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Construction cases of ground improvement by Composite relative stirring method in
Okinawa ground

Harunori IMAI!, Hironori MATSUO?, Shoichi KONDO?, Kunio SAITOH*

Soil Works Co.,Ltd, Technical Sales Department
Soil Works Co.,Ltd, Sales Department
Onoda Chemico.Co.,Ltd, kyushu Branch Technical Design Department

A W N

Chuo University Research and Development Initiative

Abstract
In various social capital development projects, ground improvement is often carried out in advance, such as bearing
capacity Increase and liquefaction measures due to the characteristics of the ground.In the northern part of Okinawa
Prefecture, soft ground is deposited thickly on steep supporting ground, and weathered soil may form an intermediate
layer.When improving the ground, it is the most important construction requirement to reach the foundation layer.In
this article, we will introduce three construction cases that have reached the high N-value base layer of the improved
soil by the high-torque composite relative stirring method (epoch column method). In addition, this is a case study

that aims to improve construction efficiency from the viewpoint of economy.

Key words: Ground improvement, Composite relative stirring method, Okinawa ground
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Abstract

In this paper, six soil profiles with different properties located in Okinawa main island were
chosen to study the effect of soil structure on the strong seismic ground motions waves such as 1995
Kobe earthquake , 2010 Okinawa earthquake and 2011 Tohoku earthquake by calculating the spectrum
acceleration curves and examine the seismic waves by comparing the Fourier spectrum of these
seismic ground motion waves and verify how seismic waves are amplified due to differences in the
surface layer structure in Okinawa Main land

The results show there was a relationship between the critical period of soil (soil profile structure)
and the acceleration amplification factor, also the output acceleration at the same location was different
according to the seismic wave used in the analysis.

keywords : Okinawa soil, seismic waves, Fourier analysis, spectrum acceleration, critical period

1. Introduction

Okinawa prefecture is located at the southeast part
of Japan, and because it is in subtropical oceanic
climate region, the formation history of the crustal
changes during the geological period, effected largely
the creation of the Ryukyu Islands soils".

The seismic activities in Okinawa might be caused
by faults or tectonic plate motion.

The seismic ground motions in this study are Kobe
1995 earthquake, Tohoku 2011 and Okinawa 2010
earthquake scaled to 50 Kine, applied to Okinawa soil
profiles to study the soil influence on the strong seismic
waves traveling through the ground till surface layers
which have different soil types affected greatly the
seismic waves.

2. Soil profiles
2.1  Soil profile location

Six soil profiles” were chosen as target soil.
The locations of the soil profiles as shown in Fig.1

Fig.1 Soil profile locations
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2.2 Shear wave velocity
The shear wave velocity of the soil profiles was
estimated according to the following correlation
formula? Eq.1:
Vs =97N0314 Eq.1

Vs: shear wave velocity (m/sec), N: number of blows
of standard penetration tests

The soil profiles properties that were used in this

study.
Table 1 Naha -Asato soil profile
Soil profile Layer depth N Vs
(m) (m/sec)
Naha Asato 1.6 3 115
Location -(Naha-As) 11.6 4 127
6.9 48 292
Table 2 Naha — Miebashi soil profile
Soil profile Layerdepth | N Vs
(m) (m/sec)
1.5 5 137
Naha-Miebashi 2.4 6 145
Location (Naha -Mi) 1.1 12 183
5.35 55 305
Table 3 Okinawa City soil profile
Soil Profile Layer depth N Vs
(m) (m/sec)
3.35 4 127
Okinawa City 1.55 3 115
Location (Okinawa) 2 40 274
9.05 24 231
2.05 55 305
Table 4 Urasoe City soil profile
Soil profile Layer depth N Vs
(m) (m/sec)
2.8 21 221
Urasoe City 5.55 6 145
Location (Urasoe) 3.55 7 153
1.37 48 292
Table 5 Nago City soil profile
Soil profile Layer depth N Vs
(m) (m/sec)
Nago City 4.15 6 145
Location (Nago) 0.35 3 115
3.5 55 305
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Table 6 Chinen City soil profile

Soil profile Layer depth N Vs
(m) (cm/sec)
2 6 145
1.7 10 172
Chinen City Location 2.95 16 202
(Chinen) 2.7 20 217
2.3 24 231
7 55 305
7.85 45 285

2.3

Soil type and critical period

There are three types of soil given and classified by
Japan Specification of Highway-Bridge JSHB, the
classification is based on the critical period of soil, as

shown in Table 7.

