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Abstract: National and International food and water security requires the dedicated management of agricultural soils 
and appropriate treatment of contaminated land and water. These are, by their nature, global issues and as such are a 
leading area for International Collaboration. The Department of Chemical and Biomolecular Engineering, at the 
University of Melbourne has developed significant and long lasting international collaborations over the past 20 
years to address these important issues. Here we present and discuss the variety of mechanisms used to manage, 
finance and enhance these collaborations, along with a snapshot of the excellent rsearch outcomes obtained to date. 
  
Keywords: International Collaboration, Australia, China, Japan, Water Treatment, Fertiliser efficiency 
 
1.0  Introduction  
 
National and International food and water security requires the dedicated management of agricultural soils 
and appropriate treatment of contaminated land and water. These are, by their nature, global issues and as 
such are a leading area for International Collaboration. The Department of Chemical and Biomolecular 
Engineering, at the University of Melbourne has developed significant and long lasting international 
collaborations over the past 20 years to address these important issues. Here we present and discuss the 
variety of mechanisms used to manage, finance and enhance these collaborations, along with a snapshot of 
the excellent rsearch outcomes obtained to date. 
 
1.1  Enhancing Performance of Agricultural Soils 
 
In 2016, the Department of Chemical and Biomolecular Engineering joined an Australia-China Joint 
Research Centre entitled “Healthy Soils for Sustainable Food Production”. This joint research centre is 
funded through the Australian and Chinese Governments. It involves a number of collaborators from 
Australia and China including from research institutes, Universities and Industrial Partners. Key members 
are: Chinese Academy of Agricultural Sciences, Chinese Academy of Sciences, Nanjing Agricultural 
University, The University of New England, The University of Western Australia, Commonwealth 
Scientific and Industrial Research Organisation (CSIRO), Incitec Pivot Limited and Xinyangfeng 
Fertiliser Co. Ltd. 
 
Chemical Engineering is supporting this collaboration through the development of a range of new fertiliser 
products to increase the efficiency of input use. These products are controlled release fertilisers which aim 
to reduce nutrient losses to air, ground water and run off, whilst remaining fully biodegradable and cost 
effective.  
 
These fertilisers are being developed via the solvent vapour treatment of liquid marbles, that have been 
stabilised with various functional monomers. Liquid marbles may be formed via the deposition of salt 
solutions of nutrients onto an inclined bed of dried polymer powder. As the aqueous drop rolls on the 
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powder bed, the liquid becomes encapsulated by the polymer, rendering it both hydrophobic and 
nonwetting. Upon exposure to solvent vapour, the polymer plasticises and a ‘polymer capsule’ is formed, 
which may be subsequently dehydrated (Figure 1). 
 
The polymer is fully biodegradable, and upon degradation releases bioavailable carbon. Examples of the 
types of materials used include; poly - [2-(diethylamino) ethyl methacrylate]- (PDEA-)(Bruining, 
Blaauwgeers et al. 2000; Fujii, Suzaki et al. 2011); glycerol monomethacrylate (Thompson, Armes et al. 
2010) and poly (n- isopropylacrylamide) (Yusa, Morihara et al. 2014; Das, Ghosh et al. 2015). 
 

 
 

Figure 1: Formation of Liquid Marble 

This type of material has many advantages over currently available products, primarily due to the almost 
limitless tunability of the surface chemistry of the film formed and the ease of manufacture. Specifically, 
for fertiliser products, these benefits include: 
 

• Control over water permeation rates into the capsule via manipulation of the pore size of the 
polymer film coating. The pore size of the polymer coating is determined by the polymer selection 
and solvent treatment time, with longer treatment times resulting in reduced porosity (Ueno, 
Hamasaki et al. 2014). This design capability is significant as water permeation and subsequent 
nutrient dissolution and migration through the film is the major nutrient transport pathway. 
 

• External stimulus triggers film disintegration. The functional groups on the polymer coating may 
be selected to enable targeted release of nutrients in response to specific external stimulus. This 
design feature enables the potential matching of nutrient release to crop demand. Examples 
include:  pH (Fujii, Kameyama et al. 2010), UV (Nakai, Fujii et al. 2013) and temperature (Yusa, 
Morihara et al. 2014) amongst others. 

 
The combination of these design features provides an added capability for fertiliser product design for 
specific applications and requirements, thereby improving nitrogen efficiencies. 
 
