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Abstract
This study examines the use of hydrogen as an energy carrier for spreading renewable energy and
mitigating environmental problems, and proposes a system for carrying clean water together with hydrogen.
Practical simulations were carried out assuming the present conditions of Kazakhstan. The capital and most
other large cities are located both far from clean water sources, and areas with plenty of sunshine. The
proposed model consists of hydrogen generation by solar-powered electrolysis, transportation of hydrogen by
railways and electric power generation using fuel cells in cities. The fuel cells also generate clean liquid water.
This paper proposes a hydrogen transportation system by railway, where Ti-based hydrogen storage alloys
fabricated with readily available metals in Kazakhstan are used. The railway is the most practical means of
transportation compared to other methods in terms of utilities, economy, environment and time.
Keywords: Kazakhstan, Hydrogen energy system, Hydrogen storage alloys, Ti-based alloys, LCA

to its utilization for neighboring countries' agriculture.

1. Introduction

Moreover, it arrives at the borders of Kazakhstan already
Along with the spread of activities on SDGs, the

polluted.

realization of a sustainable society is expanding worldwide.

Not only industrial emissions and agricultural pesticides

It is necessary to realize the improvement of people's QOL as

are causes of polluted tap water, but also nuclear pollution

soon as possible in order to break away from the social

from nuclear tests during the Cold War in north-eastern to

system based on the massive consumption of fossil energy

middle-southern parts of the country.
Under these conditions, the drinking water supply issue

resources.
Kazakhstan is a country located in the central part of the

is a significant problem, including how to supply drinking

Eurasian continent and is rich in coal, oil, and other mineral

water from limited water resources to large urban areas. This

resources. Most cities have developed along the historical

proposal is unique and rarely considered in Japan, an island

Silk Road. The existing social infrastructure was established

with plenty of clean water.

under the Soviet Union in the 20th century and is still used

This study proposes hydrogen energy as an alternate, new,
sustainable, affordable, and reliable energy, as well as a

today despite its aged condition.
In terms of the water supply system, each large city

drinking water supply source by utilizing hydrogen energy

obtains water from the nearest river using aged facilities.

using fuel cells. As a first feasibility study, we propose a

However, the amount of incoming river water is reduced due

simple hydrogen energy system model as a solution for the
water supply issues in Kazakhstan by utilizing the existing
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infrastructure as much as possible while considering cost and
realizing period.
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Fig.1 Solar radiation, population density, railway map of
Kazakhstan made based on references 1-3).
Fig. 2 Total freshwater abstracted, total freshwater use
2. Background

and losses of water during transportation 4).

In Fig.1 the distribution of population and solar radiation,

In Kazakhstan, water resources are mainly concentrated

densities are shown. Suitable drinking water may be obtained

in eight major rivers and three big lakes (the Caspian Sea,

from Balkhash Lake, one of the limited clean water resources

Aral Sea, and Balkhash Lake). Balkhash Lake is the primary

located in the southeast area of the country. Large cities of

source of freshwater.

Kazakhstan are Almaty and Nur-Sultan (Astana), both with a

Water availability across these major basins is distributed

population of about 1 million. In Fig.1 railways connecting

unevenly, and approximately 45 % of the water in the country

areas and cities are also shown.

inflows from neighboring countries such as Russia, China,
Kyrgyzstan, and Uzbekistan. Inflows are expected to

2.1 Energy consumption and resources

decrease

Kazakhstan aims to reduce dependence on fossil fuels for

due

to

increased

water

withdrawals

for

hydroelectricity generation and irrigation in Central Asia and

its energy utilization and develop a sustainable society by

China 5).

utilizing renewable energy.

Annual freshwater withdrawals total around 2.3×104

Kazakhstan's energy production covers more than twice

m3/year. Almost all freshwater is harvested from surface

its energy demand, and the energy self-sufficiency rate is

water because of a lack of groundwater. Consequently,

around 200 %

4)

. Coal represents almost 50 % of

surface water needs to be transported, and, unfortunately,

Kazakhstan's primary energy supply, and it is utilized for

12 % of it is lost during transport due to old structures (Fig.2) 4).

domestic energy consumption, which is more than 70 % of
the total power generation

4)

The water supply service is relatively weak in terms of

. However, the current existing

quantity and quality. A shortage of high-quality drinking

infrastructure is disintegrating, and new construction is

water is still acute in some regions, where households in

unfeasible because of a complicated political situation.

remote areas have the water delivered in water tanks and

The potential of solar power is high in this country. For

stored in individual reservoirs.

example, Kazakhstan's southern and central regions have

Moreover, tap water is not safe to drink in Kazakhstan,

high insolation that could be suitable for solar power with

and around 30 % of consumers completely abandon it,

daylight hours of 2200-3000 h/year and sunlight 1.3-1.7×103

preferring to buy bottled water. Hence, 9×105 m3 per year of

2

kWh/m annually (Fig.1)
range of 2.5-3.5×10

12

1)

. Solar power could reach the

bottled water is transported in large cities 6).

kWh per year, which is 25 times larger

The agriculture sector is the primary driver of water

than the present total production of electricity, and would use

consumption in Kazakhstan (70 % of total consumption).The

only half of the country's total surface area.

electricity industry and manufacturing are second large water
consuming sectors at 20 % followed by households at 10 % 4) .

2.2 Water consumption and supply
In exchange for plentiful sunshine, water resources in
Kazakhstan

are

not

abundant,

because

of

3. Hydrogen Energy System

climate

characteristics such as deficient annual precipitation and

In order to create a hydrogen energy system, we need a

desertification. The country's rainfall amount is not large,

practical consideration of hydrogen production, storage, and

with the average annual precipitation estimated around 250

utilization that does not have a significant impact on the

mm.
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environment 7).

Table 1 Kazakhstan (KZ) reserves of metal resources with

For the realization and prosperity of hydrogen energy
society, it is essential to recognize that its production method
plays a very significant role in the level of environmental
impacts. Hydrogen produced from water using renewable
energy sources offers the prospect of long-term growth in full
alignment with the need to protect the environment. It will be
one of the most promising energy options for a sustainable
future 8). Cycling of hydrogen without CO2 emissions can be

Metal

World
Ranking

Confirmed
Reserves
(×10 7 kg)

Cost
(US$/kg)

Global
reserves
(%)

Located
part of
KZ

Ti

10

2.40

4.8

0.1

East

Cr

2

38.2

5.1

30

West

Mn

4

63.5

2.0

25

Central

Fe

7

26.5

1.1

10

North

achieved through the production of hydrogen by electrolysis
60 % of the country’s territory. The load capacity of one

and hydrogen consumption through the use of fuel cells.

freight car is 6-7×104 kg

Nowadays, the technologies for the production and use

11)

. Additionally, transportation by

of hydrogen have been found, and efficiency problems have

railway is attractive for its lower emission of CO 2 , which is

been identified. Also, to use hydrogen in practice, it is

2.53×10-10 kg-CO2/kg･m (25.3g / ton･km) 12).
Furthermore, the transportation of hydrogen by units is

necessary to consider a reliable and stable method of storing

easy to carry to the required place, the required amount of

and transporting it.

electricity and water. If a fuel cell is attached to a locomotive,

In this article, we focus on transporting and storing

the train can supply energy by itself and distribute water

hydrogen, which is also a method for transporting water.

along the rail lines.
4. Hydrogen Transportation
5. Hydrogen Storage
Hydrogen can be transported by different means.
Currently, the transport of compressed gaseous or liquid

As mentioned above, Kazakhstan has substantial natural

hydrogen by lorry to selected locations is the main option. A

and mineral resources. Specifically, Kazakhstan has 30 % of

pipeline network is also an option for the general and

the global reserves of chrome ores, which is second globally,

largescale use of hydrogen as an energy source. However,

25 % of manganese ores, 10 % of iron ores and is ranked

pipelines require high initial investment levels and long-term

tenth in the world in terms of titanium reserves

13)

.

construction. Design requirements for hydrogen pipelines are

In this contribution, we consider utilizing those metals

still evolving. Most hydrogen pipelines are designed to

for hydrogen storage alloys as hydrogen carriers. In general,

transport hydrogen only short distances, from the production

the titanium-based alloys are among the most promising

facility to the end-user. Moreover, the hydrogen pipeline

materials for hydrogen storage

quickly develops leaks, requiring strict safety equipment and

useful hydrogen storage alloys are made from rare earth

carries only about 80 % energy at the same pressure as

metals, rare resources and are very expensive. In Kazakhstan
Ti, Cr,

9)

natural gas .

absorb reversibly about 1-1.5 wt% of hydrogen on average

therefore behaves somewhat like a halogen. For this reason,

(Table 2)

hydrogen pipes have to resist corrosion in the ground. The

We suggest preparing hydrogen storage alloy by

Hydrogen storage alloys have attracted considerable

mechanical alloying (MA) technique, a more suitable

attention because they are safe and efficient media for

manufacturing method for alloys' mass production. MA can

transporting hydrogen energy. Since hydrogen storage alloys

synthesize various non-equilibrium alloys, so it has been

are known to be heavy, they can be transported by rail,

widely applied to modify properties of a hydrogen storage

consequently increasing the amount of hydrogen that can be

alloy

transported in the existing infrastructure.

20)

. Compared with the arc melting (AM) method, the

MA method enables synthesizing at low power for a long

An essential transport mode in Kazakhstan is railway

time. Moreover, since at the same vapor pressure 133 Pa, the

transport, which connects the entire country (Fig. 1)3). Trains

temperature of Mn (1522 K) is lower than the other metals Cr

account for 70 % of all cargo and passenger traffic, covering

(1968 K), Fe (2063 K), Ti (2464 K), it can be prepared by

.
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. Alloys TiCrMn, TiFeMn are suitable as

Kazakhstan.

.

13)

15-19)

capable carriers for the transport of hydrogen energy in

problem is intensified because hydrogen can easily migrate

their world ranking rates and estimated cost

Fe, and Mn are abundant, and their prices are lower

According to the literature, TiCrMn and TiFeMn alloys

safety, and leaks. Hydrogen has an active electron, and

into the crystal structure of most metals

. Currently, practically

than rare earth metals (Tabel 1).

Hydrogen pipelines have problems with embrittlement,

10)

14)
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Table 2 Hydrogen storage characteristics (Dissociation

Table 3 Calculation to produce the required energy

Temperature and pressure and H capacity), of Ti-based alloys

and water by hydrogen/capita.

prepared by arc melting (AM) and mechanical alloying (MA).
Alloys
Ti

1.1

CrMn

TiCrMn0.8

T

P

H

Prepara

(K)

(MPa)

(wt%)

tion

296
304

3.3

1.8

1

1.98

Necessary water to produce

1.3 m3/year

hydrogen

Ref.

Solar power and surface area

5.2×104 kWh/year

AM

15)

(16 % energy efficiency)

34.8 m2

AM

16)

Energy from electrolyzer

8.3×103 kWh/year

(70 % energy efficiency)

Ti1.1CrMn

273

1.2

1.61

AM

17)

TiFe0.8Mn0.2

298

1.5

1.65

AM

18)

Necessary energy to produce

TiFe0.9Mn0.1

295

0.8

1.5

AM

19)

hydrogen

TiFe0.85Mn0.15

298

1.5

1.2

MA

20)

Produced hydrogen

7.4×104 mol /year

Energy consumption per capita

5000 kWh/year

Produced water

1.3 m3/year

MA at room temperature 21).

5.8×103 kWh/year

We have already investigated the preparation of alloys by
MA in our previous work

22)

. Our succeeding work is related

are shown in Table 3. We obtain 1.3 m3/year/capita water by a

to improving the hydrogenation characteristics of these alloys.

fuel cell, which ensures the necessary water 1 m3/year per
capita.

6. Hydrogen Energy System in Kazakhstan

We consider the fuel cell (50 % efficiency for
electricity) and simulated hydrogen energy system for the

The overall hydrogen system consists of solar energy, an

capital city Nur-Sultan, where the population is growing, and

electrolyzer for hydrogen production, alloys for hydrogen

consumption of energy and water is increasing (Fig. 3) 2).

storage, trains for transportation, and fuel cells for

In this paper, the hydrogen energy system was modeled

utilization.

for a city with a population of one million based on a

First, we consider the amount of hydrogen per capita as

calculation per capita. They will consume hydrogen, which is

the necessary energy and the amount of water as the amount

generated by the electrolysis method from Balkhash Lake by

of hydrogen needed to be utilized.

utilizing solar power and transported by hydrogen storage

The energy consumption per capita is 5.0×103 kWh/year

alloys via railway. The solar panel area will be located near

(1 kWh = 1 J/s×3600 s = 3.6×106 J) and clean drinking water

Balkhash Lake because of high solar radiation in the South

consumption per capita of 1 m3/year in Kazakhstan

summarize the appropriately quantified analysis of the

and Central part of Kazakhstan.
This lake was chosen because of the location and quality

Hydrogen Energy System in Kazakhstan based on these

of water. Moreover, Balkhash Lake is the primary water

amounts.

resource in domestic supply. The volume of water in

4)

. We

Corresponding hydrogen amount is calculated as follows

Balkhash Lake is 1.1×1011 m3. The distance between

of formula (1). We use Lower Heating Values (LHV) of

Balkhash and Nur-Sultan is around 6×105 m 24).

-2

hydrogen, which is 6.7×10 kWh/mol. (The lower heating

We assume the weight of transported hydrogen storage

value is the amount of heat released during the complete

alloy per wagon is 5.4×104 kg with 1.5 wt% of hydrogen. The

combustion of fuel without condensation of water vapor 23). If

hydrogen capacity per wagon is 4.1×105 mol.

it condensed, available energy is denoted as Higher Heating

If a regular train is composed of 50 wagons, 2.04×107

Values(HHV))

mol H2 will be transported. If a train transports it 10 times
per day, they transport 2.04×108 mol of H2/day and 7.4×1010
3

-2

E per capita (5×10 kWh) / LHV hydrogen (6.7×10 kWh/mol)
= 7.4×104 mol H2

mol /year. Approximately 3×107 kg/year of the alloy will be

(1)

used. Finally, one million people are provided with water and
0.4 million people with electricity by utilizing fuel cells.

7.4×104 mol H2 produces 7.4×104 mol water, which is 1.3

These values are summarized in Fig. 3.

m3/year and provides the necessary amount of hydrogen to
required electricity 5×103 kWh/capita.

7. LCA of Hydrogen Energy System for Kazakhstan

Secondly, we determine the required energy to produce
this amount of hydrogen. We calculated the necessary energy

Life Cycle Assessment is a systematic tool to analyze

from electrolyzer, solar power, and surface area based on

the environmental impact of a product through all stages of

efficiency, 70 %, and 16 %, respectively. Calculated results

its life cycle, from the extraction of resources to the
―4―
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Fig.3 Hydrogen Energy System（HES）for the capital city of Kazakhstan
(calculation based for 1 million capita with 5000 kWh/year/capita electricity and corresponding water consumption).
production of materials, parts and the products itself, and its

Table 4 CO2 emissions of corresponding process delivered

management after it is discarded, either by reuse, recycling or

form calculation using IDEA data 25).

final disposal. LCA compiles and evaluates the inputs and
outputs and the potential environmental impacts of a product

Consumption/

CO 2

Process

year (for 10 6

(kg)

capita)

system throughout its life cycle.
IDEA (Inventory Database for Environmental Analysis), a

Consumption of solar

Japanese database that mainly uses national and some

power 1kWh

international statistics as its data source and aims to model

Production of Ti 1kg

9.2×10 - 5

. Unfortunately, the data for

Production of Cr 1kg

5.9×10

-3

Kazakhstan is not available. To compare and see the general

Production of Mn 1kg

environmental impact, IDEA v2 was chosen.

Production of Fe 1kg

the environmental impacts

25)

We took into account the available CO2 emissions from
each process in this system. Based on IDEA soft dates

Ball milling 1000h

and

/10 5 kg

26)

other references, we calculated considering the values listed

Freight train

in Table 4 the CO2 emissions for the Hydrogen Energy

10 3 m/10 3 kg

System in Kazakhstan, which was more than 20 times less

Fuel-cell

than present CO2 emissions for electricity coal.

Total for HES in KZ
Present electricity

8. Conclusion
This contribution considered the energy and water

kWh /year

for HES
5.2×10 8

10 7 kg

9.2×10 2

7

10 kg

5.9×10 4

5.9×10 - 3

10 7 kg

5.9×10 4

1.1×10 - 1

10 7 kg

1.1×10 6

7.2×10 2

3×10 7 kg

2.2×10 4

2.5×10 - 2
0

6×10 5 m/
3×10 7 kg
2.0×10 9 kWh

1.5×10 8
0
6.7×10 8

3.5×10 - 1
/kWh

5×10 9 kWh

1.4×10 1 0

This paper supposes the role of the hydrogen energy

situation in Kazakhstan, which is currently significantly

system in Kazakhstan for water supply, renewable energy

dependent on fossil fuels, despite the high potential of

distribution, and reduction of greenhouse gas emissions.

renewable energy sources, especially the potential of solar

Transportation of water can be driven by the production of

energy. Due in part to the abundance of sunshine, there are

hydrogen through electrolysis and the consumption of

not many water resources in Kazakhstan.

hydrogen through the use of fuel cells, as proposed in the

Thus, half of the water resources inflow from neighboring

frame of the hydrogen energy system. We revealed that the

countries. Depending on the transboundary rivers, the lack of

required 5000 kWh/year electricity and 1 m3/year water are

groundwater, and losses during the transportation of surface

obtained by feasible hydrogen transportation.

water make this problem more serious.
―5―
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The system is also capable of satisfying drinking water
requirements,

and

society

can

become

transportation Pipelines, http://www.eiga.org

practically

11) Railway Pro, https://www.railwaypro.com

self-sufficient. The LCA result confirms that hydrogen is

12) Kaztemirtrans company, http://www.kazcargo.kz

considered to be an ideal energy carrier in the future and can

13) Mining world of Kazakhstan, http://www.miningworld.kz

play a considerable role in the energy system of Kazakhstan.