Table 7 Soil classification

Soil Profile Ground characteristics | Critical period
Te(sec)

Soil type 1 Hard soil 0.4

Soil type 2 Medium soil 0.6

Soil type 3 Soft soil 0.8

The first group is called as “Hard soil” with natural

period Tc is less than 0.4 sec. The second group is called
as “stiff soil” whose 7c is from 0.4 to 0.6 sec. The third
group is called as “soft soil” whose Tc is more than 0.6
sec.

To calculate the critical period of soil, the following
formula was used:
n Hi

(Eq.2)

Tc: critical soil period (sec), Hi: soil layer depth (m)
Vi: shear wave velocity in the soil layer (m/sec).

Table 8 shows the soil classification and the critical
period calculated by Eq.2 and the soil classification
according to these values.

Table 8 Soil classification

Soil Profile Critical period | Soil Type
(sec)
Naha-As 0.516 Soil type 2
Naha-Mi 0.204 Soil type 1
Okinawa 0.372 Soil type 1
Urasoe 0.316 Soil type 1
Nago 0.204 Soil type 1
Chinen 0.445 Soil type 2




3. Seismic ground motion 4.1 Fourier analysis

The earthquake time histories data used in this 1) Naha-As Location (see Fig.5):
study 3 are 1995 Kobe earthquake (Kobe EQ), 2010 For Kobe EQ and Okinawa EQ, the peak was
Okinawa earthquake (Okinawa EQ) and 2011 Tohoku observed at 2.5 Hz. On the other hand, for Tohoku
earthquake (Tohoku EQ) as shown in Figs.2 ,3 and 4. EQ three peaks at 2.5Hz, 7Hz and 12Hz were
observed.
R 0‘7:13 2) Naha-Mi Location (see Fig.6):
%D 0.5 For Kobe EQ and Okinawa EQ, there was no
é 0‘2(5) __W‘ observed peak. On the other hand, for Tohoku EQ
jg -%22 0 1 20 30 40 50 the peak was observed at 7Hz.
< .0.75 3) Okinawa City location (see Fig.7)
! Period (sec) For Kobe EQ there was no observed peak. On
the other hand, there was a range of high amplitude
Fig.2 1995 Kobe earthquake time history data value (more than 0.5) for Okinawa and Tohoku EQ
~ 0.7; at frequency 2.5 to 8 Hz.
205 4) Urasoe City Location (see Fig.8)
g 023 There was a peak with all earthquakes at
5 -0.25 0 1 30 40 50 frequency equal to 3 Hz.
écj 0072 5) Nago City Location (see Fig.9)
-1 Period (sc0) For Kobe EQ there was no observed peak. On
the other hand, for Okinawa EQ and Tohoku EQ
Fig.3 2010 Okinawa earthquake time history data there was a peak at 5 Hz.
(Time history data of 2010 Okinawa earthquake 6) Chinen Location (see Fig.10)
recorded at OKNOOS5 station N-S direction in Nanjo There was no observed peak with all
city scaled to 50 Kine) earthquakes.
5 07 ; L5 Kbe EQ Okihawa EQ Tohoku EQ
z 05 1.25
g 025
s 0 o
< 025 ¢ =
g -0.5 =
< -0‘7_:13 §
Period (sec)
Fig.4 2011 Tohoku earthquake time history data
(Time history data of 2011 Tohoku earthquake 0 25 5 75 10 125 s
recorded at MYGO11 station E-W direction in Oshika Frequency (Hz)
city scaled to 50 Kine) Fig.5 Fourier Amplitude for Naha-As location
4. Results
The analysis of seismic waves was done by SHAKE 15 Kobe EQ Okinawa EQ Tohoku EQ
software ¥ and DEEPSOIL software . 1.25
The characteristics of strong seismic waves after T
considering the soil structure influence was compared ;2 0.75
using Fourier analysis to examine the amplitude of the z 05
ground motions. Then the spectrum acceleration curves 095
for the seismic ground motions were obtained to .
compare the maximum acceleration at the same soil 0 25 5 75 10 125 15