1.2 Materials and engineering designs to enhance Contaminated Site Remediation processes. 
 
Japan 
 
Research regarding the development of novel materials for the treatment of contaminanted soil and water, 
including both heavy metals and organics, is currently being conducted in collaboration with Kanazawa 
Institute of Technology and Miyazaki University. These colloborations are primarily supported via the 
exchange of Masters Level students and Research Fellows. Funding is typically through the Japanese 
Society for the Promotion of Science (JSPS) Postdoctoral Fellowships and Australian Research Council 
“Linkage International Awards”. 
 
Key areas of research interests include: 
- The adsorption behavior of heavy metals onto chemically modified MCM-41.(Northcott, Miyakawa 

et al. 2010; Watanabe, Miyakawa et al. 2010). 
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- Chitosan coated silica for heavy metal and nutrient removal.(Arora, Eddy et al. 2010). 
- Synthesis, characterization and performance of chlorosilane coated zeolites for the removal of soluble 

organics and nutrient addition to enhance biodegradation processes. (Northcott, Bacus et al. 2010)  
 
Of these, the synthesis, characterization and performance of chlorosilane coated zeolites is of particular 
interest. Inherently, due to the net negative charge of the aluminosilicate lattice of zeolites, they prefer to 
exchange cations rather than absorb organic compounds. However, if the zeolite surface is coated with 
covalently bound chlorosilane materials, (Figure 2), it becomes hydrophobic and will sorb organics on to 
the surface whilst still exchanging cations within the mineral structure.  
 
Due to the dual capture mechanism of the chlorosilane coated material, it may be used for a number of 
different purposes, including: 

- treatment of waters contaminated with both organics and heavy metals, or  
- to aid in the biodegradation of organic contaminates via the addition of nutrient cations from the 

internal zeolite structure to where to organic contaminants are captured.  
 
Both of these applications are currently under investigation. 
 

 
 

Figure 2: Chlorosilane coating of zeolite minerals 

 
Pakistan 
 
Research work conducted in collaboration with Pakistaini Universities have predominantly focused on the 
development of strategies for the utilization of Expanded Polystyrene (EPS) foam waste to manufacture 
useful materials. This is an important area as styrofoam waste has a number of negative characteristics, 
including; high chemical stability, large volumes and limited degradation potential resulting in it being 
recognized as an environmental threat and significant waste management problem. A key area of interest 
has been on the functionalization of polystyrene with nitrogen containing species, which have the potential 
to retain toxic heavy metals such as Ni(II) ions from aqueous solutions.  These developments have been 
shown to have significant potential.  
 
The links developed with Pakistan have predominantly been funded through Non-Government 
Organisations such as the Organisation for the Prohibitation of Chemical Weapons (OPCW), and have 
been facilitated by the exchange of Research Fellows.  
 
Canada 
 
Understanding the hydrocarbon degradation pathways by microbial communities is an important research 
area as it directly impacts on the design of reactive substrates i.e. what type of material will enhance 
biofilm growth and hence contaminant degradation. Work in this area is predominantly being conducted in 
collaboration with Queens University, Canada. Funding is primarily obtained from the Australian 
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Government via Australian Antarctic Division Science Grants and collaboation is enhance via Research 
Fellow visits between the institutions. 
 
Recently work has focused on the examination of microbial communities that are actively degrading 
hydrocarbon contaminants on adsorbent materials using amplicon pyrosequencing. The reaction of these 
communities to petroleum hydrocarbons and ammonium supplementation was assessed. It was found that 
the increased presence of hydrocarbons reduced the microbial diversity of the biofilm communities, 
resulting in a shift to a population high in Actinobacteria  and Proteobacteria (Freidman, Gras et al. 2016; 
Freidman, Gras et al. 2016).  
 
 
2.0   Conclusions 
 
Many opportunities exist for productive international collaboration in Engineering Research. Here, one 
research area was selected, that is, soil and water management for agriculture and contaminated site 
remediation. Active collaborations between Australia, Japan, China, Pakistan and Canada were 
demonstrated. Although these collaborations are managed, funded and supported via different mechanisms, 
outstanding research outcomes for all projects have been obtained with student and Research Fellow 
exchanges on-going. 
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Abstract: A new lift force generation mechanism on a circular cylinder has been developed. A 
circular cylinder is located in uniform flow and a strip-plate is set behind it in the cruciform 
arrangement with a suitable gap distance. When the circular cylinder moves parallel along the 
strip-plate, a longitudinal vortex forms in the backside of the cylinder near the strip-plate. The 
steady lift force is induced by the vortex. The mechanical configuration of this new driving 
system is very simple and it can apply to design a propeller consisted by the circular cylinder 
blades with change the strip-plate to a ring plate. Both the horizontal and vertical axis turbines 
driven by this mechanism were designed and tested. The most important form factor is the gap 
between the blades and the wake ring plate and it can easily control the lift force and the rotation 
speed by adjusting it. Some prototype turbines for the wind and water flow were built up and 
tested. In this presentation, the performance of this turbine, the effect of the shape factors and the 
application of this turbine will be demonstrated and discussed. 
 