14) Akiba E. Hydrogen Absorbing Alloys, Curr. Opin. Solid

In the future, the transportation possibilities of the fuel

State Mater. Sci, Vol.4, pp.267–272 (1999).

cell by train and utilization of fuel cells will be possible not

15) Kojima Y, Kawai Y, Towata S, Matsunaga T, Shinozawa

only for large cities, but also for rural areas, and gives a

T, Kimbara M, Development of metal hydride with high

significant opportunity for water supply. Transportation of

dissociation

hydrogen by storage alloys via railways allows the export of

pressure,

J.

Alloys

Compd,

Vol.419,

pp.256-261 (2006).

energy and water to neighboring countries. The water supply

16) Z. Cao, L. Ouyang, H. Wang, J.Liu, D.Sun, Q. Zhang, M.

system considered here can be extended to other countries

Zhu, Advanced high-pressure metal hydride fabricated

with water scarcity problems.

via Ti-Cr-Mn alloys for a hybrid tank, Int. J Hydrogen
Energy, Vol. 40, pp.2717-2728 (2015).
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Abstract
The distribution of ozone (O 3 ) concentration generated by atmospheric-pressure argon (Ar) plasma jet
irradiation was visualized using test strips. The O 3 test strips become brown in the presence of O 3 , enabling the
O 3 concentration to be easily determined on the basis of thedarkness of the color. An Ar plasma jet generated
with a frequency of 10 kHz, an applied voltage of 10 kV, and an Ar gas flow rate of 10 L/min was ejected into
the air in the form of an inverse cone with a length of approximately 15 mm and a maximum diameter of 6 mm.
After plasma jet ejection for 1 s, the color of the O 3 test strips turned brown (>210 μg/m 3 ) except in the region
of the plasma jet (inverted triangle). This result indicates that O 3 was generated in the region where the plasma
came into contact with the air.
The results of this study suggested that the distribution of the O 3 concentration generated by
atmospheric-pressure Ar plasma jet irradiation is dependent on the plasma ejection/irradiation duration,
irradiation distance, and applied voltage.
Keywords: Atmospheric-pressure plasma, Ozone, Visualization, Test strips

The

1. Introduction

concentration

of

O3

generated

when

an

atmospheric-pressure plasma jet is ejected into the air is measured
Research is being carried out on the application of

by ultraviolet (UV) absorption

atmospheric-pressure plasma in the surface treatment of solid
materials

1-6)

, water purification

bacteria and fungi

36-40)

, an O3 monitor

molecular beam mass spectrometry (MBMS)

7-10)

41)

, and

42)

. The distribution

, and the inactivation of

of the O3 concentration was studied by Winter et al. by means of

11-15)

. Recently, active research on the plasma

UV absorption using a deuterium (D2) lamp, a monochromator, an

has been carried out on a wide variety of biomedical applications 16-19)

imaging spectrometer, and an intensified charge-coupled device

including wound healing 20-23), cancer cell treatment 24-26), and the

(iCCD) camera 38). It was also studied by Zhang et al. by means

introduction of genes and drug molecules into cells

27-31)

. It is

of UV absorption using a mercury (Hg) lamp, a monochromator,

known that ozone (O3) is generated owing to the introduction of

and a photomultiplier 39).

plasma in the air. O3 is generated because high-energy electrons

As explained above, there have been reports on the distribution

in the plasma collide with oxygen (O2) molecules in the air and the

of the O3 concentration when an atmospheric-pressure plasma jet is

oxygen (O) atoms produced by the dissociation of the O2 molecule

ejected into the air.

bind to another O2 molecule

32, 33)

. O3 is one of the reactive

methods require much equipment and time.

oxygen species (ROS) and has a high oxidation-reduction potential
of 2.07 V

In addition, the

distribution of the concentration of O3 existing on the surface of an

34, 35)

, thereby easily oxidizing objects. This oxidizing

object when it is irradiated with an atmospheric-pressure plasma jet

power is useful in various fields of research.

has not been measured.
In our previous study, we measured the distribution of the

*1 Associate Professor, Department of Electrical and
Electronic Engineering
*2 Undergraduate Student, Department of Electrical and
Electronic Engineering

concentration of hydrogen peroxide (H2O2) generated by
atmospheric-pressure argon (Ar) plasma jet irradiation using H2O2
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test strips

43)

. H2O2 is also an ROS with an oxidation-reduction

potential of 1.77 V 34). The color of the H2O2 test strips turns blue
in the presence of H2O2, and the concentration of H2O2 can be
simply determined on the basis of the darkness of the color. In
that study, it was found that the distribution of the H2O2
concentration is dependent on irradiation duration, irradiation
distance, and applied voltage. Test strips for the simple
measurement of the O3 concentration are commercially available.
The color of the test strips turns brown in the presence of O3, and
the O3 concentration can be determined on the basis of the darkness
of the color. The principle of the color reaction is due to the
oxidation of the colorless iodide on O3 test strips to brown iodine
Fig. 1 Schematic of experimental setup.

induced by O3. There have been no reports on visualizing the
distribution of O3 concentration obtained using O3 test strips to the
best of our knowledge.
In this study, using O3 test strips, we tried to visualizethe
dependences of the O3 concentration on plasma ejection/irradiation
duration, irradiation distance, and applied voltage when an
atmospheric-pressure Ar plasma jet is ejected into the air or when
an object is irradiated with an atmospheric-pressure Ar plasma jet.
2. Experimental Methods

Fig. 2 Color chart of O3 test strip.

Figure 1 shows a schematic of the experimental setup used in
this study. In the unit used to generate a plasma jet, a copper tube
(inner diameter, 4 mm; outer diameter, 6 mm) as the discharge
electrode was inserted into a dielectric quartz tube (length, 50 mm;
inner diameter, 6 mm; outer diameter, 8 mm), around which a
copper foil (thickness, 0.05 mm; width, 10 mm) was wrapped as
the ground electrode

44)

. A high AC voltage was applied to the
(a)
(b)
Fig. 3 Photographs of O3 test strips during measurement of

electrodes to induce a dielectric barrier discharge inside the quartz
tube between the electrodes and to convert the Ar gas into plasma,
which was then ejected into the air in the form of a jet.

distribution of O3 concentration

A

(a) Ejection into air and (b) Irradiation onto object.

high-voltage power supply (LHV-10AC, Logy Electric Co., Ltd.)
was used to generate the Ar plasma jet (frequency, 10 kHz; applied
voltage, 3–10 kV; Ar gas flow rate, 10 L/min). The gas flow rate

(D) × 180 (H) mm3. The front side of the container is open. The

was adjusted using a gas flow meter (RK-1250, Kofloc Kyoto,
Kojima Instruments Inc.).

height of the sample stage is variable in the range of 60–110 mm.

The voltage and current were

O3 test strips (Macherey-Nagel) were used to determine the O3

measured using a high-voltage probe (P6015A, Tektronix, Inc.) and

concentration. Figure 2 shows the color chart of the O3 test strips.

a current probe (A621, Tektronix, Inc.), respectively, which were

The color of the O3 test strips turns brown in the presence of O3,

both connected to a digital oscilloscope (TDS1001B, Tektronix,

and the O3 concentration can be determined in four levels (<90,

Inc.).

90–150, 150–210, and >210 μg/m3) on the basis of the darkness of

The plasma jet irradiated in the container made of transparent

the color.

acrylic resin. The dimensions of the container are 120 (W) × 100
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(a)
(b)
(c)
(d)
(e)
Fig. 4 Photographs of atmospheric-pressure Ar plasma jet ejected into air and O3 test strips for different irradiation durations (applied voltage,
10 kV; Ar gas flow rate, 10 L/min) (a) Plasma jet, (b) Before ejection, (c) Ejection for 1 s, (d) Ejection for 10 s, and (e) Ejection for 30 s.

Figure 3 shows photographs of the O3 test strips during the

strips with the color chart, the O3 concentration was found to be

measurement of the distribution of the O3 concentration. When

>210 μg/m3 at the edge of the plasma jet (within a radius of ~4–8

the plasma jet was ejected into the air [Fig. 3(a)], a total of 16 (4 ×

mm from the center of the plasma) and was 150–210 μg/m3 in its

4) O3 test strips (dimensions of one test strip, 8 × 10 mm2;

vicinity (within a radius of 8–20 mm from the center of the plasma).

2

dimensions of 16 test strips, 32 × 40 mm ) were arranged and set

The shape of the white area was almost identical to that of the

up vertically immediately below the center of the quartz tube.

plasma jet. The length of the white area was ~16 mm and the

When the plasma jet was irradiated onto an object [Fig. 3(b)], a

width was ~10 mm at the top of the O3 test strips (immediately

total of 16 (4 × 4) O3 test strips were placed immediately below the

below the quartz tube), which gradually decreased with distance

quartz tube.

from the top. After 10-s ejection [Fig. 4(d)], the color of the O3
test strips in the vicinity became darker than that in the case of 1-s
3. Results and Discussion

ejection.

This finding indicates that the O3 concentration

increased; the O3 concentration was found to be >210 μg/m3 even
3.1 Ejection of atmospheric-pressure Ar plasma jet into air

in the vicinity. The size of the white area decreased slightly [~16

3.1.1 Dependence of distribution of O3 concentrationon plasma

(L) mm × ~8 (W) mm]. After 30-s ejection [Fig. 4(e)], the color

ejection duration

of the O3 test strips in the vicinity became much darker. This

Figure 4 shows photographs of the atmospheric-pressure Ar

finding indicates that the O3 concentration further increased; the O3

plasma jet ejected into the air and O3 test strips for different plasma

concentration was found to be >210 μg/m3 even in the vicinity.

ejection durations. When an Ar plasma jet was generated with an

The size of the white area was further decreased [~13 (L) mm × ~6

applied voltage of 10 kV and an Ar gas flow rate of 10 L/min, an

(W) mm]. With increasing plasma ejection duration, the white

atmospheric-pressure Ar plasma jet with an inverse cone shape

area decreased. This is because the O3, which was generated at

having a length of ~15 mm and a maximum diameter of 6 mm was

the site where the plasma jet came into contact with air, came into

ejected into the air [Fig. 4(a)]. As shown in Fig. 4(b), the color of

continuous contact with the O3 test strips and changed the color of

the O3 test strips remained white before the plasma ejection.

the test strips at the edge ofthe plasma jet.

After ejecting for 1 s [Fig. 4(c)], the color of the test strips that

findings,

came into contact with the plasma jet remained white but thatin the

concentration of O3 generated in the vicinity of plasma was found

vicinity of that area turned brown. From this result, it was found

to increase. It is considered that the concentration of generated O3

that O3 was generated simultaneously with the ejection of the

does not change with time and remains constant when measured in

plasma jet in the region where the plasma jet came into contact

a completely open space. In our experiment, however, the O3

with the air, but it was not generated in the plasma. The nearer

concentration increased with the plasma ejection duration. This is

the region was from the plasma jet, the greater the darkness of

because the O3 test strips were placed in an acrylic container, which

brown became. With further distance from the plasma jet, the

was only open at the front side and thus was not completely open.

color became lighter. This finding indicates that the O3 generated

In this case, some of the generated O3 remained in the container

through contact between the plasma jet and the air diffused in its

and the O3 concentration increased with time.

vicinity. By comparing the darkness of the color of the O3 test

increasing

plasma

ejection

duration,

the

In the study of Winter et al., a plasma jet of ~4 mm length was
―9―

Vol. XLV, 2020

with

From the above

Hiroshi KUWAHATA and Takaaki YAMAGUCHI

(a)

(b)

(c)

(d)

(e)
(f)
(g)
(h)
Fig. 5 Photographs of atmospheric-pressure Ar plasma jet ejected into air and O3 test strips for different applied voltages (Ar gas flow rate,
10 L/min; plasma ejection duration, 30 s) (a, e) 3 kV, (b, f) 6 kV, (c, g) 8 kV, and (d, h) 10 kV.

generated by introducing a flow of an Ar gas [3 standard L/min

horizontal direction, the radius r of the plasma jet was 1.5 mm at

(slm)] mixed with O2 into a quartz capillary (inner radius, 0.8 mm)

the end of the plasma jet (z = 9 mm), reached the maximum (r =

with a high-frequency applied voltage (~1 MHz, 2–6 kVpp)

38)

.

2.5 mm) at z = 15 mm, and decreased to r = 1.5 mm at z = 19 mm.

The distribution of the O3 concentration was studied by means of

In the study of Deng et al., a plasma jet was generated with a flow

UV absorption at a wavelength λ = 254 nm using a D2 lamp, a

of nitrogen (N2) gas (8 slm) in the quartz tube (inner diameter, 5

monochromator, an imaging spectrometer, and an iCCD camera.

mm) with the application of direct current (5–30 mA)

16

−3

They reported that the O3 concentration of 1.5 × 10 cm

at the

41)

. By

ejecting the plasma jet through a metal mesh, an afterglow was

end of the plasma jet (position in the axial direction along the

generated.

capillary, z = 4 mm) was the highest when the gas mixture of Ar

concentration from the afterglow using an O3 monitor. In the case

+1.0% O2 was used. With increasing distance in the ejection

of the current of 25 mA, they reported that the O3 concentration

15

was ~22 ppm at 2 mm from the metal mesh (z = 2 mm). With

cm at z = 19 mm. Regarding the spread of O3 in the horizontal

increasing distance in the ejection direction, the O3 concentration

direction, the radius r of the plasma jet was 0.75 mm at z = 4 mm;

gradually increased, peaked (90 ppm) at z = 15 mm, and then

it reached the maximum (r = 2.0 mm) at z = 15 mm and decreased

gradually decreased to ~30 ppm at z = 30 mm.

direction, the O3 concentration gradually decreased to 2.5 × 10
−3

They examined the distribution of the O3

to r = 1.75 mm at z = 19 mm. In the study of Zhang et al., a
plasma jet of ~9 mm length was generated with a flow of Ar gas

3.1.2 Dependence of distribution of O3 concentrationon applied

(2slm) mixed with 2% O2 in a quartz tube (inner diameter, 1.8 mm)

voltage

with a plasma power of 13.56 MHz and 6.5 W

39)

The

Figure 5 shows photographs of the atmospheric-pressure Ar

distribution of the O3 concentration was studied by means of UV

plasma jet ejected into the air and O3 test strips for different applied

absorption at a wavelength λ = 253.7 nm using a Hg lamp, a

voltages. At an applied voltage of 3 kV [Fig. 5(a)], a plasma jet

monochromator, and a photomultiplier. They reported that the O3

was observed only in the vicinity of the electrode and it seemed

concentration of 1.9 × 1015 cm−3 was the highest at 4 mm from the

that no plasma jet was ejected from the quartz tube. The color of

end of the plasma jet (z = 13 mm). With increasing distance in the

the entire O3 test strips turned slightly brown [Fig. 5(e)] and no

ejection direction, the O3 concentration gradually decreased to 6 ×

white area indicating plasma ejection was observed.

14

10

−3

cm

.

at z = 25 mm. Regarding the spread of O3 in the

concentration over the entirety of the O3 test strips was 90–150
―10―
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(a)
(b)
(c)
(d)
(e)
Fig. 6 Photographs of atmospheric-pressure Ar plasma jet irradiation and O3 test strips irradiated with plasma jet for different irradiation
durations (applied voltage, 10 kV; Ar gas flow rate, 10 L/min; irradiation distance, 5 mm)
(a) Plasma jet, (b) Before irradiation, (c) Ejection for 1 s, (d) Ejection for 5 s, and (e) Ejection for 10 s.