Frequency (Hz)

location.
Fig.6 Fourier Amplitude for Naha-Mi
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L5 Kobe EQ Okinawa EQ Tohoku EQ
1.25
3 1
g
= 0.75
£
< 05
0.25
0
0 2.5 5 7.5 10 12.5 15
Frequency (Hz)
Fig.7 Fourier Amplitude for Okinawa location
1.5 :
Kobe EQ Okinawa EQ Tohoku EQ
1.25
2 1
2
= 0.75
£
< 05
0.25
0
0 2.5 5 7.5 10 12.5 15
Frequency (Hz)
Fig.8 Fourier Amplitude for Urasoe location
1.5 Kobe EQ Okinawa EQ Tohoku EQ
1.25
2 1
2
= 0.75
£
< 05
0.25
0
0 2.5 5 7.5 10 12.5 15
Frequency (Hz)
Fig.9 Fourier Amplitude for Nago location
1.5 A
Kobe EQ Okinawa EQ Tohoku EQ
1.25
3 1
=
=075
g
< 05
0.25
0
0 2.5 5 7.5 10 12.5 15
Frequency (Hz)

Fig.10 Fourier Amplitude for Chinen location

4.2  The acceleration amplification factor

The acceleration amplification factor (Amp) was
calculated by dividing the acceleration values resulting
from soil influence on the original acceleration of the

earthquake scaled to 50 Kine

Fig.11 shows the spectrum acceleration curves at
each soil profile location in case of 1995 Kobe

earthquake.

25 20 [ElHRHAR T2 e R BME SM24E1H 15 H

The maximum acceleration was at Urasoe and Naha-
As locations with values around 4.5 G.

12.5 Naha-As Naha-Me
Okinawa Urasoe
10 Nago e Chinen
C
§7.5 o .
27 5% Damping
5
© 5
S
<
2.5
0

0 025 05 0.75 1 125 1.5 175 2
Period (sec)

Fig.11 Spectrum Acceleration — 1995 Kobe EQ

Fig.12 shows the spectrum acceleration curves at soil
profiles locations in case of 2010 Okinawa earthquake
The maximum acceleration was at Urasoe and Naha-As
locations with values around 7.8G.

12.5

e Naha 11 Naha 20
10 e Okinawa Urasoe
e N 22O Chinen
~ 75
) o .
= 5% Damping
L2 5
=
5
825 J
Q
<
0
0 025 0.5 0.75 1 1.25 1.5 1.75 2

Period (sec)

Fig.12 Spectrum acceleration —2010 Okinawa EQ

Fig.13 shows the spectrum acceleration curves at soil
profiles locations in case of Tohoku 2011 earthquake.
The maximum acceleration was at Nago City location
with values around 12.5G.

Naha-As Naha-Me
Okinawa Urasoe
10 Nago Chinen
=
£75 5% Damping
- 5
3
<
2.5
0
0 025 05 075 1 125 1.5 1.75 2

Period (sec)

Fig.13 Spectrum acceleration — 2011 Tohoku EQ

Fig.14 and Table 9 show the acceleration
amplification factor (Amp) for the earthquakes used in
the study at each soil profile location.
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Fig.14 Acceleration amplification factor

Table 9 Acceleration amplification factor

Amp Kobe EQ Okinawa EQ | Tohoku EQ
Naha-As 2.93 2.78 2.28
Naha-Me 1.18 2.17 2.47
Okinawa 2.06 2.08 2.78

Urasoe 3.01 1.87 1.43

Nago 1.41 342 3.52

Chinen 1.63 1.74 2.12

5. Conclusion

1) The characteristics of Fourier spectrum for the
earthquake depends greatly on the soil profile
location and compositions.

2) There was a peak with 1995 Kobe earthquake scaled
to 50 Kine at Naha-As and Urasoe City.