Keywords: Wind turbine, propeller, circular cylinder blade, longitudinal vortex, steady lift force 
 
 
1.0  Introduction  
 
The conventional blade of the propeller of the wind turbines is a thin twisted plate with a 
suitable incident angle to generate lift force and its cross-sectional shape is similar to the 
wing of the airplane to increase the power efficiency and to reduce the drag. The blades, 
in general, are weak for bending force and there is a difficulty of manufacturing. A 
spinning circular cylinder can generate steady lift force that is induced by Magnus effect. 
The Flettner type rotor employed this driving force was applied to a ship and wind 
turbines, but it was not practically used because of their complex mechanism of the 
spinning. On a circular cylinder located perpendicular to the uniform flow, the 
alternative lift force occurs by Karman vortices shedding. It can induce a vibration when 
the cylinder is supported elastically. It is called Karman vortex-induced vibration. It 
caused some serious accidents but it is not easy to utilize this vibration to generate the 
electricity because it causes in the very narrow velocity range of the flow. Our group 
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developed a new driving mechanism of the vortex-induced vibration, that is, the 
longitudinal vortex induced vibration. Kato et al. (2006) reported that a circular cylinder 
with a crisscross arranged strip-plate in the wake was strongly oscillated by shedding the 
longitudinal vortices. In both vortex-induced vibration, the time average of the lift force 
is zero and it cannot apply for the driving mechanism to the wind turbine. 
Recently, Takahashi et al. (2016) found a new mechanism to generate steady lift force 
on a circular cylinder from the uniform flow. When a circular cylinder locates 
perpendicular to the uniform flow with a crisscross arranged strip-plate in the wake and 
it moves along the strip-plate with a constant velocity, a longitudinal vortex forms 
steadily behind the cylinder and a strong suction flow from the frontal area to the vortex 
is induced. The flow field around the circular cylinder moving along the strip-plate that 
was a result of CFD is shown in Fig.1. This mechanism can apply to the rotation motion 
by changing the strip-plate to the ring plate and the parallel motion of the circular 
cylinder to the rotation motion. The simplest design of the wind turbine applied this 
driving mechanism is shown in Fig.2. This wind turbine is consisted only by a circular 
cylinder, a rotation axis and a ring-shaped wake plate. The geometrical shape is very 
simple compared with the conventional propeller because the blade is a circular cylinder. 
In this study, the fundamental mechanism of this new turbine driving system is 
introduced by the experimental and the numerical results. The special feature of the 
simplest model, which is consisted by a single circular cylinder as a propeller blade, is 
examined. Finally, some example of the application is introduced, and their ability and 
possibility are discussed. 
 

   

 

(a)                                    (b) 
Figure 1:  CFD result of velocity field around moving circular cylinder along crisscross 
arranged strip-plate. (a)three-dimensional view of longitudinal vortex (necklace vortex) 
and (b)cross sectional view perpendicular to cylinder.  
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2.0   Mechanism of A New Turbine 
 
2.1  Steady lit force generation on a circular cylinder 
 
When a circular cylinder is placed perpendicular to the uniform flow and a strip-plate is 
set in the wake area of the cylinder with the crisscross arrangement, the necklace shaped 
or the trailing shaped longitudinal vortices shed periodically near the intersectional area 
and their shedding position is alternatively change from the up and down side of the 
cylinder. This vortex shedding induces the alternative lift force on the cylinder but the 
average value of the lift force is zero. When the cylinder moves parallel to the strip-plate 
with a constant velocity, a necklace shaped longitudinal vortex forms in the backside of 
the cylinder near the intersectional area, as shown in Fig.1(a). In this calculation, the 
diameter and the length of the circular cylinder are 20mm and 60mm, respectively. The 
width of the strip-plate is 30mm. The gap between the cylinder and the strip-plate is 
7mm. The cross-sectional flow field perpendicular to the cylinder at the center plane of 
the strip-plate is shown in Fig.1(b). The longitudinal vortex makes a strong suction flow 

Figure 2: Single circular cylinder blade wind turbine driven by longitudinal vortex. 
(a)Schematic diagram, (b)photograph of trial test module and (c)important shape factors.  
 