μg/m3. This finding indicates that O3 was generated in the quartz

the quartz tube to take a photograph shown in Fig. 6(a). The

tube even when the plasma jet was not ejected from the quartz tube

plasma jet reached the filter paper and extended horizontally on the

but generated in the quartz tube. At an applied voltage of 6 kV

filter paper. The diameter of the region over which the plasma

[Fig. 5(b)], no plasma was again ejected from the quartz tube. A

extended was ~17 mm. The color of the O3 test strips before

small white area indicating plasma jet ejection was observed on the

plasma irradiation was white [Fig. 6(b)]. The plasma jet was

O3 test strips [Fig. 5(f)]. The dimensions of the white area were

ejected onto the center of the O3 test strips. After plasma jet

~16 (L) mm × ~7 (W) mm. The O3 concentration was >210

irradiation for 1 s [Fig. 6(c)], the color of the O3 test strips turned

3

3

μg/m at the edge of the plasma jet and 150–210 μg/m in its

brown except in the area irradiated with the plasma jet. This

vicinity. At an applied voltage of 8 kV [Fig. 5(c)], a plasma jet

finding indicates that O3 was generated immediately on the O3 test

appeared to be ejected from the quartz tube to a distance of ~10

strips irradiated with the plasma jet but was not generated in the

mm. The white area indicating plasma jet ejection was observed

region irradiated with the plasma jet. The diameter of the white

on the O3 test strips [Fig. 5(g)]. The dimensions of the white area

area was ~12 mm, which was smaller than that of the region over

were ~16 (L) mm × ~8 (W) mm. The O3 concentrations were

which the plasma extended (~17 mm). This result indicates that

3

3

>210 μg/m at the edge of the plasma jet and 150–210 μg/m in its

O3 was generated inside the edge of the region over which the

vicinity. At an applied voltage of 10 kV [Fig. 5(d)], the plasma jet

plasma extended horizontally on the O3 test strips. The area of the

was apparently ejected from the quartz tube to a distance of ~15

O3 test strips that turned brown extended to a radius of at least 26

mm. A white area indicating plasma jet ejection was observed on

mm from the center of the region irradiated with the plasma and the

the O3 test strips [Fig. 5(h)]. The dimensions of the white area

O3 concentration was >210 μg/m3. Namely, when an object was

were ~13 (L) mm × ~6 (W) mm. The O3 concentration was >210

irradiated with atmospheric-pressure Ar plasma jet for 1 s, O3 with

μg/m3 at the edge of the plasma jet and in its vicinity. Comparing

a concentration of >210 μg/m3 was generated in the vicinity of the

the results in Figs. 5(f)–5(h), we can see that the color of the O3 test

object.

strips became darker with increasing applied voltage. From this

considered to extend to a radius of at least 26 mm from the center

result, it was concluded that the O3 concentration increased with

of the region irradiated with the plasma. As seen from the results

increasing applied voltage, suggesting that the number of

in Figs. 6(c)–6(e), the brown color of the O3 test strips became

high-energy electrons is larger in a plasma jet generated at a higher

darker with increasing irradiation duration. This finding indicates

applied voltage.

that the O3 concentration in the vicinity of the object increased with

The region with a O3 concentration >210 μg/m3 was

increasing irradiation duration. The diameter of the white area
3.2 Irradiation of atmospheric-pressure Ar plasma jet onto object

changed negligibly and was in the range of ~12–14 mm regardless

3.2.1 Dependence of distribution of O3 concentration on

of the irradiation duration. On the basis of the above findings, we

irradiation duration

concluded that O3 was not generated in the region of the object

Figure 6 shows photographs of plasma jet irradiation and O3

irradiated with the plasma and no effect of O3 was expected in this

test strips irradiated with the plasma jet for different irradiation

region.

durations. Filter paper, instead of O3 test strips, was placed under
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(a)

(b)

(c)

(d)

(e)

(f)
(g)
(h)
(i)
(j)
Fig. 7 Photographs of atmospheric-pressure Ar plasma jet irradiation and O3 test strips irradiated with plasma jet for different applied
voltages (Ar gas flow rate, 10 L/min; irradiation distance, 5 mm; irradiation duration, 10 s) (a, f) 3 kV, (b, g) 4 kV, (c, h) 6 kV, (d, i) 8 kV,
and (e, j) 10 kV.

3.2.2 Dependence of distribution of O3 concentration on applied

extended horizontally over the O3 test strips. The diameter of the

voltage

region over which the plasma extended was ~13 mm. As shown

Figure 7 shows photographs of plasma jet irradiation and O3

in Fig. 7(i), the brown color of the area on the O3 test strips in the

test strips irradiated with the plasma jet for different applied

vicinity of the region irradiated with the plasma jet became much

voltages. At an applied voltage of 3 kV [Fig. 7(a)], no plasma

darker.

was generated. As shown in Fig. 5(a), at the same voltage, a

diameter of the white area was ~12 mm, which is almost the same

plasma jet was generated in the vicinity of the electrode. From

as that of the region over which the plasma jet extended. At an

this finding, an applied voltage of 3 kV is deemed the minimum

applied voltage of 10 kV [Fig. 7(e)], a plasma jet was ejected from

voltage required for the generation of a plasma jet. At an applied

the quartz tube, came into contact with the O3 test strips, and then

voltage of 3 kV, the color of the O3 test strips remained white, as

extended horizontally over the O3 test strips. The diameter of the

shown in Fig. 7(f), because no plasma jet was generated. At an

region over which the plasma extended was ~17 mm. As shown

applied voltage of 4 kV [Fig. 7(b)], a plasma jet was generated only

in Fig. 7(j), the brown color of the area on the O3 test strips in the

in the vicinity of the electrode. The color of the entirety ofthe O3

vicinity of the region irradiated with the plasma jet became much

test strips became slightly brown, as shown in Fig. 7(g). The O3

darker. The O3 concentration was >210 μg/m3. The diameter of

3

The O3 concentration was 150–210 μg/m3.

The

concentration was <90 μg/m . This finding indicates that O3 was

the white area was ~12 mm.

generated and extended horizontally on the O3 test strips to a radius

diameter of the region over which the plasma extended was found

of at least ~26 mm from the center of the region irradiated with the

to increase with increasing applied voltage.

plasma jet, even when no plasma jet was ejected from the quartz

diameter of the region where no O3 was generated (white area)

tube. At an applied voltage of 6kV [Fig. 7(c)], a plasma jet was

remained the same because the diameter of the area on the O3 test

ejected from the quartz tube and came into weak contact with the

strips that came into contact with the plasma jet remained the same.

O3 test strips.

From these results, it was found that the O3 concentration in the

As shown in Fig. 7(h), the color of the area

irradiated with the plasma jet remained white but the color of the

From the above findings, the
However, the

vicinity of an object increased with increasing applied voltage.

O3 test strips in the vicinity of that area turned slightly brown, and
the O3 concentration was estimated to be 90–150 μg/m3. At an

3.2.3 Dependence of distribution of O3 concentration on

applied voltage of 8 kV [Fig. 7(d)], plasma jet was ejected from the

irradiation distance

quartz tube, came into contact with the O3 test strips, and then

Figure 8 shows photographs of plasma jet irradiation and O3
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(a)

(b)

(c)

(d)

(e)

(f)
(g)
(h)
(i)
(j)
Fig. 8 Photographs of atmospheric-pressure Ar plasma jet irradiation and O3 test strips irradiated with plasma jet for different irradiation
distances (applied voltage, 10 kV; gas flow rate, 10 L/min; irradiation duration, 10 s) (a, f) 2 mm, (b, g) 5 mm, (c, h) 10 mm, (d, i) 20 mm,
and (e, j) 30 mm.

test strips irradiated with the plasma jet for different

region.

irradiation distances.

At irradiation distances of 2–10 mm

(≥20 mm), the plasma jet did not come into contact with the

[Figs. 8(a)–8(c)], a plasma jet was ejected from the quartz

object but the O3 generated at the edge of the plasma was

tube, came into contact with the filter paper, and then

diffused over the vicinity of the target.

extended horizontally over the filter paper.

of O3 is expected when the irradiation distance is large.

However, at an

In contrast, when the irradiation distance was large

Therefore, the effect

irradiation distance of 20 mm [Fig. 8(d)] or 30 mm [Fig. 8(e)],
a plasma jet ejected from the quartz tube did not come into
contact with the filter paper.

4. Conclusions

The diameters of the region
The distributions of O3 concentration generated by

over which the plasma extended were ~18, ~16, and ~13 mm
At

atmospheric-pressure Ar plasma jet ejection in air and

irradiation distances of 2–10 mm [Figs. 8(f)–8(h)], the color

irradiation on an object were visualized using O3 test strips.

of the region irradiated with the plasma jet remained white

The dependences of the distribution of O3 concentration on

and the color of the O3 test strips in the vicinity of this region

plasma ejection/irradiation duration, applied voltage, and

at irradiation distances of 2, 5, and 10 mm, respectively.

turned brown.

irradiation distance were clarified.

The O3 concentration was >210 μg/m3
The diameters of the

When the plasma jet was ejected into air, the color of the

white area were ~14, ~13, and ~11 mm at irradiation

O3 test strips that came into contact with the plasma jet

distances of 2, 5, and 10 mm, respectively.

remained white, but the color of the O3 test strips in the

regardless of the irradiation distance.

However, there

were no white areas on the O3 test strips at an irradiation

vicinity of that region turned brown.

distance of 20 or 30 mm, indicating that the diameter of the

shape of plasma jet ejection (inverted triangle) was white on

white area decreases with increasing irradiation distance.

the O3 test strips.

From these findings, when the irradiation distance was small

the region was found to increase with increasing plasma

(2–10 mm), no O3 was generated in the region irradiated with

ejection duration, and applied voltage.

The O3 concentration in the vicinity of

When an object was irradiated with the plasma jet, the

the plasma jet and the effect of O3 was not expected in this
―13―
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color of the O3 test strips irradiated with the plasma jet

on Glass Substrate by Atmospheric-Pressure Plasma Jet

remained white but that in the vicinity of that region turned

Irradiation, e-J. Surf. Sci. Nanotechnol. 14 p.231 (2016).

brown.

The shape of the white area was circular.

The O3

6) H. Kuwahata, Y. Murata, N. Hashimoto, and R. Segawa,

concentration in the vicinity of the object was found to

Superhydrophilization of Surface of Aluminum Thin Film

increase with increasing irradiation duration and applied

by Atmospheric-Pressure Plasma Jet Irradiation, e-J. Surf.

voltage.

Sci. Nanotechnol. 16 p.27 (2018).

The manner of contact between the plasma jet and

the O3 test strips differed depending on the irradiation
distance.

7) W. F. L. M. Hoeben, E. M. van Veldhuizen, W. R. Rutgers,

When the irradiation distance was large (≥20 mm),

and G. M. W. Kroesen, Gas phase corona discharges for

the plasma did not come into contact with the O3 test strips

oxidation of phenol in an aqueous solution, J. Phys. D:

and the entirety of the O3 test strips turned brown.

Appl. Phys. 32 L133 (1999).

In

contrast, when the irradiation distance was small (2–10 mm),

8) T. Kuroki, K. Yoshida, H. Watanabe, M. Okubo, and T.

the color of the O3 test strips irradiated with the plasma jet

Yamamoto, Decomposition of Trace Phenol in Solution

remained white but the color in the vicinity of that region

Using Gas–Liquid Interface Discharge, Jpn. J. Appl. Phys.

turned brown.

The shape of the white area was circular.

In

45 p.4296 (2006).

addition, when the irradiation distance was smaller, no O3

9) H. Kuwahata, K. Kimura, and R. Ohyama, Decolorization

was generated at the region where the plasma came into

of

contact with the O3 test strips and the effect of O3 is not

Atmospheric-Pressure

expected in this region.
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Abstract
Dam-break disasters keep happening many times each year all over the world. Examples from 2018 to early
2019 include the Brumadinho dam in Brazil, Swar Chaung dam in Myanmar, Xe-Pian Xe-Namnoy dam in Laos,
Panjshir Valley dam in Afghanistan and Patel dam in Kenya. Each of these dam-breaks caused hundreds of
fatalities or missing persons, with thousands of others being made homeless. The fact that causes of dam-breaks
differ means that they are inevitable, therefore governments or companies that are responsible for the safety of
a dam should always consider preparing hazard maps. Accordingly, investigation and research on dam-breaks
are crucially important. This paper presents a two-dimensional simulation model assuming a rectangular-shape
dam-break section of a dam with a reservoir. The model can calculate flow velocity and inundation heights at
various time points from the time of the break. The hydrodynamics of the model are calculated using twodimensional nonlinear shallow water equations, which are solved by the finite difference method. To verify the
applicability of the model, the tsunami caused by the 2011 Great East Japan Earthquake is simulated in the
Sendai-Natori area with acceptable relative accuracy, and then the Amagase dam-break is simulated as an
example.
Keywords: Shallow water equation, Dam-break model, Long-wave flood, Hydrodynamic simulation model

1. Introduction

have confirmed their accuracy specifically for dam-break
scenarios like “Landslide dam and subsequent dam-break

There are many hydrodynamic simulation models for a

flood estimation using HEC-RAS model in Northern Pakistan”

dam-break scenario, which are capable of simulating both 2D

(Butt, Umar, and Qamar 2013)1).

and 3D models. To name a few of the accurate models for

To verify the dam-break simulation model, we need real

simulation of the flood due to a dam-break. HEC-RAS V.5,

case dam-break data to compare the simulation results with

MIKE 21 and TUFLOW models are among the most famous

them and then discuss the accuracy of the model. Because it is

flood simulation models that are available for either

difficult to find and measure the hydrodynamic data in case of

educational or business purposes. These software can evaluate

a dam-break, in this paper, we introduce a flood simulation

the extent of the flooded area, flood distribution depths at

model that we had developed for tsunami simulations and have

times, flood velocities at times, flood arrival times to target

confirmed its reproducing ability by simulating some flood

locations, and the respected flood duration. These software are

cases due to existing tsunamis. Because in the literature,

already extensively being used for different hydrodynamic

floods due to a tsunami and a dam-break are categorized into

flood simulation purposes and there are many researchers who

the same long-wave motion or in other words, a flood is

*1 Architecture and Civil Engineering Course, Graduate School

expressed with the same motion equation as that of tsunami

of Science and Technology, Tokai University, Hiratsuka,

since the flood is the plane 2D nonlinear long-wave like a

Kanagawa, Japan,

tsunami. Therefore, we have only to input water from the
mountainside instead of inputting water from the sea.

*2 Department of Civil Engineering, School of Engineering, Tokai

Moreover, existing numerical models developed for a river

University, Hiratsuka, Kanagawa, Japan,

flow are applicable only to movement, which always flows

*3 Graduate School of Engineering, Tokai University, ditto.

―17―
Vol. XLV, 2020

Sayed Masihullah AHMADI, Yoshimichi YAMAMOTO and Maiki HAYAKAWA

from the upstream side to the downstream side of the river.

equations. For hydrodynamic calculations, we have used the

However, when the flood overflowed out of the river, since a

popular equation of continuity (Eq.(1)) and two-dimensional

device to run-up process is necessary at uphill places, we had

nonlinear shallow water equations (Eq. (2 & 3)).

better use the numerical model for tsunami, which is

¶f y qx

applicable to uphill places. With this in mind, we could modify

¶x

our model for dam-break flood-simulation purpose with minor
changes on an input method. Our proposed model solves the

¶f x q y
¶y

+

¶Sh
=0
¶t

¶q x 1 ¶ æ Sq x2 ö 1 ¶ æ Sq x q y ö
ç
÷+
ç
÷+
+
¶t S ¶x çè d ÷ø S ¶y çè d ÷ø
¶ (q x / d ) ù
¶h 1 ¶ é
gd
dn t S
ê
¶x S ¶x ë
¶x úû

continuity equation (Eq.(1)) and the two-dimensional nonlinear shallow water equation (Eq. (2&3)), by finite difference
method using the Crank-Nicholson scheme. As a numerical
simulation method using a digital computer, since use of FDM

(1)

(2)

¶ (q x / d ) ù f c
1 ¶ é
dn t S
+
Qq x = 0
ê
S ¶y ë
¶y úû d 2

is the very rational, FDM has been vastly used in numerical
simulations of the hydrodynamics field, and many support
programs exist. Therefore, we adopted FDM.

+

For the data

2
ö 1 ¶ æ Sq y ö
ç
÷+
÷÷ +
ç
÷
¶t
ø S ¶y è d ø
¶ (q y / d )ù
¶h 1 ¶ é
gd
dn t S
¶y S ¶x êë
¶x úû
¶ (q y / d )ù f c
1 ¶ é
dn t S
+
Qq y = 0
ê
S ¶y ë
¶y úû d 2

¶q y

input purpose of the model, we need to have the real
topography of downstream of the dam to the desired extent. It
is worth mentioning that the wider we choose the target area,
the higher capacity of workstation-computer is required. The
model has a side application software (CONTWIN) which is
able to convert Digital Elevation Models (DEM) or DXF

+

1 ¶ æ Sq y q x
ç
S ¶x çè d

(3)

format of topography maps into the desired grids. The
Where q x & q y are the horizontal fluid fluxes in the x & y
directions respectively. h is the water surface elevation, f x
& f y are the x & y direction ratios of the wet portion in a
calculation mesh. S is the area ratio of the wet portion in a
calculation mesh. d is the water depth from the static water
surface h . g is the gravitational acceleration, n is the eddy
t
viscosity coefficient. Q = q x2 + q y2 is the compound value of
q x & q y . To calculate the bottom friction coefficient, the
following equations are used;

accuracy of the calculations can be controlled based on the
mesh size we choose in this step. Break dimension (width and
height), dam basin area and discharge volume, calculation
range, desired calculation time interval, land use data (the
ratio of buildings, forests, cultivation and flat area in a mesh)
are input data sets.
To confirm the accuracy of the proposed model in the
case of hydrodynamics, the flood simulation due to a tsunami
is executed on the Sendai-Natori area.

