<%

(CIEEE

Fig. 3 Failure modes of pile groups at S=1.25 D in cases of 0, 45 and 90 degrees, respectively
(@) two-pile, (b) three-pile and (c) four-pile groups

4. Load bearing ratio of piles in the pile groups
In order to better understand the effect of the ground movement direction on the pile behaviour,
the lateral resistance of each pile in a group is calculated. The ratio of the lateral resistance of each
pile to that of a single pile is defined as the load bearing ratio. The obtained results show significant
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difference among piles in groups. The load bearing ratios were often less than 1.0 and showed the
same trend as to increase with a rising pile spacing. Table 1 and 2 express the summary of obtained
results on load bearing ratio of piles for two-pile and three-pile group in various direction of ground
movement. It can be observed that the load bearing ratio significantly depend on the pile spacing and
the direction of ground movement.

Table 1. Summary of load bearing ratios in case of 0 and 90 degrees

Group size Pile Load bearing ratio
spacing 1st pile 2nd pile 3rd pile

T 0 1.5D 0.76 0.67
gg o 2.0D 0.81 0.73
2 § ; 3.0D 0.93 0.86
@ 4.0D 0.99 0.96
a Odeg. 5.0D 1.00 0.99
1.5D 1.03 1.03
' - 2.0D 0.97 0.97
Q S O 3.0D 0.95 0.95
4.0D 0.98 0.98
90deg. 5.0D 1.00 1.00

1@ 1.5D 0.72 0.52 0.57

X O*I 2.0D 0.86 0.54 0.61

k h.[ 3.0D 0.94 0.75 0.76

30 4.0D 0.97 0.91 0.85

Odeg. 5.0D 1.00 0.98 0.92

1.5D 1.04 1.02 1.04

' O O 2.0D 0.98 0.90 0.98

O EC 8y 3.0D 0.98 0.85 0.98

90deg. 4.0D 1.00 0.94 1.00

5.0D 1.00 1.00 1.00

Table 2. Summary of load bearing ratios in case of 45 degrees

Load bearing ratio

Pile

Group size spacing 1st pile 2nd pile 3rd pile

X y X y X y
- 1.5D 0.04 0.93 0.05 0.87
é% C]) 2.0D 0.03 0.94 0.04 0.90
EQE; A ; 5 3.0D 0.03 0.97 0.03 0.95
%g L O 4.0D 0.02 1.00 0.03 0.99
a X 5.0D 0 1.00 0 1.00

: 1.5D 0.02 0.92 0.07 0.79 0.03 0.89

O X 2.0D 0.02 0.93 0.06 0.80 0.03 0.91

&O 5 3.0D 0.01 0.96 0.04 0.87 0.01 0.93

“/\H/O 4.0D 0 1.00 0.03 0.98 0 0.99

5.0D 0 1.00 0 1.00 0 1.00
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In the case of O degrees, the two-pile and three-pile were investigated. The ratios of the front pile
were achieved greater than that of the back pile. The difference in the load bearing ratios of the piles
was significantly large. While the difference was greatly observed at a small pile spacing, and less
than at large pile spacing. It is noted that the load bearing ratio of middle pile was the smallest as the
pile spacing was small in the group of three-pile.

In the case of 90 degrees, the two-pile and three-pile were calculated. The load bearing ratio
of each pile was obtained generally close to a single pile. The variance in the ratios was
comparatively small among the piles despite the pile spacing. In the computation results, the load
bearing ratio of the center pile was obtained smaller than that of the 3" pile in case of Odeg, besides
less than that of the outer pile in case of 90deg. It is caused by overlapping degree in shear zones
for adjacent piles. These results agreed well with the model tests of Miao et al. (2008).

In the case of direction of 45 degrees, the same trend in load bearing ratios was obtained as in the
case of 90 degrees. However, it is interesting that two orthogonal components existed in the reaction
force, in which the x and y component indicate the perpendicular and the parallel components to the
direction of the ground movement, respectively. The x component of reaction was generally very small
in comparison to the y component of reaction. Hence, the load bearing ratio of the piles almost
coincided with the y component of reaction.

5. Conclusions.

The conclusions of this study are as follows:

1. The ultimate lateral resistance of isolated single pile was obtained about 12.27 c, for the perfectly
rough piles in clayey soils. The failure zone of the ground around the pile was found to be in range of
1.5D-2.0D from the center of the pile, and almost similar to the results of Broms (1964).

2. In the case of the piles in a row considering the pile number, the effect of the direction of the ground
movement on the ultimate lateral resistance was widely investigated. It can be seen that the ultimate
lateral resistance varied greatly depending on the direction of the ground movement and the number
of pile. For the piles in a row orthogonal to the ground movement, the ultimate lateral resistance of
each pile was larger than that of a single pile at small pile spacing. On the contrary, for the piles in a
row parallel to the direction of ground movement, the ultimate lateral resistance of each pile decreased
proportionally to the decrease in pile spacing. In addition, the failure zone of ground around the piles
became wider as the number of pile increased.