(a)  

(b)  

(c)  
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from the frontal area to the gap and the negative pressure occurs on the front surface of 
the cylinder. It becomes the steady lift force acting on the cylinder. 
 
2.2   Rotation motion induced by longitudinal vortex 
 
In order to apply the lift force induced by the longitudinal vortex to the rotation motion, 
we designed a new turbine, which has a ring plate in place of the strip-plate. A rotation 
shaft is attached on the cylinder to change the parallel motion to the rotation. This is the 
simplest design of the turbines driven by the longitudinal vortex, which consists mainly 
only the three parts, a circular cylinder as a propeller, a ring plate and a rotation shaft. 
The schematic diagram of this simplest design is shown in Fig.2 and the test module 
used in the trial test is shown in Fig.2(b). The important form factors of this turbine is 
shown in Fig.2(c). When the circular cylinder is stopped, that is zero angular velocity, 
the longitudinal vortices shed unregularly and it causes fluctuating angular motion on 
the cylinder. Once the angular velocity exceeds a critical value, the cylinder starts to 
rotate one direction. The rotation direction, CW or CCW, is dependent on the initial 
direction. The cylinder is accelerated to a certain velocity and reaches on a stable 
rotation. 
 
 
3.0  Feature of New Turbine and Possibility 
 
3.1    Feature of wind turbine driven by longitudinal vortex 
 
The simplest shape of the wind turbine driven by the longitudinal vortex, which has a 
single circular cylinder as a propeller, was designed as shown in Fig.2 and tested to 
understand the feature of this new turbine driven mechanism. The diameter d and length 
of the circular cylinder are 20mm and 220mm, respectively. The diameter D of the ring 
plate is 155mm. Figure 3(a) shows the relationship between the flow velocity and the 
rotation speed. The rotation speed increases linearly with increasing the flow velocity 
and the tip speed ratio λ (=ωD/2U, ω is angular velocity) is about 0.28 even in the 
fastest condition, W/d=1.5. Here, W is the width of the ring plate. The rotation speed of 
this turbine is more than ten times slower the conventional propeller turbine and also 
than the Savonius type windmills. On the other hand, the torque is larger than the 
conventional propeller. The linearity of the rotation speed to the flow velocity keeps 
more than 30m/s that is the limit of our wind tunnel instrument. It is an important 
feature that is based on this turbine mechanism and is different from the theory of the 
conventional propeller. As seen in Fig.3(a), W is one of the important shape factors of 
this turbine mechanism. Another important factor is the gap between the cylinder and 
the ring, s, and the influence of s/d on the rotation speed is shown in Fig.3(b). There is 
an optimum value, s/d=0.35 in these experiments and the driving force suddenly 
disappears when the gap becomes smaller than it. It means that this turbine can control 
easily by changing the gap. 
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Figure 3: Influence of shape factors on rotation speed,  

(a) effect of flow velocity and ring width, (b) effect of gap. 
 
3.2    Application and possibility of new turbine 
 
The multi-blade type turbines are also tested. The multi-blades system is effective of this 
driving mechanism because each blade gets the driving force with enough pitch of the 
blades and can attach on the rotation shaft through the slender stem to reduce the 
confliction of the blades near the center area. Figure 4 shows a test module of the 
twelves blade wind turbine. The short circular cylinder blade can be applied to increase 
the number of the blades since the active area of the driving force on the blade is limited 
near the intersectional part of the ring plate. The rotation speed is almost kept a constant 
independent of the number of the blades until the limited pitch of the blades. 
This new driving mechanism can apply to the water turbine. Figure 5 shows 
photographs of the tested water turbine. The small air bubbles are used for the flow 
visualization. In this case, the six circular cylinders are used as a blade. Figure 6(a) is a 
photograph of the vertical axis type wind turbine using this longitudinal vortex driving 
mechanism. A concentric cylinder is used in place of the ring plate in this design. This 
turbine can rotate to CW and CCW direction as same as the horizontal axis type shown 
in Fig.2 but it can be driven independent of the wind direction. Figure 2(b) shows the 
relationship between the rotation speed and the flow velocity. The linearity of the 
rotation speed to the flow velocity is the same as the horizontal type but the efficiency is 
lower.  
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Figure 4: Photograph of twelve circular cylinder blades wind turbine  
driven by longitudinal vortex. 