𝑓! =

To confirm the workability of our simulation model, we
chose Amagase dam, located in Kyoto Prefecture of Japan as

𝑔𝑛"
𝑑

𝜃
'
𝑑 %$
100 − 𝜃

(5)

𝑛# " 𝐴# + 𝑛" " 𝐴" + 𝑛$ " 𝐴$
𝐴# + 𝐴" + 𝐴$

(6)

𝑛" = 𝑛& " + 0.020

a sample dam-break scenario. The main purpose of the
Amagase dam is flood control and the dam was constructed in

𝑛& " =

1964. The dam is a 73 m tall, 254 m long variable-radius arch
type with a structural volume of 162,000 m3. The dam
withholds a reservoir called Lake Hōō (Hōō-ko, lit. "Lake

(4)

#%
$

Here, 𝑛 is the Manning’s roughness coefficient. 𝜃 is

Phoenix") of 26,280,000 m3 of which 20,000,000 m3 is active

the building ratio (= the ratio of the area of all vertical objects

or "useful" storage. It has a surface area of 1.9 km2 and it is

like houses and trees to the mesh area). 𝑛& is the weighted

worth mentioning that at the downstream of Amagase Dam,

average roughness coefficient of areas like farms, roads, and

there is a densely populated residential area of over 100,000

waste& wetlands, 𝐴#,",&$ , with relative roughness coefficients

individuals which can be a reason for this simulation.

of 𝑛#,",&$ .
The cause for a dam-break is varied in each dam-break

2. Calculation Methods

case where the most common causes can be great earthquakes,
overtopping due to heavy flash floods (this failure cause is

Since there are many numerical methods for dam-break

expected to increase in the following decades due to climate

flows. They can be classified into three broad types: finite-

changes) and the aging of a dam. A more complete list of the

difference methods, finite-element methods, and finite volume

most prominent causes of dam-break are listed in the US Army

methods (Zhang and Wu 2011)2). In this paper, we have used

Corps of Engineers Hydrologic Engineering Center, Flood

the finite-difference method to solve the hydrodynamic

Emergency Plans, Guidelines for Corps Dams as (1)
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Earthquake; (2) Landslide; (3) Extreme storm; (4) Piping; (5)

Since the case of finite water supply from a dam lake is

Equipment malfunction; (6) Structure damage; (7) Foundation

more realistic in the actual dam-break cases, in this paper, we

failure; (8) Sabotage (Owen 1980)3). For each of these

have used the equation for run-off rate from the dam lake by

different failure causes, the break sections may vary which

following equations;

means the discharge rate is sentenced to change as well. This
change in the rate of discharge makes the simulation and

𝑄 = 𝐴(ℎ) ×

accurate calculations very complex. Many researchers have
already developed models to simulate the dam breach

𝑑ℎ
𝑑𝑡

(10)
$%
"

scenarios on different types of dams and as well as different
failure cases. “Methodology for Earthen Dam Breach Analysis”

𝐵
2
𝑑ℎ
𝑄 = 𝑐72𝑔 B 𝐷 >𝐻 −
𝑇@
𝐷
3
𝑑𝑡

(Yue Sheng, Damisse Emile, and Ansar Matahel 2016)4),

+%
"

2
𝑑ℎ
− >𝐻 −
𝑇@
5
𝑑𝑡

“Hydrodynamic Dam Breach Modelling of Earthfill Saddle
5)

Dam” (Sidek 2011) , “Analysis of Hydrograph by Dam

(11)
D

Breach Shapes” (ki-bum Park 2019)6) are some of the papers

Here, T is the run-off elapse time (sec), V is the total volume

which concentrates more on the failure shapes and the

of discharge water, and c is the flow rate coefficient (=0.61).

discharge rates of different dam type’s failure with various

*

break sections, however, in this paper, the main focus is the

𝑉 = 0 𝐴(ℎ)𝑑ℎ =
&

flood plain and hydrodynamics calculations following a dambreak. For this purpose, we have assumed a trapezoidal break

𝑉=0

section and derived new equations for calculating a run-off

𝐷

(12)

&

*
,-% 𝐵
2
,. 𝑐 72𝑔 B 𝐷 >𝐻

&

rate to this dam-break as follows;

*
,-%
0 ,. 𝑄𝑑𝑇

3

−

$%
"

𝑑ℎ
𝑇@
𝑑𝑡

+%
"

2
𝑑ℎ
− >𝐻 −
𝑇@
5
𝑑𝑡

Fig. 1 Dam-break section plan view.

(13)
D 𝑑𝑇

=

&
𝐵
1
2
2 +
$
𝑐 72𝑔
0 > 𝐷𝑋 %" − 𝑋 %" @ 𝑑𝑋
𝑑ℎF
𝐷
3
5
𝑑𝑡 *

(14)

=

𝐵
1
4
4 / &
+
𝑐 72𝑔
: 𝐷𝑋 %" − 𝑋 %" =
𝑑ℎF 15
𝐷
35
*
𝑑𝑡

(15)

𝐻𝑒𝑟𝑒, 𝑋 = 𝐻 −

𝑑ℎ
𝑇
𝑑𝑡

𝑑𝑋 𝑑ℎ
𝐻
≈
,𝑇 = 0 → 𝑇 =
,𝑋 = 𝐻 → 𝑋 = 0
𝑑ℎF
𝑑𝑇 𝑑𝑡
𝑑𝑡

(16)

(17)

Thus,
𝐵
+1
4
4 /
+
𝑐72𝑔
> 𝐷𝐻 %" − 𝐻 %" @
𝑑ℎF
𝐷
15
35
𝑑𝑡
𝑑ℎ 𝐵𝑐72𝑔 4
4 /
+
∴
=
> 𝐷𝐻 %" − 𝐻 %" @
𝑑𝑡
𝐷𝑉
15
35
∴𝑉=
Fig. 2 Dam-break cross-section view.
The run-off rate from the dam lake in the case that the
overflow height H is constant (water supply is infinite) can be

∴ 𝑇.0.12 =

calculated from bellow equations;
*

*

𝑄 = 0 𝑏(ℎ) × 𝑐72𝑔ℎ 𝑑ℎ = 0
&

&

𝐵(𝐷 − ℎ)
𝑐72𝑔ℎ𝑑ℎ
𝐷

(7)

it is assumed 1000m in this simulation.

𝑄=

𝐵
2 $
2 +
𝑐72𝑔ℎ :𝐷 ℎ %" − ℎ %" =
𝐷
3
5
&

(8)

𝑄=

𝐵
2
2 +
$
𝑐72𝑔 > 𝐷𝐻 %" − 𝐻 %" @
𝐷
3
5

(9)

(19)

(20)

Here, D is the imaginary depth from the dam crown height and

*

3. Hydrodynamic verification
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For the hydrodynamics verification calculations of our

are in the tidal data on the offing of Miyagi Prefecture, average

proposed model, the great tsunami of the 2011 Japan

data between Fukushima Prefecture and Iwate Prefecture were

earthquake is simulated in the Sendai-Natori area. The

used. Moreover, the maximum tidal height on the offing

destination area is located in Miyagi Prefecture of Japan,

boundary line was estimated to be 10 m, and the time of the

where Sendai City is on the north of Natori River and Natori

incident phase & the whole period of the first wave became 30

City on the south. Natori River is flowing to the Pacific Ocean,

minutes and 48 minutes respectively. The maximum tsunami

west-east. Fig. 3 shows the existing topography of the area.

height on the shoreline appears after about 28 minutes of the

The ground height from the coastline of less than 4 km is very

calculation start, and according to Fig. 5 which shows the

low. Fig. 4 shows the area ratio of buildings or trees to a mesh,

water depth in the sea and the inundation height on the land

the dark area larger than 30 percent means the area occupied

after 28 minutes, the maximum height on the shoreline is 6~12

by buildings, the green area larger than 5 percent is the forest

m. On the other hand, according to Figs. 5.3.8.1~5.3.8.4 of

area, the yellowish-green area larger than 1 percent is the

Technical Note No.1231, measured maximum tsunami height

cultivated & paddy area, and the white area is the sea area. In

is 6~12 m, so the reproduction accuracy of the calculated

the numerical simulation model, the mesh size was 25 m.

height is good. The maximum velocity near the coastline is

The incident tidal data on the offing boundary line of this

6~10 m/s as shown in Fig.6 which shows the tsunami velocity
in on-offshore direction after 28 minutes. On the other hand,

Elevation (m)
-30

-10

-2

0

2

4

according to Fig. 3 in the paper of Hayashi et al. (2013)8), since

10

0

1

1

2

2

30

Building Ratio

Sendai City

Natori River

Natori City

0

1

2

3

4km

0

Fig. 3 Topography of calculation area (Sendai - Natori Coast).

3

4km

Fig. 4 Area ratio of buildings or trees to a mesh.

simulation was set with reference to Fig. 3.2.3 of Technical
Note No.1231 of PARI (2011)7). However, since missing data
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Depth (m)
0

1

2

5

0

10

1

20

2
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3
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6

0

1

2

9

3

4km

Fig. 5 Water depth in the sea and inundation height of the

Fig. 6 Tsunami velocity after 28 minutes of the calculation

land after 28 minutes of the calculation start.

start.

the measured maximum velocity near the coastline is 5~8 m/s,

Fig. 8 shows the topography map and the calculation

the reproduction accuracy of the calculated velocity is

range, which are used in the simulation. As it is common by

moderately good.

other simulation software, our proposed model uses the
existing Digital Elevation Models (DEMs) available now

4. Amagase Dam-Break Simulation

worldwide with relatively different accuracies. For this
simulation, however, we have used a 10 m accuracy DEM for

Amagase Dam is located in Uji city in Kyoto Prefecture

developing the existing topography meshes. The area ratio of

Japan. Fig. 7 shows its location on google map. For the break

buildings, dense forests or trees, cultivated or paddy area in a

simulation purpose, the height and width of the broken section

mesh is depicted in Fig. 9. (distribution of θ of Eq. (5)). The

of Amagase Dam are assumed 50m and 200m respectively.

gray area means the area occupied by all types of buildings

The area of the dam lake is considered as 1,880,000 square

and the occupying ratio in a mesh is about 30 percent of a mesh

meters. Although this dam is not a mega-scale dam when we

area, the medium gray area shows the heavy forest area which

compare it to other huge dams in the world, it's worth

relatively occupies up to 30 percent of a mesh area. The light

mentioning that, around 100,000 individuals are living

gray area shows the category of other areas including grass

downstream of it, where if the dam-breaks, a catastrophic

area and light cultivated area. The white area shows the water

disaster is predictable which makes this practice simulation

area.

model a more demanding case.
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In the Amagase dam-break simulation model case, the

Fig. 11 shows the flow velocity 20 minutes after the break.

mesh size was set to 20m. The output interval was set to every

The flow velocity varies from zero to 10 meters per second,

60 seconds. The total duration of 2400 seconds was set as the

which the distribution is depicted by the gray color chart. It's

calculation time limits.

worth mentioning that, since at this time, the amount of return

Now that the input datasets are ready, using our numerical

flows (negative velocity) is very small, it is very difficult to

simulation model, we could generate a set of useful output data.

distinguish, however, at later calculation times, the model can

Fig. 10 shows the inundation depths 40 minutes after the dam-

reproduce the return flows as well.

break happens. The very light gray and gray color shows a
depth of 1-5 meter inundation and dark gray shows a depth of
5-10 meter inundation while dark gray and black area shows
depths of 10-20 meter of inundation. According to the
inundation height output, a wave of 2-5 meters in height will
most probably strike the nearby densely populated area at the
downstream which can cause a catastrophic disaster.

Uji City

Amagase Dam

Fig. 7 Amagase dam location (google map).
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Elevation (m)

Amagase Dam

Uji City

Fig. 8 Topographic map and calculation range.

Building ratio

Amagase Dam

Fig. 9 Area ratio of buildings or trees to a mesh.
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Depth (m)

Amagase Dam

Fig. 10 Inundation depth 40 minutes after the break.

Velocity (m/s)

Amagase Dam

Fig. 11 Flow velocity 20 minutes after the break.
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5. Conclusions

Flood Estimation Using HEC-RAS Model in Northern
Pakistan. Natural Hazards Vol.65, No.1, pp.241–254

In the last decades, the life safety demand has increased

(2013).

in the world while hazards are increasing as well, to balance

2)

Zhang, Mingliang, and W. M. Wu: A Two Dimensional

this situation; we need to focus on safety measures as far as

Hydrodynamic and Sediment Transport Model for Dam-

possible. The dam-break or levee failure may lead to huge

break Based on Finite Volume Method with Quadtree

floods that cause catastrophic damage and life losses if proper

Grid. Applied Ocean Research Vol.33, No.4, pp.297–308

considerations are not taken on time. A dam-break may occur

(2011).

due to many reasons such as heavy flush floods, aging, or

3)

Owen, H. J: Flood Emergency Plans: Guidelines for

sabotage. Hence, accurate flood simulation models must be

Corps Dams, Fort Belvoir, VA, Defense Technical

developed which greatly helps in hazard map preparation.

Information Center. (1980).

Many scientists have already developed flood simulation

http://www.dtic.mil/docs/citations/ADA158679,

models either 2D or 3D, which can reproduce almost accurate

accessed June 24, 2019.

floods due to dam-breaks, but since the number of variations

4)

Yue Sheng, Damisse Emile, and Ansar Matahel:

is too many to consider in a single model, still this topic is

Methodology for Earthen Dam Breach Analysis, World

under progression and development.

Environmental

In this paper, a simulation model was presented which

and

Water

Resources

Congress.

Proceedings: pp.100–110 (2016).

uses the common continuity equation and nonlinear two-

5)

Sidek, Lariyah Mohd: Hydrodynamic Dam Breach

dimensional shallow water equation for the hydrodynamic

Modeling of Earthfill Saddle Dam. Journal of Energy

calculations. The flood simulation due to the 2011 Japan

&amp, Environment. (2011).

tsunami executed and evaluated with acceptable results to

https://www.academia.edu/6434237/Hydrodynamic_Da

confirm the applicability of this model and then the same

m_Breach_Modeling_of_Earthfill_Saddle_Dam,

model was modified for the dam-break simulation scenario.

accessed June 24, 2019.

For this purpose, the new run-off rate equations were derived

6)

ki-bum Park: Analysis of Hydrograph by Dam Breach

and used for discharge calculations from a break section. To

Shapes.ResearchGate.

confirm the applicability of the proposed model, Amagase

https://www.researchgate.net/publication/263361604_

dam-breaks simulation is executed. The results of the

accessed June 24, 2019.

simulation show the maximum inundation depth of about 20

7)

Port and Airport Research Institute “Urgent Survey for

meters and a wave of 2-5 meter in height will most probably

2011 Great East Japan Earthquake and Tsunami Disaster

strike the nearby densely-populated area at the downstream of

in Ports and Coasts,” Technical Note of PARI, No.1231,

Amagase dam which can cause a catastrophic disaster in case

p.200 (2011).

of a dam-break.

8)

Hayashi Satomi, Narita Yuya, and Koshimura Shunichi:
Developing Tsunami Fragility Curves from the Surveyed
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Abstract
Cities in Afghanistan are experiencing unprecedented growth. which is often accompanied by the negative
impacts of car-dependent urbanization such as congestion, air pollution, inefficient use of energy and time, and
social inequality of accessibility. Therefore, many inner-city neighborhoods need to be upgraded or readjusted to
give way to infrastructure and commercial developments, and generally, to a more modern living environment.
These ambitions often lead to manifold displacement and resettlement projects that affect the livelihoods of the
residents, including many from informal settlements. Based on research conducted in Qala-e-Musa, Kabul, this
paper discusses the impacts of project-induced displacement and redevelopment on affected informal settlement
households. This study draws on interviews with displaced households, as well as interviews with key informants
during field investigation. The findings highlight that displaced informal households in Qala-e-Musa endure several
adverse impacts on their physical, financial and social aspects. The study conclusively argues that housing and
planning policies should carefully consider the everyday life activities, issues and needs of communities within
neighborhoods.
Keywords: Urbanization, Kabul, Informal settlement, Redevelopment, Livelihood impacts

1. Introduction

renewal and redevelopment policies, are almost inevitable
during the current period of fast economic development in

Urban redevelopment policies in emerging cities of

many countries (Noorloos & Kloosterboer, 2018). Informal

developing courtiers often include land readjustment and

settlements are often the most affected by urban renewal and

displacement projects, which is a substantial threat to informal

redevelopment projects (Bogumil Terminski, 2013). The

settlements (Patel, Sliuzas, & Mathur, 2015). Recently

households displaced by such urban development initiatives

adopted visions and development plans of new cities and

are either resettled on-site through land-sharing and site

social housing In Afghanistan are aimed at improving the

reconstruction or off-site, away from their original settlements,

quality of life of the rapidly growing urbanization and

mostly in urban peripheries or rural areas

empowering local economies (JICA, 2017). These urban plans

Development-induced

displacement and

resettlement

require investments in urban infrastructure, public facilities,

occur when people are forced to leave their homes and/or land

housing development and other services. The implementation

as a result of development. This subset of forced migration has

of such plans often has profound implications in terms of

been historically associated with the construction of dams

inhabitant’s relocation. This means the displacement of many

for hydroelectric power and irrigation but is also the result of

urban dwellers, especially the squatter settlements, who are

various development projects such as mining, agriculture, the

frequently located in central and well-located locations. Urban

creation of military installations, airports, industrial plants,

land acquisition for public and private investments, and the

railways, road developments, urbanization, conservation

subsequent involuntary development-induced displacement

projects, and forestry (Davidson, Zaaijer, Peltenburg, &

and resettlement processes of urban households through urban

Rodell, 1993; Koenig, 2011).