3) There was a peak with 2010 Okinawa earthquake
scaled to 50 Kine at Naha-As, Urasoe and Nago soil
locations.

4) There was a peak with 2011 Tohoku earthquake
scaled to 50 Kine at Naha-As, Urasoe and Nago soil
locations.

5) The maximum acceleration factor for seismic waves

of 1995 Kobe earthquake was at Urasoe City

location with value equal to 3.01 and the minimum
was at Nago City location.

The maximum acceleration factor for seismic waves

of 2010 Okinawa earthquake scaled to 50 Kine was

at Nago City location with value equal to 3.42 and

6)

the minimum was at Chinen with Value equal to
1.74.

The maximum acceleration factor for seismic waves
of 2011 Tohoku earthquake scaled to 50 Kine was at
Nago City location with value equal to 3.52 and the

7)

minimum was at Urasoe City location with Value
equal to 1.43.
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8) From analyzed the amplification factors in six
locations in Okinawa mainland, it was observed that
the amplification factors were affected by the
different input earthquakes to the bedrock soil
profile. And the amplification of earthquake input
depends much on the earthquake wave shape.

) In this analysis only 6 points are covered relating to

O

the location, but it is necessary to increase the
number of analysis points because the input seismic
ground motion changes due to the internal soil
structure.

10)The period in which the acceleration on the ground
surface is dominant when the Kobe seismic waves
is input is between 0.3 and 0.5 sec for all profiles.
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(photo taken by T. Ohsumi on January 22, 2018) (photo taken by T. Ohsumi on January 24, 2018)
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Estimation of Tsunami Propagation related to the 1771 Meiwa Earthquakeand
and the Present Status of Relocating to Hilly Village

Tsuneo OHSUMI', Hemanta HAZARIKA 2

1 National Research Institute for Earth Science and Disaster Resilience (NIED),
Multi-Hazard Risk Assessment Research Division

2 Kyushu University, Department of Civil Engineering

Abstract

This study investigated the effect of seabed structure on the generation of tsunamis triggered by submarine landslides
through an investigation of the shape of the island shelf in the Yaeyama area. In order to avoid tsunami damage, the
lower - lying districts of Ishigaki Island were the village started relocating to uphill, but returned to its previous
location in due to inconvenience. According to "Kyouyou" of ancient documents, as a result of the tsunami, the lower
- lying districts of Miyakojima Island were flooded. Moved to hilly areas villages from the lower-lying districts. By
applying changes directly in the tsunami propagation analysis, we calculated the maximum tsunami heights in the
coastal area. The duration of the submarine landslide was calculated using the Newmark numerical analysis method.
Existing tsunami propagation program calculates tsunami height by crustal deformation in earthquake. Improve the
calculation program, geographical feature of the sea floor can input terrain change. Calculate tsunami using the
geographical feature of the sea floor data before and after landslides. Furthermore, we verified the Meiwa earthquake
in 1771 using the calculated landslides duration time. As a result, good results of reproducibility of historical tsunami

records of this earthquake (K = 1.1) were obtained.

Key words: Meiwa earthquake, submarine landslides, Shimajiri-mudstone, Newmark sliding block method, tsunami
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Abstract

Rock fall is one of the common slope instabilities. It can be resulted in loss of life and property, closing main

transportation roads and major economic losses. In order to protect from a rockfall event, it is important to estimate

the rockfall trajectories. This paper presents a model experimental and numerical study on determining the rockfall

trajectories for slopes with different slope angles and to investigate the rockfall hazard in Miyagi Island. The results

from the laboratory tests show that the travel distance of rock falls depend upon slope angle, properties of rock block

and also the surface morphology and frictional characteristics besides some dynamic properties such as restitution

coefficient. The rockfall hazard is an important issue in Miyagi Island and there exist many large blocks in the

settlement area. The computations indicated the rockfalls may travel throughout the settlement area if rockfalls are

caused by large earthquakes or degradation at the bottom of the cliffs, which is a scarp of a normal fault.

Keywords: Rockfall, model experiments, rockfall trajectories, reach angle, Miyagi Island.