 

             
 

Figure 5: Photographs of six circular cylinder blades water turbine. 
 

          
(a)         (b) 

Figure 5: Horizontal axis wind turbine, (a) photograph of eight blades turbine, (b) relationship 
between rotation speed and flow velocity. 
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4.0   Conclusions 
 
The new turbine mechanism which uses circular cylinder blades and is driven by 
longitudinal vortex has been developed. It has a very simple structure and generates high 
torque at low rotation speed. By the simple shape, the possibility for the industrial 
application is very high. Further investigation and improvement are important. 
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Abstract: The word Geomechanics comes from the Greek prefix, where geo- meaning "earth"; 
and "mechanics", which involves the geologic study of the behavior of soil and rock. In civil 
engineering, constructions are associated not only soil, but also and rock materials. Many have 
assumed that rock is a strong material and it is commonly used as the foundation. Yet, Malaysia, 
as the tropical country with high weathering rate, rocks are weathered. Weathered rocks are 
problematic materials to the construction. With reagrds to this, the numeric value that favoured 
by the engineer does not always work. The failure occurred at Highland Tower, Bukit 
Antarabangsa and Bukit Lanjan, Malaysia were the eye opener to the application of the 
Geomechanics rather than the Geotechnical alone. In addition, case studies of underground 
tunnelling work in Malaysia,i.e. Stormwater Management And Road Tunnel (SMART) and the 
MRT tunnel construction will also be highlited with reference to the karstic limestone. 
Application of the Geomechnics in Malaysia is now has been more widely accepteed with many 
construction that relate with the weathered rock, fault and other geological featues. The future 
development of East Coast Rail Link (ECRL) and underground city will also  promote the 
function of Geomechanics in Malaysia. 
 
 
Keywords: Geomechanics, tunelling, Bukit Lanjan, Bukit Antarabangsa 
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Abstract 
 
This paper explores the effect of active root zone related to slope stabilization. The matric suction produced by 
mature tree was determined during high and moderated intensity of rainfall event condition, which related to 
significant changes on stability of the slope. The increasing of soil moisture and pore water pressure can 
significantly reduce shear strength of soil which lead to slope failure. The field monitoring result showed that 
there was a substantially increase in soil suction near the vicinity of tree. The findings indicate that the influence 
of rain fall event can cause variation to soil suction that is related to factor of safety. Furthermore, water uptake 
from root activity created dry condition that substantially increased the factor of safety against slope failure has 
improved up to 45%. 
 
Keywords: Tree water uptake, Slope stabilization, Unsaturated soil. 
 
 
Introduction 
 

The instability of soil slopes continues to affect large worldwide populations for each 
year, in particular at the areas of steep terrain that experience prolonged hot and dry periods 
followed by intense rainfall events. In conjunction to that, shallow slope instability has become 
a common problem to man-made and natural slopes. Hence, it is significantly important to find 
an economically and eco-friendly solution to rise how vegetation can be an element for 
sustainability of slope. Therefore, this research explore how vegetation might be selected as an 
approach to help maintaining and enhancing the soil strength by reducing moisture content and 
hence reduce the risk of slope failure. 
 

Acacia mangium tree was first introduced in the state of Sabah in 1967 and then planted 
in peninsular Malaysia as the main species compensation plantation forest project. This plant 
species grow between 4m to 5m a year, medium-sized, growing up to 20 m high. Acacia 
mangium tree is a fast-transpiring tree species with high daily water consumption reaching an 
average up to 4.6 mm d-1. A study on the water consumption of acacia mangium tree in the 
Malaysian state of Sabah, Borneo was reported by Cienciala (2000). Furthermore, acacia 
mangium tree is tolerance with a variety of tropical climate conditions (Adnan M., 2008). 
These include tropical dry to moist conditions and subtropical dry zones to wet forest zones. 
Therefore, this tree has been selected and suitable preserved for this research. 
 

Prolonged antecedent rainfall would significantly alter the pore water pressure 
conditions prior to the main rainfall event, such that the initial pore water pressure distribution 
prior to the antecedent rainfall became all but irrelevant. The effects of rainfall on the stability 
of the slope seemed to relate by duration of the rainfall event, with the longer the rainfall period, 
the lower the slope factor of safety. Preserve of a mature tree can readily increase the factor of 
safety against slope failure due to tree water uptake in relation to soil slope (N. Ali & Rees, 
2008). 
 