*1 PhD, Fellow, Department of Civil Engineering,
Tokai University
*2 Dr. Eng., Prof., Department of Civil Engineering,
Tokai University

Development-induced displacement is a social problem
affecting multiple levels of residents, from tribal and village
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communities to well-developed urban areas. Development is

ancient

and

important

city

of Afghanistan

has

had

widely viewed as an inevitable step towards modernization

considerable consequences. From a population perspective, a

and economic growth in developing countries; however, for

city which was originally planned for 700,000 people in now

those who are displaced, the result is most often the loss of

home to upwards of five million residents. This surge in

livelihood and impoverishment.

population has Kabul grappling with serious challenges

Project-affected peoples have various rights, including the

including; lack of infrastructure, resources, modern urban

basic human rights that are common to all people everywhere.

management, good governance, access to sustainable human

They also have legal rights, which vary across jurisdictions.

development, provision of public services, equal access to

They may have customary or traditional rights and

facilities and most importantly dealing effectively with

entitlements in some instances. There are also international

security issues. Security of the capital is of utmost importance

standards governing how resettlement should be undertaken,

with Kabul being home to a considerable concentration of the

what compensation should be provided, and what outcomes

nation’s population as well as housing various diplomatic

are expected. However, these rights and standards do not

missions and international organizations. To tackle these

guarantee that the harm from resettlement can be avoided.

challenges, in recent years, numerous important programs are

Projects that are in the indisputable public interest may have

initiated and have been implemented. One such initiative is the

land acquisition requirements that necessitate the resettlement

alternate road of Wazir Akbar Khan (Qala-e-Musa), this

of some people. No matter how effectively this resettlement is

landmark project was initiated by the directive of H.E.

undertaken, there is always some negative socio-economic

President Mohammad Ashraf Ghani and implemented by the

impacts. Based on the general introduction some of the key

Capital Region Independent Development Authority (CRIDA)

questions

appropriate

under its “Upgrading and Renovation of Unplanned Areas

compensation, how effective are the redevelopment processes

Program” to overcome some of the above-mentioned

being implemented and how can resettlement practice be

challenges (Fig. 1). The proposed route passes through homes

improved (Davidson, Mirjam, Peltenburg, & Rodell, 1993;

and graveyards, requiring the acquisition of properties and

Viratkapan & Perera, 2006).

relocation of gravesites having cultural and social sensitivities.

arise

that;

what

constitutes

The purpose of this study is to set the scene for a discussion

While there were immense challenges in the implementation

of these and related questions by providing a general overview

the project, CRIDA was able to effectively overcome the

of resettlement practice and the issues that arise in project-

hurdles through their expertise, close coordination with

induced displacement and resettlement. This paper is intended

government and non-government organizations, and effective

to raise awareness of the issues associated with resettlement,

and considerate negotiations with the affected residents. The

especially to people in the impact assessment community who

controversial issue of relocation 4,700 graves was solved by

may not be fully familiar with resettlement. There is ongoing

taking (Fatwas) religiose decrees issued by the Ulema Council

improvement in the discourse and practice of resettlement

of Afghanistan as per the Islamic rites. After completion of

(CRIDA, 2019).

determining the land ownership process and approval of the

In the following section, we give a brief description of the

property prices by the cabinet of the Islamic Republic of

study area, the selected research sites, and introduce the

Afghanistan, a total of 181 properties were acquired out of

research methodology. Section three discusses the identified

which 179 were private homes. This road, named Jamhoryat

displacement and resettlement livelihood impacts on affected

(Republic), is 2.7 km long with 20 m width, starting from the

informal settlement dwellers in Kabul. In section four, we

4th Macroryan intersection passing through Qala-e-Musa and

discuss the implications of the research findings and

Qala-e-Khater areas and reaching to the British Cemetery in

recommendations for future research directions and the final

the

section presents present our conclusions.

(Development) intersection and will be connected to the road

new

intersection

which

will

be

called

Tawsea

extending to Haji Yaqoub square. Construction of this road is
2. Methodology

not only going to decrease traffic and improve security in
Wazir Akbar Khan (Diplomatic enclave) and surrounding

2.1 Study area background

areas, but it will also improve the living conditions and access

In recent years, Kabul city has expanded into a

to people living along the route.

bustling metropolitan area, the exponential growth in this
―28―
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Fig. 1 (A) Map of the selected research site. (B) Location of Qala-e-Musa area in Kabul city Zones. drafted by author 2019.
Housing Typology, which is based on the construction material,
four types of housing have seen in this area. Majority of the

2.2 Research site
This research is been conducted on an informal settlement

houses are made of Mixed-brick wooden flat roof with

in 10th district of Kabul city encompasses an area of 1289 ha.

concrete floor and some houses are made of Mudbricks with

The total planned area is 539 and Qala-e-Musa encompasses

wooden beams, recently concrete houses also have been made
in this area. The houses are irregular and unstable; orientation

749 ha area alongside Kabul Airport road. The site is among

is another problem which has not taken into consideration

the largest informal settlement in Kabul. It is surrounded by

while constructing the houses. Some houses are made of

new, well-planned residential and commercial areas. Due to its

modern and new construction materials which do not have any

location and physical characteristics, Existing land-use

suitable consistency with each other and not match with the

patterns not only have a significant impact on the development

residential character of the area.

of the future land use plan, but they affect circulation within
the area and the demand for community facilities and services

2.3 Data collection and analysis

as well.

The research uses a mixed-method, primary data collected

As Aria Township and air force, residential blocks are

using household interviews (189) (see Table 2), focus group

located within the boundary of Qala-e-Musa, it affects its

discussions, key informant interviews, and field observations

vicinity land uses concerning socio-economic and cultural

during fieldwork conducted between July and August 2018.

aspects. Therefore, these areas have also been considered

Interviews, with households to be displaced, were carried out

while preparing the upgrading development plan. These two
Table 1 Overview of research site.

townships impact will help the development process in terms
of lifestyle and quality of life transformation of informal

Existing Land use of Qala-e-Musa

settlements. (see Fig. 2 and Table 1)

Land-use type

As Qala-e-Musa is an unplanned area and According to the

Air Force Res. Blocks

19.88

Agriculture Area

97.25

Hills

4.99

Greenery

33.27

Area Township

59.22

Cemetery

21.78

Sport Complex

0.68

Parking Lots

2.64

Masjid

1.4

Residential

326

Commercial

3.33

Educational Institute

2.5

Fig. 2 Arial photo of the study area during development.
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Policy, 2019).
The findings of the statistical analysis focused on the mean,
variance and standard deviation, to structure the important
indicators while investigating the priorities in the respondents’
view.
3.1 Loss of Social networks
Poverty and insecurity in Afghan cities are intricately
intertwined with conditions of "informality." The term and the
realities it describes refers to living situations in which basic
Fig. 3 Satellite image showing Qala-e-Musa redevelopment

needs and activities such as work, housing, and social security

site, drafted by author (2019).

are unprotected by-laws and standards.
Informal households in Kabul claimed that social networks

to obtain insights into their experiences with displacement.

are crucial in their everyday lives. Informal settlement

And semi-structured interview data were collected from a

dwellers depended on the networks as one of their job

purposive subset of the survey population during the same

searching strategies. Merchants and small shop owners

period.

reported that they rely heavily on the networks with the
wholesalers located in the inner-city where they get

2.4 Household surveys

commodities and pay after selling them. Others mentioned that

In August and October 2018, CRIDA research and

friends in their networks are the ones who inform them when

development department division have located approximately

there is a job opportunity. Also, community-based savings

363 households in the study area and succeeded in surveying

groups provide crucial financial support opportunities.

189 households, consisting of 1723 individuals. Surveys were

Despite this importance, resettlement can disturb existing

conducted with the male and/or female head of household and

social networks.

the questionnaire focused on topics including property and

We found that social network destructions, such as regular

asset ownership, housing typology, household income,

gatherings of the residents of the neighbourhood, their self-

household composition, and demographic and socioeconomic
characteristics.

The

questionnaire

includes

organised literacy courses, the bakery of the female

contact

households, the nearby school for their girls, all these things

information (addresses and/or telephone numbers) for the

were seriously endangered. Fortunately, the households

household to obtain information on how to locate each

managed to find places not far from their old residence,

household after displacement.

enabling the family to keep up social relations.

Using this contact information collected during the

For the households to be displaced, the anticipated impact

baseline survey as well as word of mouth, information was

on their social networks varies according to the relocation

obtained on the post-displacement locations of approximately

options. Respondents to be resettled to the adjacent

189 households.

municipality perceive the risk of losing customer-seller
networks for home-based businesses.

3. Recognize and measure the Impacts

3.2 Insecurity of tenure

This section discusses the livelihood impacts experienced

The problem of the informality of land and housing is

by informal households during the displacement.

widespread but takes on different forms in the various study

Table 2 gives a summary of the identified impacts of

locations. Most questionable is the situation in Kabul, where

redevelopment and/or displacement on the livelihood of

the World Bank estimated that 69 % of its total urban area is

affected informal households. The compensation categorized

informal

into 3 cocategories (category1 is 8,000 Afghani/m2, category

and

lacks

municipal

acceptance,

thereby

accommodating 80 % of the total city population. This

2 is 27,000 Afghani/m2 and category 3 is 54,000 Afghani/m2)

development

are according to act.22 of the land acquisition law no.1321 of

has

been

very

effective

in

preventing

homelessness in the Afghan capital, but lack of legal status

the Islamic Republic of Afghanistan (CRIDA, Planning and
―30―
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serious problems for inhabitants.

perceived insecurity of tenure associated with the feeling that

The insecurity of tenure was the immediate and highest

they will not receive fair compensation, as the government

adverse impact by informal households yet to be displaced in

categorized by housing typology, to justify the demolition.

Qala-e-Musa. According to the survey, involuntary relocation

Therefore, many respondents cited insecurity concerning

can lead to a form of tenure insecurity. Such perceptions of

property value.

insecurity were experienced by many dwellers. Two main
3.3 Loss of income after induced development

reasons could explain their insecurity. First, for the households
living in high-risk locations, will be resettled by the

Informality is the basic feature of urban livelihoods in

government and compensated with land plots in remote areas,

Afghanistan. This is not only in terms of land and housing but

where they would have lack of facilities and services and their

also concerning work and income opportunities. Informal

socioeconomic conditions will be ruined. However, at the time

employment is a lifeline for the great majority of the urban

of the survey, which households that would be entitled to new

population. The problem is, as the main source of livelihoods,

plots were not yet known. Most of the respondents living in

the informal economy is characterised by irregularity, low

high-risk zones placed themselves in a relatively weak

wages, unreliability, high competition and seasonality. Despite

negotiation

their

being the single most important source of work, its size is not

compensation, most the households located at high risk had

sufficient to accommodate the steadily growing urban

fear that they don't have any right to compensation until the

population. Although the number of households with no loos

city authority recently decided that all the houses will at least

in income has the highest rate shown in table 3, while the

be given land at a safe location. Second, the households who

majority of households lost their income from renting their

knew they would be compensated, where the land was to be

properties and homes-based businesses as per the demolition

position.

For

example,

regarding

Table 2 Indicators of impacts on four livelihood capitals in study area. (*=Least significant, **=Significant and ***=Very Significant)

1

Indicators
Social

No

Social

Respondents Views
Better

The same

Worse

102

56

31

Home-based

Loos of

Business/Empl

income from

oyment

renting

51

60

Moved to

Moved to a

Adjacent

further

precinct

precinct

20

17

2

financial

Decrease & potential loss of
income)

No loss
73

Destination

Did not
Move

3

Readjustment

150
Demolition

Completel

Partial

Minor

Demolition

Demolition

(40-60) %

(10-20) %

26

89

74

Better

The same

Worse

55

102

30

Low

Not At all

High

30

60

97

Category 1

Category 2

Category 3

159

15

30

y
Demolishe
d

4

Entitlement

Loos of Infrastructure

Perceived insecurity of tenure
Compensation

acquired by the government for the development, also

Variance

SD

Sign.

63.0

1297

36.01

**

61.3

122.3

11.06

*

62.3

5766.3

75.9

***

63

1083

32.9

**

62.3

1336.3

36.5

**

62.3

1126.3

33.5

**

61.6

7109.3

84.3

***

of their houses. the study found that the number of households
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without occupations increased after redevelopment.

hospitals, markets, water, electricity, and public transportation.

The number of workers in their most common employment

Our research found that most of the affected households have

types before slightly decreased after the project. These

reasonable accessibility to infrastructure and public facilities,

changes in income were attributed to the increased distances

as shown in table 2. Majority of the household remained in the

to new places of job opportunities, the cost of transportation

area with partial or minor demolition to their properties. In

to areas of job opportunities, and a lack of job and business

general, resettled households reported betterment in access to

opportunities in the new area. This lack of employment

public facilities a decreased distance to the city centre and fair

opportunities resulted in the risk of inability to use previous

markets located in the inner-city.

skills and ways for income generation. Among the lacking

The households displaced to a further municipality

opportunities that meet the skills of the resettled people

anticipate impacts due to the loss of good accessibility to

include informal employment, such as buying food from

important locations. However, the households to be resettled

wholesale markets and reselling in the neighbourhoods,

adjacent municipality were concerned by the potential loss of

becoming home-based merchants and casual workers. Renting

income.

small house units for income generation and using space in

4. Discussion

their houses for home-based shops is common in many
informal settlements in Kabul. Thus, according to the

Understanding residents’ views and perceptions are

households, receiving only one small house as compensation

important to the adverse impacts of the development-induced

will result in a loss of space for income generation.

displacement. The resident’s perceptions, priorities and

Specifically, the owners of homes for rent anticipate a loss of

ambitions reflect their experience of everyday activities,

income from renting small houses. The loss of income and loss

quality of life and continuity in way of development regarding

of space is the reason most households to be displaced on-site

current urban challenges.

perceived the risk of losing their self-employment as a result

In this study, four essential sectors have been identified,

of the loss of capital for investment and operational spaces.
Moreover, in addition to the loss of self-employment
opportunities, the households to be relocated off-site
anticipate also a loss of wage employment as a result of
distance.
The nature of job opportunities in the study area points to
why poor urban families are struggling to survive. First, access
to quality work opportunities is often determined by
connections, which not many people have. Besides, the types
of occupations usually available in the informal sector do not
offer regular numbers of workdays, leading to lower

Fig. 4 Bar graphs for all analysed indicator.

compensation. Other jobs are also seasonal, forcing workers
to frequently jump from one employment to another. High

looking at social and economic impacts and displacement and

flexibility is required to make and maintain a living. Many

land tenure. These have been integrated and connected as the

members of the study area regularly switched between and

result of induced development produced by the project. Figure

within occupational categories and households pursued

4. Is the result of a multi-criteria assessment and weighing

various labour mobilisation strategies in response to seasonal

system through data analysis. The graphs show that there is a

changes.

high potential for future redevelopment in Kabul city. The
development potential based on each criterion is indicated the
aforementioned table; based on improvement in social impact,

3.4 Readjustment after the project
In this section three indicator are considered including

compensation provided to the households and the lowest

displacement, demolition and access to infrastructure. Access

displacement index shows the effectiveness of infrastructure

to basic infrastructure and services is interpreted in the context

induced-development in the study area. To conclude this

of Kabul as access to facilities, such as the city centre, schools,

discussion, the specific successor of this project along with
recommendations for future redevelopment are summarized as
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follow:

proposed plan, questions about their new homes

4.1 Improvement in the traffic situation

storey low-cost houses, and low-cost high-rise apartments,

The low-cost housing should comprise of one and twoAs a result, the project transferred the informal site into on

where the displaced households should be given the choice of

of the largest urban redevelopment project in Kabul and has

selecting different types of housing.

been recognized for bringing residents closer to the city centre,
which has greatly reduced their commuting times and needs

4.4 Planning implication

for a private vehicle and managed urban sprawl.