1. Introduction

Rockfall is the detachment of rock blocks from the main mass
along a steep slope without any shear failure. The movement is
common on steep and jointed rock slopes and can be triggered
by heavy rainfalls, chemical-physical  weathering,
freezing-thawing processes, root growth, earthquakes, volcanic
eruptions and tsunamis. During this instability, the blocks can

move in the form of free fall, bounce, roll and slide. Figure 1

illustrates several rockfalls and one potential rockfall.

Fig. 1. Views of various rockfalls and a potential rockfall

The rockfall events can cause injury, losses of life and
property and significant economic loss. To reduce and prevent
the rockfall damages, it is important to identify the rockfall site,
to understand the mechanism of the rockfall and to predict the
velocity, bounce height, travel distance (reach angle) of rockfall.
The site-investigation of potential rockfalls is quite
cumbersome due to inaccessibility and danger, the drone and
laser technology may be used fro this purpose. Rockfall events
have been also reported in Okinawa and Figure 2 shows several

examples of rockfalls occurred in Okinawa in recent years.

L

Fig. 2. Examples of recent rockfalls in Okinawa
The authors performed some model tests of rockfalls over

slopes with different angles and determined the trajectories and



travel distances (reach angle). The shape and size of the model
blocks are changed, and these rockfall tests are simulated.
Furthermore, the rockfall hazard in the settlement area in
Miyagi Island (Okinawa Prefecture) was evaluated and results

are discussed.
2. Physical Model Experiments

In the model experiments, four different slope models three
of which are made of wood and one of aluminum were created
in an acrylic tank with a width of 1000 mm, a depth of 64 mm
and a height of 250 mm (Fig. 3). The slope heights were set to
200 mm and the slope angles of the patterns are 45°, 60°, 90°.
As seen in Fig. 4, a total of 28 cubic granite (20x20x20mm)
block with rounded corners were used as falling rocks. A single
granite block is allowed to fall freely from the top of the slope,
and the horizontal travel distance from the top of the slope was
measured. And the movement of falling block was recorded by
a video recorder. Considering the variations, the experiment is
performed 150 times on each slope pattern. The distribution of
rock travel distance for wooden slopes are shown in Fig. 5. In
accordance with the previous model tests by Aydan et al.l-?, the
experimental results showed that travel distance becomes

shorter as the slope angle increases as reported previously.

B ——

Fig. 3. Views of rockfall model tests. (a) 45° Slope made of
aluminum blocks, (b) 45° wooden slope pattern, (c) 60°

wooden slope pattern, (d) 90° wooden slope pattern

The coefficient of restitutions and friction angles were also
determined between the granite blocks and aluminum and
wooden slope patterns (Table 1). The restitution coefficient of
blocks were determined by dropping blocks onto model ground
and their bouncing height was determined using video images.
The friction angles were determined using a tilting device,

which is capable of determining both static and dynamic
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friction angles.

Fig. 4. Views of cubic granite blocks with rounded corners
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Fig. 5 Distribution of travel distance of blocks on for wooden
slopes with an angle of (a) 45°, (b) 60, (c) 90°

Table 1. Coefficient of restitutions and friction angles.

Coefficient of

Material ¢ (%)
Restitution
Granite block-wooden slope 27.2 0.45
Granite block-aluminum 25.0 0.24
Granite block-base plate 22.8 0.28
3. Numerical Rockfall Simulation and Analysis

Methods

A number of simulation programs have been developed and
applied in practical rockfall prediction recently. The Colorado
Rockfall Simulation Program (CRSP) (developed at Colorado
School of Mines) is the most well-known computer code and
most of following programs essentially similar to CRSP (e.g.

Rocfall 2D by Rock Science) *%. These programs use



simplified parameters to simulate rockfall behavior using rigid
body concept and calculate trajectories and provide useful
statistics for the design of mitigation measures. In order to
predict of rockfall trajectories accurately by using rockfall
simulation codes, the parameters such as the size and shape of
the rock blocks, the coefficients of friction, the coefficients of
restitution, characteristics slope material and slope geometry
should be defined clearly.