Slope failure commonly occurs when the shear strength of the soil is reduced through 
a decrease in effective stress due to pore water pressure increment (Glendinning S. et al, 2009). 
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Vegetation may prevent collapse by reducing water pressure (increasing suction through water 
uptake) due to suction produced by vegetation will act to stabilise slopes by increasing effective 
stress and thus increasing soil shear strength. Simon and Collison (2001) claimed as a key 
finding that the hydrologic effect is as important as mechanical effect, which can bring 
beneficial by increasing FOS up to 71%. It should also be noted that if trees are cut down, 
failure can be the result when pore water pressures recover because strain softening has already 
occurred (due to previous seasonal cyclic loading effects). This is important in the management 
of vegetation and engineers must be wary of felling trees without understanding the hydrology 
condition. Importantly, preserve of a mature tree can readily increase the factor of safety 
against slope failure due to tree water uptake in relation to soil slope (Ali N. & Rees S.W., 
2008) 
 

The objectives of this study were to determine matric suction soil moisture on the slope 
with mature tropical tree (acacia mangium) preserved at the toe of the slope, which suction 
have been generated within this area. The equipment was installed at certain depth and distance 
to measure soil suction. Therefore, it is just considering the main factor of drying influenced 
by mature tree. During no rainfall event, the soil becomes dry and the analysis of the changes 
soil suction at various depth and distance from tree trunk were conducted. In associated with 
this, effect of tree induced suction was used to perform a stability analysis at active root tree. 
In this scope of this research, the mechanical aspect of tree root such as tensile strength and 
bonding between root and soil which can lead to increasing soil strength are assumed negligible 
in this study. 
 
 
Theoretical Background 
 

To assess mature tree effects on slope stability, hydrologic data (matric suction) were 
used in computer modelling. In these cases, it may be appropriate to perform slope stability 
analyses which include the shear strength contribution from the negative pore-water pressure. 
Matric suction (negative pore-water pressure) above the water table has the effect of increasing 
the apparent cohesion of a soil. A modified form of the Mohr-Coulomb equation can be used 
to link shear strength to soil suction. The use of theory of limit equilibrium of forces and 
moments was used to compute the FOS (Factor of Safety) against failure. 
 

The limit equilibrium method of slices is widely used for its simplicity particularly 
when compared to the finite element method (Fredlund and Rahardjo, 1993, Renaud et al. 
2003). The FOS is defined as that factor by which the shear strength of the soil must be reduced 
in order to bring the mass of soil into a state of limiting equilibrium along a selected slip surface. 
The equation (1) produced by Rees S.W. and Ali N. (2012) were used to calculate stability of 
a slope by performing divided the soil mass above the circular slip surface into vertical slices. 
 

∑
∑ ++

=
Wx

SRlNRlRc
F

bφφ tan'tan'
        (1) 

 
The equation was defined as, where c'= effective cohesion (kPa), l = length of the slice (m), N 
= total normal force on the base of the slice (kN), R = the radius for a circular slip surface (m), 
S= force produced by matric suction on the unsaturated part (kNm-1), φ ' = effective angle of 
internal friction 
(degrees), φb = an angle indicating the rate of increase 
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in shear strength relative to matric suction, W = weight of the slice (kN). 
 
Materials and Methods 
 

The study was carried out at slope with the existence of mature tropical tree Acacia 
mangium situated at latitude (+1°33’ 32.03”) and longitude (+103° 38’ 38.04”). The tree was 
located at the toe of slope at Faculty of Electrical Engineering Universiti Teknologi Malaysia 
as shown in Figure 1. 
 

 
 

Figure 1 Acacia mangium tree located at the toe of slope 
 

To develop soil moisture profile due to influence of acacia manggium tree, Jet-fill 
tensiometer (Figure 2) was use. Jet-fill tensiometer (Soilmoisture Equipment Corp. CA) is used 
since it can measure directly the soil suction that range between 0 kPa to 100 kPa. A 
tensiometer comprises of a tube with a porous ceramic tip on the bottom, a vacuum gauge near 
the top, and a sealing cap. As the soil dries and water moves out of the tensiometer, it create 
vacuum inside the tensiometer that is indicated on the gauge. When the vacuum created just 
equals the “soil suction”, water will stop flowing out of the tensiometer. The dial gauge reading 
is a direct measure of the force required in removing water from the soil. The tensiometers 
installed at the depth of 0.5m, 1.0m and 1.5m and the distance from tree for the insertion of 
tensiometer were measured according to 0.1h, 0.2h, 0.4h etc (where h is the height of the tree) 
making up a ‘station’ or ‘nest’. Six station were placed at the flat and slope area named as Flat 
1, Flat 2 & Flat 3 and Slope 1, Slope 2 & Slope 3 (Figure 3). Each station consisted of three 
tensiometer installed which is consider as top, middle and bottom of the root zone. 
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Figure 2 Tensiometer 