For the implementation of future induced development

The traffic assignment conducted for this route indicates

projects, some serious and untiring efforts are needed which

that almost 15,000 PCU will be using this route daily. On the

must be according to Afghanistan’s specific contexts such as

other hand, the result indicates that the current PCU amount

economy, society and politics especially through the

of Wazir Akbar khan and surrounding routes are 18,000 PCU.

interventions of the governmental bodies and the private

Result of this analysis shows that the construction of the new

sector developers.

road will decrease congestion and traffic jams and commuting

Initially, all those who are involved directly or indirectly

from security restricted (Green area) area of Kabul city

with redevelopments such as the Afghan government,

(CRIDA 2019).

international donors and stakeholders should maintain a long

Based on the intended concept of urban accessibility in this

term and highly compelling development vision with its

study, the provision of good urban accessibility contributes

essential drivers. In the near term, the development will be

directly to the boosting of the socio-economic activities.

supported by it in such a way that households can take benefit

Simply this means more economic opportunities to the local

of it sooner or later and also assist in the sustainable

poor households, reducing urban poverty, eliminating the

development of the area.

social exclusion, and this is why good urban accessibility can

Furthermore, though a significant level of land transfer and

efficiently contribute to the enhancement of the quality of

housing development is taking place in Kabul, overlapping

urban life and to make informal areas sustainable.

claims on land, weak systems of land administration, and
inadequate enforcement of land ownership underpin low

4.2 Increased land value

intensity and low-efficiency development. Improving the

Land value is the value of a piece of property, including

security, legally enforceability and marketability of land rights

both the value of the land itself as well as any improvements

requires significant investment in land administration systems,

that have been made to it (Investopedia, 2019). Within the

alongside large-scale programmes of formal land registration.

framework of informal settlements, the most important factors

which can also play an important role in enabling the

to value a piece of land are the access way and the location.

transformation of current land use. By registering land, low-

This is not the case in the historical and old fabric of the city

income households are given security of tenure beneficial to

where the process of land valuation is different. Therefore,

themselves that can allow for further investment in durable,

parcels closer to arterial road and main streets tend to have

better quality housing.

higher value and are least desirable for redevelopment due to

Moreover, in many developing cities, government plans

their relatively higher market values while parcel with no

for urban spatial development have been designed without

driveway have lower value and are more desirable for infill

adequate consultation with communities. In the context of

development.

Afghanistan, the local council head (wakeel guzar) have local
knowledge, information and community networks that can be

4.3 Low-cost apartments as a solution

mobilized to make civic engagement meaningful and effective,

To ensure a smooth relocation process and to prevent any

and they know community issues and assets. their advice and

impact, negotiations between the dwellers with the national

input is representative of a wide range of citizens in their

assembly member and developers should be conducted on the

community and can encourage the households to participate.

matters regarding the price and the design of housing unit,

Finally, based on the bar-graph, the corresponding ρ -

temporary shelters and other compensations and claims.
Households must be briefed on the relocation policy and the
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Table 3 Estimation of correlation coefficient ρ of induced development components.
The
Indicators

Social

Loss of

Financial

infrastructu

(compens

re

ation)

Financial
(Income)

House
demolition
level

Physical
(Destination)

insecurity of
land tenure
before
resettlement

Social impacts

1

Loss of infrastructure

0.17 ns

1

Compensation

0.94 ***

-0.15 ns

1

Financial (Income)

0.71 ***

-0.55 **

0.67 **

1

House demolition level

0.60 **

0.89 **

0.55 **

0.82 ***

1

Physical (Destination)

0.94 ***

-0.15 ns

0.99 ***

0.69 ***

0.62 **

1

Insecurity of land tenure

-0.97 ***

-0.39 *

-0.02 ns

0.72 **

0.42 *

0.11 ns

1

values of each indicator estimated in table 6 indicate that the

affected households. Based on this information, affected

relationship of most indicators was found to be significant.

households can then engage appropriately with related

The specific elements assessed in the study have been
summarized as in Table 3.

Also, our research shows that resettled informal settlement

The correlation coefficient ρ is used to characterize the
linear

relationship

stakeholders for inclusive project implementation.

between

two

continuous

dwellers experienced several impacts on their livelihood,

variables.

including social disarticulation, potential loss of income,

Estimates of the correlation (r) that are close to 0 indicate little

insecurity of tenure, and other basic amenities, of which the

association between the two variables, whereas values close to

intensity is varied depending on the property. Most of these

1 or -1 indicate a strong association. The sign of the

risks are more severe in the case of moving to a further

correlation estimate, either positive or negative, reflects the

precinct than moving to the adjacent precinct. They mainly

direction of the relationship. This type of data has a variation

derive from exclusion in decision-making processes and the

between the subjects as well as variation within the repeated

consequent lack of consideration of needs and the interests of

measurements on each subject which is accounted for.

resettled households. This should be adequately addressed in
unplanned settlement relocation laws and policies.

5. Conclusion

The households to be resettled should be key actors in
resettlement planning and decision-making on crucial issues,

The current rapid growth of cities in Afghanistan is

such as housing design, resettlement site selection, and

characterised by different ambitions that are increasing the

livelihood security. Although we acknowledge that some

number of urban populations displaced from provinces and

resettled informal dwellers who were living in poor and unsafe

returning refugees from neighbouring countries, especially

housing conditions before their relocation might benefit from

informal settlement dwellers.

an improved shelter in safer locations, this study confirms that

The socioeconomic-based evaluation has been applied to a

the current exclusionary practices are more likely to lead to

variety of indicators and their characteristics and interactions,

the impoverishment of affected informal households than to

whose dynamics depend on the development type and how

improvements in their livelihoods.

local

communities

development.

take

These

advantage

of

the

proposed

By identifying displacement impacts, this study provides a

depend

on

the

different

general picture of the potential impacts of urban displacement

characteristics of the built environment, related use functions

and resettlement processes on informal settlement dwellers.

and features of the communities. Finally, as the involved

We argue that both the pre-and post-displacement impacts

indicators are interconnected, a systemic perspective should

should be considered in the practice of the livelihoods affected

be applied to make the development process more efficient.

informal households, are to be effectively protected and

Furthermore,

clear

also

and

transparent

guidelines

on

compensation and entitlements for each displacement type
need to be disclosed in the early stage and discussed with
―34―
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site, our empirical findings offer important insights into the

Initiatives, Urban Planning (ISSN: 2183–7635), Vol.4,

impacts of redevelopment projects on informal households.

No.2, pp.223-236 (2019).
6)

We acknowledge that some of the impacts perceived by the

Cernea, M, The risks and reconstruction model for
resettling displaced populations. World Development,

households to be relocated, for example, housing-related risks

Vol.25,

and loss of access to jobs, might be influenced not only by the

No.10,

pp.1569–1587

(1997).

https://doi.org/10.1016/S0305-750X (97)00054-5.

planning practices, but also by their needs, interests,

7)

acceptance, or resistance toward the relocation. Therefore, we

Alice Nikuze∗, Richard Sliuzas, Johannes Flacke, Martin
van Maarseveen, Livelihood impacts of displacement and

encourage conducting more in-depth research into the

resettlement on informal T households - A case study

planning and decision-making processes by all stakeholders,

from Kigali, Rwanda, Habitat International Vol.86,

for example, on how government and different actors and their

pp.38–47,

interaction fit into the bigger picture of the processes.

(2019).

https://doi.org/10.1016/j.habitatint.2019.02.006
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Abstract
The energy-absorption ability of the front part of vehicles should be improved to absorb more energy
with less deformation of structural parts. This study investigated the use of carbon fiber reinforced plastic
(CFRP) for only the crash box (CB) to absorb impact energy, with steel used for the front side member (FSM)
of structural members. We focused on CFRP, which is a high-performance material for energy absorption, and
experimentally examined the structure of a CB that can effectively be crushed and absorb energy while
maintaining the original shape of the FSM. A test piece was fabricated by joining a cylindrical CFRP member
as the CB with varying number of layers and a cylindrical steel member assumed as the FSM. A drop weight
test was performed and the crushing characteristics of the CFRP and steel member were investigated. The
results showed, that our proposed CFRP pipe, in which the number of laminations of the CFRP prepreg
decreases the structural strength of the CB facing the impactor, reduce the peak load in the initial stage of
crushing and maintained the shape of structural parts.
Keywords: Carbon fiber reinforced plastic, Crash box, Impact absorption, Front side member

1. Introduction

Structure part
Energy absorbing part

The collision safety standards for automobiles are
becoming stricter year by year to increase the survival rate of
pedestrians and cyclists in traffic accident. On the other hand,
from the viewpoint of additional value for the customer,
automobiles are required more large volume as possible in
the cabin. In conventional vehicles, a crash box (CB) for
absorbing the impact energy is mounted at the tip of the front
side member (FSM), which is the main frame of the vehicle.
The

front

part

of

the

vehicle

should

improve

its

Fig. 1

Racing car manufactured by CFRP.

energy-absorption ability to absorb greater energy with less
deformation. Furthermore, it is required that the front part of

It has been reported that CFRP which is easy to be

vehicle be compact to increase the volume of the cabin. In

formed any shape of member exhibits high energy absorption

generally, metals such as steel and aluminum are often used

performance1, 2). In racing cars, many parts, such as CB and

as energy absorbing members, but carbon fiber reinforced

structural members including FSM, are manufactured by

plastic (CFRP) has been focused as a new material for

CFRP as shown in Fig. 13-5). However, in general passenger

reducing the weight of vehicle bodies.
*1 Undergraduate Student, Department of Prime Mover
Engineering
*2 Junior Associate Professor, Department of Prime
Mover Engineering
*3 Assistant Professor, Department of Prime Mover
Engineering

cars, the use of CFRP components is limited from the
viewpoint of cost and productivity. Therefore, this study
investigated in the case that CFRP is used for only CB to
absorbing impact energy and steel is used for FSM of
structure member.
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CFRP can be installed in a small space in front of the car,
since it has high formability and performance of energy
absorption. Therefore, it is expected to absorb the collision
energy with a small amount of crushing. We fabricated
cylindrical CFRP specimens with a partially changed number
of plys and evaluated the energy absorption performance of

Impactor

the specimens by a drop weight test. From the experimental

Load cell

results, it has been confirmed that the energy absorption
performance of the test piece can be controlled by changing
the number of plys6).
On the other hand, if the structural strength of the CB
is higher than the FSM, the FSM may buckle firster than CB

Laser displacement sensor

in collision. It would make damage the passenger's lower
limbs7). In order to prevent the FSM from buckling first, it is

Fig. 2

Photograph of drop weight tester.

necessary to increase the structural strength of both the FSM
and the CB, and to design the strength so that it crushesd
from the CB. Some researchers have reported that the energy
absorption characteristics of members such as CBs and
bumpers to protect passengers and pedestrians previously8,9).
However, it has not reported that energy absorbing
performance of the member which consist of the CB needed
to crush for energy absorb and FSM needed to maintain the
structure without crush.
Fig. 3

Therefore, this study focuses on CFRP, which is a
high-performance

material

of

energy

absorb,

Test piece fixed with fusible alloy.

and

experimentally examines the structure of CB that can
effectively crush and absorb energy while maintaining the
original shape of FSM. A test piece was fabricated by joining
a cylindrical CFRP member assumed as CB with a partially
different number of layers and a cylindrical steel member
assumed as FSM. Furthremore, a drop weight test was
performed and investigated the crushing characteristics of the
CFRP and steel member.
(a) Steel + Steel
Fig. 4

2. Energy absorbing performance of test piece connected

(b) CFRP 3Ply + Steel

Connected test piece.

with CFRP and steel member
2.1 Outline of drop weight test
To evaluate the energy absorbing performance of test

connecting a CFRP pipe assumed CB and a steel can assumed

pieces, drop weight test was carried out. A drop weight tester

diameter of 50 mm was manufactured by 3 plied prepreg of

was shown in Fig. 1. The drop weight as impactor is lifted by

plain weave which bundled of 3000 fibers. The CFRP pipe

the winch, and the drop weight falls at the start of the test,

and the steel can were connected with adhesive of the metal

crushing the test piece placed under the drop weight. The test

lock manufactured by CEMEDINE co. ltd. The height of the

piece was placed on a steel plate processed with spot facing,

steel can was 104 mm, the inner diameter was 52 mm, and the

as illustrated in Fig. 2, and fixed by filling it with molten

thickness was 0.2 mm. To compare the connected test piece

metal U-alloy. A laser displacement sensor for measuring the

of CFRP and steel member, we fabricated 2 test pieces that is

displacement of the impactor and a load cell for measuring

the test piece connected 2 steel cans (hereafter Steel + Steel)

the load were installed under the test piece, and the

and the steel can and the CFRP pipe (hereafter CFRP 3Ply +

measurement was performed at a sampling frequency of 500

Steel) as shown in Fig. 4. Figure 5 shows the equipment used

kHz. In this section, the mass of the impactor was 17.9 kg

for video recording.

FSM. The CFRP pipe with a height of 100 mm, an inner

and the height was 2.5 m. The test piece was manufactured by
―38―
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(a) Steel + Steel test piece

(b) CFRP 3Ply + Steel test piece
Fig. 7

Connected test piece was being crushed by impactor taken with the high-speed camera.

Fig. 5

High speed camera.
(a) Steel + Steel
Fig. 6

(b) CFRP 3Ply + Steel

Comparison of the test piece crushed in the drop

weight test and the test pieces before the test.

2.2 Experimental result of drop weight test
Figure 6 shows the comparison of the test piece crushed
in the drop weight test and the test pieces before the test.
Although the Steel + Steel test piece was completely crushed,
the CFRP 3Ply + Steel test piece was completely crushed at
steel can part and remained its structure at CFRP part. Figure
7 shows how the test piece was being crushed by impactor

Crush from FSM part

Crush from CB part

taken with a high-speed camera. Figure 7 (a) shows that the
steel can part which face to impactor was crushed at first in
Steel + Steel test piece. On the other hand, the CFRP 3Ply +
Steel test piece was crushed at the steel can part which did
not face to impactor, as shown in Fig. 7 (b). Moreover, the
crushing at CFRP part occurred at the side not to face to the

Fig. 8

Detail buckling of each test piece.

impactor. In order to quantitatively evaluate the progress of
crushing, the ratio of the amount of crushing δ to the length L

structural strength of CFRP part assumed as CB is extremely

of the entire test piece was defined as δ / L. Figure 8 shows

greater than steel can part assumed as FSM.

comparison of these test pieces at approximetly δ / L = 0.4. In

Figure 9 shows the load-displacement diagrams of the

each test piece, it is confirmed that buckling occurred in the

drop weight test in each test piece plotted by displacement

steel can part. From these results, it is considered that the

measured by the laser sensor and load detected by the load
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Table 1

10

Absorption energy of each test piece.

9

δ/L = 0.1

Steel+Steel
[J]
7.8

CFRP3 Ply+Steel
[J]
16.2

δ/L = 0.3

50.6

68.8

3

δ/L = 0.5

60.2

158.6

2

Crushing completed

134.6

305.2

Compressive load [kN]

8

7
6
5
4

1
0
0
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Displasment [mm]

140
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100 mm

(a) Steel + Steel test piece
A part

10

B part
X mm

Compressive load [kN]

9
8
7

φ 52 mm

6
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4
3
2

Fig. 10

1

Schematic diagram of CFRP test piece with
different ply numbers.

0
0
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80
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140
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180

200

Displacement [mm]

(b) CFRP 3Ply + Steel test piece
Fig. 9

Load-displacement diagrams in drop weight test.

3. Consideration to maintain the FSM structure by using
CFRP test piece which the number of plies partly changed

cell. In this study, the point at which the load detected by the
load cell started to increase after the impactor falling was

3.1 CFRP test piece which the number of plies partly

defined as the contact between the impactor and test piece,

changed

and crushing began; the displacement at this time was defined

Experimental results in previous section shows that it is

as 0 mm. At first, the tendency of both test piece was same

important to control the strength of the CFRP part to maintain

when the steel can part was crushed. Then, at the crush

the structure of the FSM. In our previous study, we have

amount δ = 37 mm, the load of CFRP 3Ply + Steel test piece

confirmed that partial change of the ply number of prepreg in

increased drastically when the crushing occurred at the CFRP

cylindrical CFRP test piece can control the energy absorption

part. Finally, the total crushing amount was 116 mm at Steel

performance6). In this section, it is investigated that the CFRP

+ Steel test piece and 95 mm at CFRP 3Ply + Steel test piece.

test piece partly changed the ply number was applied in CB

Assuming that the impact load at a minute crushing

to maintain the structure of the FSM made of the steel can.

amount ds [mm] of the test piece is f(s) [kN], the absorption

Moreover, we aim to clarify the condition so that the CB is

energy U when the impactor is displaced by x [mm] can be

firstly crushed.

expressed by the following equation6):

The CFRP pipe was manufactured by laminating CFRP
prepreg of CF / PPG / 3KP / 33G manufactured by CAST co.

x

U = ò f ( s ) ds .

(1)

ltd. and forming to the cylindrical test piece. Figure 10 shows

0

a schematic diagram of the manufactured test piece with a

By using eq. (1), the absorption energy at the crushing rate δ /

total height of 100 mm, an inner diameter of 52 mm. Part A is

L = 0.1, 0.3, 0.5 and crushing completed were summarize to

the side that contacts the impactor, and part B is the side that

Table 1. From these experimental results, Steel + Steel test

is fixed to the steel can assumed as FSM. To decrease the

piece could not completely absorb the energy of the impactor.

structural strength comparing to the test piece in previous

Although CFRP 3Ply + Steel test piece was able to

section, the number of plies was 1 ply in part A and 2 plies in

completely absorb energy, the steel can which assumed as

part B. To change the structural strength of the CFRP part, 3

FSM was completely crushed. Therefore, it is necessary to

CFRP pipes with the height of part B X = 50 mm, 75 mm, and

study the structural strength of CB that can absorb energy

100 mm were manufactured.

while maintaining the structure of FSM.
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100 mm

100 mm

φ 52 mm

(a) Steel
100 mm
B part
X mm

A part

100 mm

BOSS
(a)(a)Steel

φ 52 mm

50 mm
75 mm
mm
(b) X(b)=X =50
mm (c) X(c)=X =75
mm (d) (d)
X X== 100
100
mm

Fig. 12

Photograph of the crushed test pieces.