In this study, 2D statistical analysis program RocFall 2D is
utilized for the simulation of the model experiments. RocFall
2D allows the user to perform both lumped mass and rigid body
rockfall analyses with different block shapes (Rockscience,
2019)". As the block shape used in the model experiments and
the parameters of path material are known, rigid body rockfall
analyses method should provide some insight to physical model

tests on rockfalls.

4. Comparison of the Experimental and Computational
Results

A series of computer simulations for physical rockfall
experiments were carried out using the material properties
given in Table 1. The results are shown in Fig.6. As noted from

the figure computer simulations are quite similar to

experimental results.
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Fig. 6. Comparison of the calculated and measured rockfall

trajectories
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5. Evaluation of Rockfall Hazard in Miyagi Island,
Okinawa Prefecture

Miyagi Island is in the east of Okinawa Island and connected
through bridges to the main island (Fig. 7). The geology
consists of Ryukyu limestone on top and intercalated
sedimentary rocks such as sandstone, mudstone and mudstone
beneath. Particularly the mudstone layer is prone to weathering
and there are many overhanging Ryukyu limestone cliffs due to
differential weathering of mudstone layer. Furthermore, the
Miyagi Island is shaped by normal faults and it has a triangular
shape in plane. Ryukyu limestone dips toward west with an
inclination of about 10 degrees and the normal fault scarp to the
west of Miyagi settlement constitutes a 120 m high cliff, which
is the main source many rockfalls in the past (Figure 8). The
size of fallen rock blocks is generally 10 m in size and these
falls should have been associated with large earthquakes in the
past. Furthermore, there are very large blocks with a separation

of more than 30-60 cm near the cliff crest.

P—i8—2

H R

Fig. 8 Views of several fallen rock blocks (about 10 m in

diameter)

Analysis were performed for square, rectangular, hexagonal
and ovaloid shaped blocks with a size range between 1m? to 80
m?. Figure 9 shows the trajectories for 50 rockfalls using the
rigid body rockfall simulation for (a) 1m? (b) 10 m? (c) 40 m’
hexagonal blocks and their distribution of rockfall travel

locations. Among all rock block shapes, the hexagonal blocks



are likely to be the common shape of rockfall blocks in Miyagi
Island. The computer simulations indicated that rock blocks
may travel over the entire settlement area and it clearly
indicates rockfall hazard is a severe problem to the settlement
area in case of large earthquakes or heavy torrential rains

leading to the initiation of rockfalls.
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Fig. 9 Computed rockfall trajectories for Miyagi Island
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This is preliminary analyses and evaluation of the rockfall
hazard in Miyagi Island. The exact geometry of rockfall paths,
the identification of fallen rock blocks and their geometry and
potential blocks along the cliff are necessary. For this purpose,
remotely operated unmanned drones or helicopters with laser
equipments capable of penetrating beneath the vegetation are

necessary for further detailed analyses.

6. Conclusions

The authors have presented the results of some physical rockfall
experiments using slopes having different angles. Cubic granite
blocks with rounded corners were utilized as rockfall blocks.
The restitution and friction coefficients are determined. The
experiments clearly showed that the travel distance (or reach
angle) entirely depends upon the slope angle, block shape and
restitution and friction coefficients. However, these are still
preliminary tests and further experiments are necessary to
investigate the effects of various parameters. The experiments
have been back-analyzed using the Rockfall 2D software of
RocScience (2019) and simulation results were quite consistent
with experimental results.

Then, the rockfall hazard problem in Miyagi Island was
investigated and some computer simulations were carried for
various rock shapes. Among them, the hexagonal shaped rock
blocks are likely shape of falling rock blocks observed in the
settlement area. The computer simulations indicated that rock
blocks may travel over the entire settlement area and it clearly
indicates rockfall hazard is a severe problem to the settlement
area in case of large earthquakes or heavy torrential rains
leading to the initiation of rockfalls. =~ However, this is
preliminary analyses and evaluation of the rockfall hazard in
Miyagi Island and we need the exact geometry of rockfall paths,
the identification of fallen rock blocks and their geometry and

potential blocks along the cliff.
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