 

Figure 3 Tensiometer installed at slope 

 
Results and Discussion 
 

The suction distribution responded to several rainfall patterns in month of December 
was used to analysis and observation in certain interval of time. The isolation of data toward 
the effect of tree induce suction during the monitoring at slope can be denoted as pattern A 
(December 4) in Figure 4 influenced by heavy rainfall occurred, pattern B (December 10) in 
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Figure 5 with moderate rainfall occurred and pattern C (December 16) in Figure 6 after 6 days 
without rainfall. 
 

Figure 4 shows pattern A of suction distribution through the soil profile after 54mm/day 
rainfall event on December, 4. The respond showed that suction at all depth dropped 
dramatically at lowest value was recorded. The lowest suction was encountered at distance of 
4m from tree trunk at depth 0.5m, 1.0m and 1.5m were 2kpa, 4kpa and 12kpa respectively. The 
suction recorded at depth 0.5m, 1.0m and 1.5m without tree are much lower than at distance of 
4m from tree trunk. However, for this high rainfall event the pore- water pressure at all depth 
did not achieve saturated condition (0kpa suction value). 
 
 

 
 

Figure 4 soil suction profile pattern A on 4 December 

 
Figure 5 show soil suction profiles B on December 10, matric suction increased 

significantly due to effect of tree induce suction. It is indicated that, after 6 day without rainfall 
event the pattern of soil suction substantially increased at depth 0.5m until 1.0m. Although, the 
slope was subjected to receive moderated rainfall amount (14mm/day) but soil suction profile 
distribution was still high compare to December 4. This is due to tree water water uptake that 
contributed to induce suction through soil appreciable only at the shallow depth and near the 
trunk. Still, suction profile distribution without tree is much lower at all depth compared to at 
the distance of 4m from tree trunk. 
 
 

17



 
Figure 5 soil suction profile pattern B on 10 December 

 
Soil suction profile pattern C (December 16) in Figure 6 shows substantial increment 

after 6 day without rainfall. The highest suction profile was encountered at depth 0.5m, 1.0m 
and 1.5m with 58kPa, 60kPa and 46kPa respectively at distance of 1m from tree trunk. The 
minimum effect of tree induce suction was encounter at distance of 4m from tree trunk, which 
recorded the lowest value were 28kPa, 31kPa and 34kPa at depth 0.5m, 1.0m and 1.5m. As 
mention before and still, suction profile distribution without tree was much lower at all depths 
compared to the distance of 4m from tree trunk. 
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Figure 6 soil suction profile pattern C on 16 December 

 
The lowest FOS for the critical slip failure was encounter using limit equlibrium 

method (LE) model (slope/w) in saturated condition was 1.70. This value was used as controled 
value to determine the percentage difference of FOS for other conditions. Table 1 shows the 
comparison of FOS after numerical stability analysis was performed at various conditions 
considered on December 4 and December 16 the percentage difference when compare to 
unsaturated slope with and without tree at toe of slope. In table 1, the lowest FOS on December 
4 was encounter due to high intensity of rain fall event (54mm/day). However, FOS for 
unsaturated slope with tree at toe (1.88) was much higher than FOS without tree (1.73), which 
significanly different by 8.84%. On December 16, FOS as shown in table 1 substaintially 
increased due to the increasing matric suction was recorded. Still, FOS for unsaturated slope 
with tree at toe (3.08) was much higher than FOS without tree (2.12), with significanly different 
by 45.54%. From the results, it can be seen that changes in matric suction due to the effect of 
tree induce suction substantially increase the FOS by 8.84% from 1.73 to 1.88 on December 4 
and increase the FOS by 45.54% from 2.12 to 3.08 on 16 December. 
 