(b) X = 50 mm
100 mm
B part
X mm

100 mm

Crush amount of FSM part [mm]

A part

φ 52 mm

(c) X = 75 mm
100 mm

B part
X mm

100 mm

Steel

Fig. 13

φ 52 mm

X = 50 mm

X = 75 mm

X = 100 mm

Measured crush amount of FSM part.

measured load was less than the Steel test piece in the initial
(d) X = 100 mm
Fig. 11

stage of crushing. Then, the load increased after the crushing

Schematic diagrams of constructed test piece.

of part A was completed, and the amount of the load was
almost the same as the result of the (a) Steel test piece. On

3.2 Experimental condition of drop weight test
The drop weight test was performed to investigate crush

the other hand, in the result of (d) X = 100 mm as shown in

characteristics of the test piece connected the steel can

immediately contacted to the CB part.

Fig. 14 (d), a large load was measured after the impactor

assumed FSM to the manufactured CFRP pipe assumed CB as

The amount of energy absorbed by the CB part is

the same to previous section. In this section, the mass of the

clarified, and the relationship between the amount of energy

impactor was 17.9 kg and the height of the impactor was 1.5

absorbed by the CB and the fracture size of the FMS part is

m. We constructed 4 types of test piece which changes CB

quantitatively explained. For the purpose of this study, we

part connected to the FSM of the steel can as follows; (a)

compare (a) CFRP [X = 50 mm] and (c) CFRP [X = 75 mm]

steel can (hereafter Steel, which is same to Steel + Steel test

for steel materials, and link the knowledge obtained from this

piece in previous section), (B) CFRP pipe with X = 50mm, (c)

comparison with the establishment of design guidelines for

X =75mm, and (d) X = 100 mm. Figure 11 shows schematic

high-efficiency CB that can effectively crush and absorb

diagrams of these test pieces.

energy while maintaining the original shape of FSM. Figure
15 shows the maximum load peak in Fig. 14 of each test
piece in the initial stage of crushing which we defined in the

3.3 Experimental result of drop weight test
Figures 12 shows photographs of the crushed test pieces.

range of δ / L = 0 ~ 0.25. The CB with X = 50 mm had the

The measured crush amount of FSM part, which is red line

lowest load peak at the initial stage of crushing. However, the

shown in Fig. 12, is shown in Fig. 13. Although the FSM part

CB with X = 50 mm crushed completely and the FSM also

could almost be remained in test pieces of (a) Steel and (c) X

crushed. As the height of 2 Ply part X increases, the initial

= 75 mm, the FSM part was completely crushed before

load peak also increases. The initial peak at X = 75 mm was

crushing CB part in the test piece of (d) X = 100 mm. Figure

almost equal to Steel test piece, and the result at X = 100 mm

14 shows the load-displacement diagrams in each test piece.

was larger than the result of the Steel. However, the

In two types of test pieces shown in Figs. 14 (b) and (c), the

absorption energy as shown in Fig. 16 was minimum at X =
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100 mm. It was shown that the CB with X = 100 mm could

7

not absorb the impact energy.
From these results, it is considered as follows. In the

6

case of X = 50 mm and 75 mm, the load increased smoothly

5

Load [kN]

by intentionally reducing the structural strength of the CB
facing the impactor. It is considered that the load in the initial
stage of crushing was lower than the structural strength of the

4
3
2

FSM, thereby preventing the buckling of the FSM. It is
probable that the impact energy could not be completely

1

absorbed by CB alone because CB with X = 50 mm had too

0
0

20

40

weak a structural strength. In the case of X = 100 mm, the
load in the initial stage of crushing increaseddrastically, and

60

80

100

120

Displacement [mm]

140

160

180

200

(d) X = 100 mm

the maximum load was greater than the structural strength of

Fig. 14

Load-displacement diagrams in each test piece.

the FSM. Therefore, the buckling of the FSM could not

δ/L = 0.25 Load peak [kN]

prevent.
7

6

Load [kN]

5
4
3

FSM first crushed

2
1

Steel

0

0

20

40

60

80

100

120

140

160

180

Fig. 15

200

X = 50 mm

X = 75 mm

X = 100 mm

Maximum load peak in the initial stage of crushing

Displacement [mm]

(δ / L = 0 ~ 0.25).

(a) Steel
7
6
51.7 J increase

CB part energy absorption
[J]

Load [kN]

5
4
3
2
1
0
0

20

40

60

80

100

120

Displacement [mm]

140

160

180

200
Steel

(b) X = 50 mm

Fig. 16

X = 50 mm

X = 75 mm

X = 100 mm

Absorption energy in the initial stage of crushing
(δ / L = 0 ~ 0.25).

7
6

4. Conclusion

Load [kN]

5
4

In order to establish a design guideline for a highly

3

efficient CB that can effectively crush and absorb energy
while maintaining the original shape of FSM, the crushing

2

characteristics of the test piece, which consist of the CFRP

1

pipe assumed as CB and the steel can assumed as FSM, was

0
0

20

40

60

80

100

120

140

160

180

investigated by the drop weight test. From experimental

200

Displacement [mm]

results, the CB which has excessive structural strength could

(c) X = 75 mm

not absorb the impact energy and maintain the structure of
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A Cylindrical Linear Induction Motor for Vertical Transfer:
A Fundamental Consideration on Thrust Characteristics
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Abstract
In a conventional elevator, the vibration and twisting of the cable become a serious problem when the
cable is very long. Therefore, an elevator using a method that omits the counterweight and is moved by an
actuator on a single cable with both ends fixed was considered. However, contact between the actuator and the
cable decreases the efficiency and damages the cable owing to the inclusion of foreign matter. Therefore, this
paper proposes a vertical transportation system which moves above a long and uniform conductor cable
without contact by using a cylindrical linear induction motor (LIM) as the actuator. A cylindrical LIM above
the reaction plate, which is a cylindrical shell-shaped conductor, has an advantage that the magnetic force acts
on the reaction plate uniformly. This is expected to suppress the vibration in the gap direction. However, a
conventional LIM drives the mover in the horizontal direction, and system design guidelines for a device that
can directly exert thrust in the vertical direction have yet to be established. Therefore, we constructed a model
for analyzing the cylindrical LIM and performed electromagnetic field analyses by the finite element method.
The thickness of the reaction plate was varied in the analyses and the effect on the generated thrust was
investigated. From the analysis results, the optimum thickness of the cable was determined by obtaining the
range of the magnetic flux density acting on the cable.
Keywords: Cylindrical linear induction motor, Electromagnetic field analysis, Actuator, Elevation

moves by an actuator on a single cable with both ends fixed,

1. Introduction

as shown in Fig. 1. The general actuator for such the elevator
In recent years, many large structures such as high-rise
buildings have been constructed. In such a large building, a
device such as an elevator is used when carrying a person or a
Cable

luggage. In general, in a conventional elevator, a cargo area
carrying a person or luggage, and a counterweight having
substantially the same weight as that of the cargo, are

Elevator

connected by a wire, and the cargo operated by a cable moves

Actuator

up and down1). However, if building heights increase in the
future, the cable will become extremely long, and thus the
vibrations and twisting of the cable will become a serious
problem2, 3). Therefore, some researchers have proposed an
elevator using a method that omits the counterweight and
*1 Graduate Student, Course of Mechanical Engineering
*2 Undergraduate Student, Department of Prime Mover
Engineering
*3 Assistant Professor, Department of Prime Mover
Engineering
*4 Junior Associate Professor, Department of Prime
Mover Engineering

Fig. 1 Schematic diagram of an elevator that omits the
counterweight and moves on a single cable.
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Cable
Position sensor
LIM

Roller

Controller

Direction
of thrust

Inverter
Cable

Fig. 3
Fig. 2

Schematic illustration of proposed actuator.

Conventional method to generate a frictional force
for elevation.

maintain the gap between the LIM and the reaction plate
against the vibrations caused by various disturbances and

has rollers or tires that are driven by an electrical motor and

torsion.

generates a frictional force by contact between the cable and
the pully or tire, as shown in Fig. 2

4-6)

In contrast, a cylindrical LIM above the reaction plate

. However, the

which is a cylindrical shell-shaped conductor has an

elevation device requires a frictional force that exceeds the

advantage that the magnetic force acts on the reaction plate

weight of the lifted object. To generate a highly frictional

uniformly. This is expected to suppress the vibration in the

force, some method is considered. One is an increase in the

gap direction. However, a conventional LIM is a system that

friction coefficient by some surface treatment to the cable or

drives the mover in the horizontal direction, and system

pully. The other is an increase in the force in the contact

design guidelines of a device that can directly exert power in

surface direction. Conversely, these methods decrease the

the vertical direction have yet to be established. Therefore, in

efficiency and damages the cable owing to the inclusion of

this paper, our research group proposed a cylindrical LIM

foreign matter. The maintenance of the devices and a

that moves vertically above the uniform conductive cable as a

reduction of the number of replacements are considered to be

reaction plate and investigated the possibility of the proposed

major issues in the vertical transportation system on the

LIM for vertical transportation. We constructed an analysis

extremely long cable.

model of the cylindrical LIM and performed electromagnetic

To extend the life of such a device, a device that can

field analyses by the finite element method to discuss the

move vertically without mechanical contact is required. To

vertical transportation performance of the LIM. In addition,

realize the device, some researchers proposed to use a linear

assuming that this LIM is used as an actuator that vertical

synchronous motor or a linear switched reluctance motor7).

transfer on a super high-rise structure, it is required that the

Although these linear motors need installation of permanent

reaction plate be as thin as possible. Therefore, the thickness

magnets or uneven surface processing on the extremely long

of the reaction plate was changed in the analyses, the effect

cable, these methods lead to increase the weight and decrease

on the generated thrust was investigated.

the strength of the cable. A uniform shaped object is superior
2. Vertical Transfer Actuator Using Cylindrical LIM

to the installed cable or the processed cable from the
viewpoint of weight and strength. Therefore, a linear
induction motor (LIM) that moves above the uniform shaped

Figure 3 shows the proposed actuator using the

conductive reaction plate without contact is expected in the

cylindrical LIM installed above the cable-shaped conductor

vertical transportation system in extremely long cable8,9). A

as a reaction plate. The proposed system used for a position

general LIM which is installed above a plane-shaped reaction

sensor to measure radial and axial displacements. The

plate generates a driven force and a perpendicular force to the

measured displacements are input to a controller. The

driving direction. The perpendicular force presses the LIM

controller calculates a control output to maintain the radial

itself against the reaction plate and changes the gap between

gap and axial velocity. The obtained control output is input to

the surface of the LIM and the reaction plate. This change

a polyphase inverter, and a generated current for driving is

causes the vibration of LIM and contacts to the reaction plate.

input to the LIM. The sinusoidal currents having different

Additionally, it is difficult for the LIM of plane type to

phases are input to plural coils in the LIM, and a moving
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Table 1 Specifications of the analysis model.

Material

LIM

Cable

Core

S45C

Bobbin

Plasstic

Coil

Cu

Cable

Cu

Outer diameter

174 mm

Inner diameter

100 mm

Height

264 mm

Outer diameter

98 mm

Thickness

1-20 mm

Number of coils

6

Air gap

1 mm

AC Power Supply

Coil 1

U

Coil 6
Coil 3

V

Coil 2
Coil 5

W

Coil 4

Fig. 5 Circuit diagram of the LIM analysis model.

U

6

Cable

V

W

4

Bobbin

Current [A]

Core

Coil

2
0
-2
-4
-6
0

Z

0.05

0.1

0.15

Time [s]

0.2

0.25

0.3

Fig. 6 Time history of input AC power from three-phase
Y

inverter.
X

Fig. 4 Analysis model of proposed LIM.
magnetic field is generated. An eddy current is induced in the

Coil 1

conductor cable by the generated moving magnetic field. The

Coil 2

proposed system uses the Lorentz force generated by the
generated eddy current and moving magnetic field to generate

Coil 3

thrust.

Coil 4
Coil 5

3. Electromagnetic Field Analysis of the Proposed LIM

Z

3.1 Analysis condition
To evaluate the thrust characteristics and lifting

Y

performance of the LIM for vertical movement, an analytical

×
○

Coil 6

X

Fig. 7 Analysis model section view.

model of the LIM was created and an electromagnetic field
analyses were performed. The analysis model is shown in Fig.
4. As shown in Figure 4, the axial direction of the cable was
defined as the Z axis and the radial directions of the actuator

Figure 5 shows a circuit diagram of the analysis model used

were defined as the X and Y axes. Table 1 shows the

to generate a moving magnetic field. In the analysis

specifications of the proposed analysis model. The LIM

conditions, the connection method was delta connection. The

which consisted from a core, bobbin, and electrical coils had

AC current which consists of U-V-W phase, as shown in Fig.

an outer diameter with 174 mm, an inner diameter with 100

6, is applied to each coil. Figure 7 shows the arrangement and

mm, and height with 264 mm. The LIM was made of S45C

inflow direction of the coils. The coil can generate a phase

for the core and plastic for the bobbin. The coils were

difference of 60 degrees. In this study, the effect of changing

installed at six locations in the core, and a phase difference

the cable shape on the LIM thrust was investigated using

was created in the coils using a three-phase AC power source.

electromagnetic field analysis. The materials used in the
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= 5 mm (b) h (b)
h = mm
10 mm(c) h(c)
= 15
mm (d) (d)
20 mm
mm
(a) h (a)
=5h mm
= 10
= h15
mm
h =h =20
Fig. 8 Analysis model in each cable thickness
cable with outer diameter 98 mm was copper. To examine the

250

effect of the change in the cable thickness on the thrust, the

200

thickness h of the cable was changed from 1 mm to 20 mm

Thrust [N]

150

under the fixed outer diameter condition. Therefore, the gap

100

between the inner surface of the LIM and the outer surface of
the cable was constantly 1 mm in any analysis conditions.

50

0
0

3.2 Finite element analysis model

0.05

0.1

0.15
Time [s]

0.2

0.25

0.3

(a) h = 5 mm

Figure 8 shows the analytical model when the cable
thickness is 5, 10, 15, and 20 mm. The current amplitude was

250

5 A and the frequency of the AC current was 7 Hz. The
200

analysis time was set to include two cycles of the AC current
the LIM was required a thrust of about 166.8 N or more to

150

Thrust [N]

in 7 Hz. The mass of the analysis model was 17 kg. Therefore,

100

vertical transfer. Transient response analyses were performed

50

under the above conditions. The analyzed electromagnetic

0

forces in the Z axis direction were evaluated as the thrust

0

0.05

characteristics.

0.1

0.15
Time [s]

0.2

0.25

0.3

(b) h = 10 mm
250

4. Analysis Result of Thrust Generated by Proposed LIM

200

From the analysis results obtained by electromagnetic

Thrust [N]

150

field analyses, Fig. 9 shows the time histories of analyzed

100

thrust generated in the LIM at thicknesses h of the cable with
(a) 5 mm, (b) 10 mm, (c) 15 mm, and (d) 20 mm. Analyzed

50

thrusts of all analysis models increased rapidly in the initial

0

0

term of the analyses. Then, thrusts converged fluctuating to

0.05

0.1

0.15
Time [s]

0.2

0.25

0.3

0.2

0.25

0.3

(c) h = 15 mm

each constant value of thrust. When the thickness of the cable
increased, the thrust overshot largely and needed more time

250

to saturate. It is considered that the inductance of the LIM

200

increased owing to an increase in the thickness of the cable.

150

Thrust [N]

Figures 10, 11, and 12 show the analyzed magnetic flux
densities, current densities, and Lorentz forces at thicknesses

100

h of 5 mm, 10 mm, 15 mm, and 20 mm. In Fig. 10, although

50

the magnetic flux density near the coils 3 and 6 acts strongly

0

to the inner surface of the cable with thickness h within 10

0

mm, the flux density on the inner surface decrease when the

0.05

0.1

0.15
Time [s]

(d) h = 20 mm

thickness h was more than 15 mm. It is considered that the

Fig. 9 Time historys of thrust generated in the LIM.
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Flux density [T]
1.0000

0.7500
0.5000

0.2500

(a) h =5 mm

(b) h = 10 mm

(c) h = 15 mm

(d) h = 20 mm

0.0000

Fig. 10 Contour plot of magnetic flux density.

Current density [A/m²]
1.20E+07

9.00E+06
6.00E+06
3.00E+06
(a) h =5 mm

(b) h = 10 mm

(c) h = 15 mm

0.00E+00

(d) h = 20 mm

Fig. 11 Contour plot of current density.

Lorentz force [N]
1.0000

0.7500
0.5000
0.2500

(a) h =5 mm

(b) h = 10 mm

(c) h = 15 mm

Fig. 12 Contour plot of Lorentz force.
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200
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actuator that vertical transfer on a super high-rise structure,

Weight of LIM

it is required that the reaction plate be as thin as possible.
From these conditions, the optimum thickness of the cable
was able to be determined by obtaining the range of the
magnetic flux density acting on the cable enough. In the
future, we will perform the analysis by changing the
material of the cable and adopting a material with high
conductivity

to

improve

the

thrust

characteristics.

Furthermore, we will investigate the thrust during running,

1 2 3 4 5 6 7 8 9 1011121314151617181920
Thickness h [mm]

and a non-contact actuator using a LIM will be realized.