3. The load bearing ratio of each pile was computed in detail with the changes in the direction of
ground movement. It varied among the piles by reflecting the directions of the ground movement.
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Abstract. Demands for better safety, security, safeguard and economic aspects
have led to the emergence of innovative nuclear reactor designs. One of the
new designs is the High Temperature Gas Cooled Reactor (HTGR). HTGR and
including all of the Generation IV nuclear reactors have a safety paradigm that
is completely different from current nuclear reactor technology. Since most of
the nowadays commercial Nuclear Power Plants (NPPs) operating in the world
are based on water coolant reactor technology, the development of HTGR
makes the current regulations will no longer suitable. Regulation is already
known to have a strong correlation with operation & maintenance optimisation
that make the preparation of the new regulation become very important. As the
part of that purpose, this study is conducted in order to prepare the more
flexible regulatory framework for operation & maintenance activities but
without overriding the safety aspects. The safety functions of HTGR are
investigated by adopting the graded approach and examine the importance of
each function. The regularly operating systems having high safety importance
are identified, and the reliability models of these systems are discussed.
Furthermore, a detailed reliability model of a regular system in an existing light
water reactor is prepared to conduct a numerical demonstration on the
application of risk information for operation & maintenance. This study
indicates that the current graded approach methodology is not suitable.
Therefore, new graded methodology should be proposed as the part of future
HTGR reliability-based regulation development.

Keywords: nuclear, power, plant, HTGR, Generation IV, operation,
maintenance, reliability, regulation

1. Introduction

Base on the Power Reactor Information System (PRIS) provided by International Atomic Energy
Agency (IAEA), in the end of 2018 there are 454 on operation commercial NPPs [1]. From all of those
NPPs, about 97% of them are water coolant based NPP. The rests are 3 Fast Breeder Reactors (FBR)
and 14 Gas Cooled Graphite Moderated Reactor (GCR). Those NPPs supplying about 298.65 GW
world energy demand [2]. Unfortunately, about 63% of them already more than 30 years old which
their operation must be extended soon by following ageing management requirements or be
decommissioned and replaced with the new one.

As a part of the old NPP replacement and the need of massive energy in some developing country
especially in China and India, there are about 56 under construction commercial NPPs around the
world that is dominated by water coolant based reactors [1]. The interesting thing is one of the under-
construction reactors are Generation IV nuclear reactor based on High Temperature Gas Cooled
Reactor (HTGR) technology that is located in China [3]. China able to become the first home of the
commercial demonstration Generation 1V reactor not only because they need massif energy supply for
their strong economic development [4], but because of their regulation. China’s regulatory body
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relatively easier to give license for the new type of nuclear reactor [5].

Regulation is the key points of nuclear safety. But on the other side, regulation is well-known as
a factor which is very influential on the costs that must be incurred for the NPP starting from the
license, construction, operation, to the decommissioning [6]. The structure of the regulation system
effecting on the length of the process to get the license. Additional costs also arise due to the presence
of a number of non-nuclear permits that must be taken care. At the time of construction, nuclear
regulation and such other regulation such as labour and environment licenses are also very influential
on investment and overnight costs. On the operation stage, different regulations greatly affect the
freedom of the operator to utilize operational & maintenance optimisation [7].

Since most of the NPP technology adopted around the world is currently based on water coolant
reactor technology, causing almost all IAEA standards also based on that technology. In fact,
developed regulations based on water coolant reactors are not suitable to be used to regulate other
types of the reactor including Generation IV NPPs. Therefore, studies and efforts to develop the
regulatory framework to support the implementation of Generation IV NPP are needed.

In our previous study, we found that although many techniques, methods and strategies have been
developed in the effort to optimize NPP operation and maintenance, most of them could not be applied
due to constraints on regulatory issues [7]. As part of the commercialisation, the regulation also will
become the important thing of HTGR development. Therefore, the study in this article has been
conducted in order to harmonize the interests of operators in carrying out optimal operation &
maintenance against the interests of regulators in providing safety assurance. For that purposes, on the
rest of this article, Section 2 will be started with the explanation of the basic concept of HTGR and its
safety function identification. Section 3 describing the methodology used in this study. Section 4
discussing the study result. And finally, on Section 5 this article will be closed by the conclusion.

2. Basic Concept of HTGR

HTGR is an advanced development of the Gas Cooled Reactor (GCR) technology. GCR uses
carbon dioxide gas as its primary coolant. One disadvantage of carbon dioxide as a coolant is at a
relatively high operating temperature. Oxidation of carbon dioxide against moderator graphite can be
ruled out only at temperatures below 675°C [8]. At higher temperatures, carbon dioxide undergoes
radiolitic oxidation which produces carbon monoxide and attacks graphite so that it has the potential
to accelerate the degradation process. Therefore, to produce higher operating temperature around
900°C, HTGR adopts Helium as its cooler. As an inert gas, helium does not react to graphite and other
reactor components which make it one of the determinants in their inherent safety concept.

Base on the Generation IV International Forum (GIF) system arrangements and memoranda of
understanding as of January 2014, China, Europe Union, France, Japan, South Korea, Switzerland and
USA are the active countries doing research on HTGR as the part of Generation IV reactor
development [9]. GIF has also agreed on two types of HTGR designs, prismatic and pebble beds as
the standard basis of Generation IV HTGR technology. The major difference between them is only in
their core design. The prismatic core design is arranged exactly like GCR which consists of fuel pellets
which are inserted into the cladding and then put in such a way in a grap<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>