Fig. 13 Relationship between the thickness h and the
converged thrust.
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lift itself in the case that the thickness h is thicker than 9
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mm.
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Aeronautical and Space Sciences Japan, Vol.62, p.325
(2014).
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actuator. We constructed an analysis model of the
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cylindrical LIM and performed electromagnetic field
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analyses by the finite element method to investigate the

(2020).

possibility of the cylindrical LIM as an actuator for

8)
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vertical movement. From the analysis results, the thrust
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However, it was found that the thrust was not increased
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when the thickness exceeded a certain value since the

9)
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magnetic flux density acting on the cable decreases with
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Abstract
In recent years, due to environmental problems and the aging society, the demand for ultra-compact vehicles
has increased. One advantage of such vehicles is that they can be used on narrow or rough roads. However, such
roads have many level differences and surface irregularities, which are likely to degrade the ride quality. We
have proposed mounting a small active suspension device to the seat to improve ride comfort. To improve the
ride comfort, a method for evaluating psychological state is needed. In this study, we researched a quantitative
and objective method for evaluating ride comfort. First, the ride comfort of subjects was evaluated using a visual
analog scale (VAS) of subjective evaluation and biological information in actual experiments. Jerk, which is the
derivative of acceleration, is one of the indices that influences ride comfort. Therefore, experiments focusing on
the jerk of vertical vibration were performed. Heart rate variability and cerebral blood flow were used as
biological information in the experiments. Second, a function for estimating subjects’ ride comfort was
established from a model of the relationship between biological information and VAS value. Finally, we
compared the predicted VAS value to the VAS value reported by the subjects. Thus, we researched the
relationship between biological information and subjective evaluation of ride comfort.
Keywords: Multiple regression analysis, Ride comfort, Subjective evaluation, Biological information, Active
seat suspension

1. Introduction

control system considering the psychological state of an
occupant under vibration condition is required. Therefore, it

In recent years, ultra-compact vehicle which is a car for

is necessary to establish a method for estimating the feelings

one to two passengers has been proposed. The ultra-compact

of an occupant. Conventionally, the sensory evaluation by a

vehicle has an opportunity that runs on the narrow or unpaved

skilled person has been used to evaluate the ride comfort of

road than a conventional vehicle. Even if the speed of the

vehicles 3) . In addition, the quantification of subjective

vehicle is relatively low, the ride quality of the vehicle would

evaluation based on physical quantities of vibration such as

deteriorate due to a bad road. Therefore, Oshinoya et al. had

acceleration and frequency has been performed4). However,

proposed an "active seat suspension" to improve the ride

it is difficult to quantify the ride comfort of an occupant by

1)

comfort of the mobility . We had conducted a study on

the physical quantity of vibration because there are individual

vibration reduction using the active seat suspension and

differences in sensation for each occupant. Therefore, the

2)

confirmed its effectiveness .

ride comfort evaluation using biological information that can

To improve the ride comfort of the vehicle, the vibration

objectively evaluate with considering the individual
differences had been proposed as follows. Nakagawa et al.

*1 Undergraduate Student, Department of Prime Mover
Engineering.
*2 Graduate Student, Course of Science and Technology.
*3 Junior Associate Professor, Department of Prime Mover
Engineering.
*4 Assistant Professor, Department of Prime Mover
Engineering.

proposed a method of evaluating psychological state using
electroencephalogram of train driver during driving 5 ) .
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experiments by a visual analog scale (VAS), and the results

Measurement device

were digitized to VAS values which were able to quantitively
evaluated the ride comfort. Moreover, the relationship
between occupants' biological information and their VAS
values was modeled by using multiple regression analysis,
and the estimation function of the occupants' ride comfort
was established from the model. Finally, we compared the
predicted VAS value obtained from the subjects’ biological
information by the established function to VAS value which
the subjects evaluated subjectively. Therefore, the possibility
of objective evaluation for subjective ride comfort was
researched using the model.

(a) Installation drawing

2. Measurement and Evaluation of Biological
Infrared LED

Information
In this study, cerebral blood flow and heart rate
variability were selected for estimating the ride comfort of
the driver because the relationship of these biological signals
and the ride comfort were researched7-9).

Photodiode

The cerebral blood flow, which reflects central nervous
system activity, was reported to increase right cerebral
activity when the occupant was stressed and to increases left

(b) Back side

cerebral activity when the occupant was relaxed11). Therefore,

Fig. 1 Measuring device for cerebral blood flow.

the amount of increased cerebral blood flow in the right was
used as an evaluation index in this experiment. That index

Shimizu et al. proposed a method to evaluate burden of

was obtained by comparison between cerebral blood flow for

driving operation using cerebral blood flow of driver6). In

30 seconds from the start of the experiment and for 30

addition, we researched that change of heartbeat interval

seconds till the end of the experiment. Laterality index at rest

(hereafter heart rate variability) reflected autonomic nervous

(LIR)", which indicates the relationship of the whole brain,

system activity was responded to the frequency of vibration7).

was evaluated as an evaluation index of central nervous

Moreover, we researched that cerebral blood flow was

activity12). LIR is defined by following eq. (1).

affected by vibration8),9). However, these studies do not
clarify the relationship between the response of biological

𝐿𝐼𝑅 =

information and the ride comfort of the actual feelings of
occupants. It is necessary to clarify the relationship between
the ride comfort and biological information we become able

𝛴[(𝑅! − 𝑅"#$ ) − (𝐿! − 𝐿"#$ )]
𝛴[(𝑅! − 𝑅"#$ ) + (𝐿! − 𝐿"#$ )]

(1)

Where, the right cerebral activity in the measurement interval

to evaluate the ride comfort objectively. Furthermore, one of

is Rt, the left cerebral activity is Lt, the minimum value of the

factor to deteriorate ride comfort is jerk which is rate of

right cerebral activity is Rmin, and the minimum value of the

acceleration changes with respect to time. Wang et al.

left cerebral activity is Lmin. Figure 1 shows a cerebral blood

evaluated relationship between ride comfort and longitudinal

flow meter which is a device consisting of two near-infrared

jerk using subjective evaluation considering continuous10).

LEDs and four photodiodes was mounted on the front.

However, the evaluation has problem with objectivity.

Then, the following shows a method of calculating the

In this study, the relationship between ride comfort of

value for evaluation of psychological state using heart rate

jerk and biological information was researched. First, the

variability13). In the electrocardiogram, the peak that appears

experiments in which subjects were exposed to vibration

periodically that shows the contraction of the left ventricle is

were performed to investigate the changing of ride comfort

called the R wave. The interval from the R wave to the next

by jerk that is a factor of discomfort. Biological information

R wave was called RRI, and it shows heart rate variability.

of vibrated subjects was measured during the experiments. In

The power spectrum density was calculated by frequency

addition, subjects evaluated the feel of ride comfort of the

analysis using the time history of the RRI. The integrated
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Subjective evaluation

Power Lab

How has the comfort changed compared
to the condition before the experiment?

Bio Amp

10 cm
Comfortable

Discomfort

7.2 cm
Drawn line by the subjects.

VAS score is 7.2
Positive pole
Negative pole

Fig. 3 Example of subjective evaluation.

Ground
end to the intersection line was measured and the value was
considered as the score of the subjective evaluation. If the

(a) Bio amp and power lab

response is large, the reaction to the question is positive, and
if it is small, then the reaction to the question is negative. In

Ground

this experiment, the question was asked, "Show the current
ride comfort compared to the state before the experiment.",
and the answer was set at the left end indicating good ride
comfort and at the right end indicating bad ride comfort. The

Negative pole

subjects were told that, the center of the line indicated the
state in which the test subjects themselves did not feel
changes compared to the state before the experiment.

Positive pole

4. Design of Exposing Experiment

(b) Photograph of pasting position of electrode

In this paper, subjective evaluation and biological

Fig. 2 ECG measuring device.

signals were measured in experiments exposing the subjects
to vibration. In this chapter, the apparatus and experimental

value of the low frequency (LF: 0.04 to 0.15 Hz) component

design were explained.

and the high frequency (HF: 0.15 to 0.4 Hz) component were

The ultra-compact vehicle which was mounted the

calculated, and the ratio of these components was set to

active seat suspension was used in the experiments as shown

LF/HF. Subjects felt stress when the LF/HF is high and felt

in Fig.4(a). The subjects were exposed to vibration by active

relaxation when LF/HF is low13). In this experiment, the

seat suspension. During the experiment, as shown in Fig. 4

electrodes were attached according to the NASA lead method

(b), subjects who wore measuring devises for cerebral blood

of the electrocardiogram measuring device (Power Lab and

flow and electrocardiogram set on the active seat suspension

Bio Amp, manufactured by AD Instruments) as shown in Fig. 2.

retaining the driving posture. Figure 4 (c) shows time chart.
At first, the subjects were tasked for 1 minute of the

3. Quantitative Evaluation for Ride Comfort by

arithmetic calculations. Next, the subjects were exposed to

Subjective Evaluation

the vibration for 3 minutes. Finally, the subjects were tested
VAS. At the first section, the subjects did the arithmetic

In this study, the VAS which can evaluate ride comfort

calculations mentally that were displayed in monitor as

quantitatively was used as a subjective evaluation of the ride

shown in Fig.4(b). Were calculated by the mind of subjects.

comfort14). Figure 3 shows an example of the VAS

By this task, psychological state was matched every

questionnaire. In VAS, a straight line of 10 cm was prepared

experiment.

for one question. The answer to the question was described at

In these experiments, it is necessary to research effect to

both ends of the straight line, the left end was indicated the

ride comfort by change of jerk. Therefore, exposing condition

most negative answer, and the right end was indicated the

of experiments is two jerk types. It is possible to change jerk

most positive answer. The subjects were instructed to freely

by adjusting waveform or frequency of vibration. However,

draw a line intersection that indicating the current state as the

frequency is one of factor to effect ride comfort besides

answer to the question. After that, the distance from the left

jerk 14) . It is necessary to maintain frequency at a constant.
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Committee of Tokai University. Before experiments, subjects

Seat surface
(moving vertical)

were informed about the study and experiments.
5. Multiple Regression Analysis
In this chapter, the relationship between the biological
information and the VAS value was researched by a
comprehensive analysis of multi biological information in

Active seat suspension

experiments. The multivariable regression analysis is widely
used to obtain the correlation of many variables in the
statistics16). Therefore, in this study, the relationship between

(a) Experimental system

the biological information and subjective evaluation was
researched using multiple regression analysis.

Cerebral blood flow
measurement device

In this analysis, the biological information described in
chapter 3 was used for the evaluation of the ride comfort.
Moreover, normalized biological information values were
used because the biological information was affected by the
state of the subjects at starting experiments. It is ideal that
the biological information before experiments was adjusted

Arithmetic tasks

the same value. However, it was difficult that biological
information was adjusted the same value because the
biological information changes every moment. Therefore, the
measured biological information was normalized by two

EGC electrodes

standard values obtained from the state of the subjects before
(b) State of subject

the exposing experiment. One of the standard values for
normalization was obtained from the biological information

Subjective evaluation

measured when all subjects was sitting, relaxing, and closing
eyes before the vibration experiment.

Arithmetic
task
0

obtained from the biological information in the arithmetic

Exposing vibration
60

120
Time [s]

180

The other was

task just before the exposing experiments. The ratios of the

240

measured biological values to these standard values were
calculated for normalized evaluation of the experimental

(c) Time chart

results.

Fig. 4 Photograph of state of experiment and flow of

Equation (2) shows the multiple regression equation.

experiment.
𝑦 = 𝑏% + 𝑏& 𝑥& + 𝑏' 𝑥' + 𝑏( 𝑥( + ⋯ + 𝑏) 𝑥)

Hence, the acceleration waveform of exposing vibration was

(2)

5 Hz sine wave or square wave as shown in Fig. 5. Therefore,

We defined the evaluation values, which were calculated

the sine wave (small magnitude jerk) and square wave (large

from measured biological information of the subjects and

magunitude jerk) were used in these experiments. Moreover,

used for multiple regression analysis in eq. (2), as follows;

it is necessary that subjects feel exposing vibration fully.

x1: LIR, x2: LF/HF, x3: Right cerebral blood flow increases,

Matsumoto et al. reported that resonance point of sitting

x4: LIR normalized on eyes closed state at resting time, x5:

human is 5 Hz15), subjects feel 5 Hz vibration sensitively.

LF/HF normalized on eyes closed state at resting time, x6:

Therefore, frequency of vibration was 5 Hz in every

LIR normalized on mental arithmetic time, x7: LF/HF

experiment.

normalized on mental arithmetic time, x8: LIR with eyes

The experimental vehicle was jacked up to eliminate

closed time, and x9: LIR with eyes closed time. The multiple

other vibration exclusive of exposing vibration by the active

regression analysis performed to each experimental result of

seat suspension. The experiment was conducted with 15 male

sinusoidal and square wave vibration and obtained coefficient

students. The experiment was approved on the “Research

bi which shows the gradient with respect to the variation of

targeting people (No. 19058)” by the Research Ethics

each explanatory variable x i . In this study, we aimed to
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0
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0.4
0.6
Time [s]

0.8

0.75
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0.25
0.00
-0.25
-0.50
-0.75
0

1

(a) Acceleration of sine wave

Jerk [m/s3]

Jerk [m/s3]

10
0
-10
-20

0.2

0.4
0.6
Time [s]

0.8

0.4
0.6
Time [s]

0.8

1

(b) Acceleration of square wave

20

0

0.2

1

750
500
250
0
-250
-500
-750
0

(c) Jerk of sine wave

0.2

0.4
0.6
Time [s]

0.8

1

(d) Jerk of square wave

Fig. 5 Time histories of acceleration and jerk of seat surface.

estimate the VAS score by using the biological information.

Table 1 Explanatory variables and their values.

The objective variable y was set to VAS score for the ride
i

Variable xi

variable xi corresponding to the bi is more reflectable for the

0

ride comfort. On the other hand, if a coefficient bi is zero, it

comfort. If a coefficient bi of the sinusoidal condition is large
than bi of the square wave, it means that the explanatory

means that the explanatory variable xi corresponding to the bi
does not react to the ride comfort.
From the results of multiple regression analysis,

Sine

Square

Constant

2.750

8.140

1

LIR

0.000

0.316

2

LF/HF

-0.262

-0.006

0.384

-3.730

4.130

-2.260

1.160

0.160

2.100

0.000

0.888

-0.656

3

coefficients bi in the case of sinusoidal and square vibration
were obtained as shown in Table 1. Established prediction

4

equation in sinusoidal and square vibration was expressed as
5

eq. (3) and (4).

6

𝑦 = 2.75 − 0.261𝑥' + 0.384𝑥( + 4.13𝑥* + 1.16𝑥+
+ 2.10𝑥, + 0.888𝑥- + 0.588𝑥.

7

(3)

+ 0.037𝑥/
𝑦 = 8.14 − 0.316𝑥& − 0.006𝑥' + 3.73𝑥( − 2.26𝑥*
+ 0.160𝑥+ − 0.656𝑥- + 1.98𝑥.

(4)

coefficient bi

Right cerebral blood flow
increases
LIR normalized on eyes
closed state at resting time
LF/HF normalized on eyes
closed state at resting time
LIR normalized on mental
arithmetic time
LF/HF normalized on mental
arithmetic time

8

LIR with eyes closed time

0.588

1.980

9

LIR with eyes closed time

0.037

0.815

+ 0.815𝑥/
6. Objective Evaluation of Ride Comfort

Coefficients of analysis results were shown that the effect for
the ride comfort was different in each biological information.

In this chapter, we researched the possibility of

In the case of the square wave, coefficients of the cerebral

estimating the ride comfort objectively using the results of

blood flow affected the ride comfort because the absolute

the multiple regression analysis. From the measured

value of those coefficients was large. In the case of the sine

biological information, the VAS score for the ride comfort

wave, b5 calculated using heart rate variability was large in

was predicted eq. (3) and (4). Used biological information

addition to large coefficients in the square wave. Therefore,

and VAS value in this chapter were the same as data analyzed

it was researched that estimating characteristics of the ride

in chapter 5. The method of evaluating the accuracy of

comfort were changed by the jerk of vibration.

estimating ride comfort is the comparison of “predicted VAS
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Predicted VAS value

Answered VAS value

VAS value
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K

L
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N

O

(a) Sine wave

VAS value

10

8
6
4
2
0
A

B

C

D

E

F

G

H
I
Participant

(b) Square wave
Fig. 6 Relationship between prediction and actual answer.

values by estimating” and “answered VAS values in

VAS value by using the multiple regression analysis. In

experiments”. “Predicted VAS values by estimating” were

addition, it was confirmed that the subjective evaluation of

the values calculated using the model of multiple regression

the VAS value was able to be estimated by using the plural

analysis. Besides, “answered VAS values in experiments”

biological information, even though we researched in limited

were the values in which the subjects answered after exposing

condition focused on the jerk in vertical vibration.

time.

We will research objective and quantitative evaluation

Figure 6 shows the relationship between the predicted

for the ride comfort in other vibration conditions, and

VAS value and the answered VAS value for each vibration

establish an estimating method for the feeling of the driver to

condition. Figure 6 (a) shows the results of the sine wave, and

improve the ride comfort of vehicles.

(b) shows the results of the square wave. The correlation r
between the predicted value and the measured value was
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