 
 
 
 
 
 
 

19



Table 1 Comparison of FOS on December 4 and 16 

 
 

Other FOS comparison have been made on 4 and 16 December due to effect of tree 
water uptake is show in table 2. From the results for tree water uptake cases consideration it 
can be seen that changes in matric suction due to tree induce suction at active root zone after 
moderate and high intensity rainfall (which suction have been generated within this area) can 
substantially increase the FOS by 38.96% from 1.88 to 3.08. 
 

 
Figure 7 The Variation of FOS In Time Due To Tree Induce Suction 

 
Figure 7 reveal the result and change in the FOS after analysis of monitored data. It 

shows that FOS can rise up with various times in 12 day of analysis period in the conditions of 
moderate and high intensity rainfall. This figure shows that FOS varies with time and increases 
with matric suction in soil with and without tree at toe of slope. 
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Conclusion 
 

Based on the finding on field monitoring result it is expected that the established pattern 
of root water uptake is likely to happen when condition is high, moderately rainfall was 
occurring. A root tree zone could help to reinforce the soil by increasing matric suction related 
to increasing FOS. This study indicated that matric suction generated caused by the presence 
of mature tropical tree (acacia mangium) at toe of the slope can readily increase the FOS against 
slope failure up to 45.54%. 
 

The FOS calculation presented here considered only hydrological effects which are 
related to soil matric suction generated by active root zone driven by transpiration. Mechanical 
effect that arised from the tensile strength of root and bonding between root and soil are 
assumed beyond the scope of this study. A part from provided a ‘free’ refreshment condition 
or acoustic screen, it can also help in strengthening the slope via active root zone to absorb 
water from soil. Consideration is needed for practical cases when cutting down and felling the 
trees without understanding the hydrological condition can increased the risk of landslide and 
erosion on slope. 
 

The effect of acacia mangium tree can be acceptable as low cost solution to problem of 
erosion and slope instability that can increase the factor of safety of slope. From this study 
suggest more consideration is given to the hydrologic influence, which also can bring 
increment to soil shear strength. In fact, this research has also revealed that acacia mangium 
planted is beneficial in producing suction via root and in stabilizing the soil. 
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Abstract : Seaweed, a rich source of vitamins, minerals and other vital material is used in the present 
study to improve the strength of concrete. Seaweed is known for its effectiveness in gelling and 
thickening properties of which may increase the bonding mechanism when mixed together in concrete. 
This is because seaweed will fill the porous parts in the concrete mixture and therefore will improve 
the performance throughout the service life of the structures. In construction, cracking in concrete is 
the main reason for the decreasing service life of the structure. Therefore, it is advisable to restrict the 
development of early age micro cracking from appearing before it further developed into larger crack. 
This research aim is to investigate the mechanical properties of concrete namely compressive strength, 
splitting tensile strength, flexural strength and water absorption when seaweed is added into the 
mixture. The seaweed species used in this study is from the Eucheuma Cottoni and in powdered form. 
The seaweed species is gradually added into the concrete mixture in stages of 0.1%, 0.25%, 0.5%, 
1.0% and 5% from the weight of cement. The findings show that concrete with the powdered 
Euchema Cottoni increases the compressive, splitting tensile and flexural strengths for an optimum 
mix composition of 0.25%. This innovative material is an alternative to existing concrete mixture and 
will become green construction material for sustainable concrete  

Keyword : Seaweed; Eucheuma Cottoni ; concrete; mechanical properties 

 

1.0 Introduction 

Seaweed, a rich source of vitamins, minerals and other vital material is used in this 

study to improve the strength of concrete. Seaweed is known to have effective gelling and 

thickening properties, and because of this when it is added into other cementitious materials 

may improve the bonding mechanism. Seaweed when is added together with cement, will 

improve the performance by filling the porous areas in the cement-based mixture. This study 

proposed the use of sustainable material in concrete in order to improve the quality and at the 

same time improved the performance in the long-term. 
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In construction, cracking in concrete is the main reason for the decreasing service life 

of a structure. Therefore, it is advisable to restrict the development of early age micro-

cracking from appearing before developing into larger macro-crack. This prevention step 

must be taken to avoid higher cost required for repairing work. One of the methods that can 

be used to confine early development of micro-cracking is to increase the strength of 

concrete through the use of appropriate additives. 

The east coast of Peninsular Malaysia and west coast of Sabah and Sarawak waters in 

border to the South China Sea is rich with marine algae resources. A total of 364 taxa of 

marine algae (seaweeds) were reported to come from the South China Sea area of Malaysia 

(Phang et. al. 2010). Seaweed (algae), which is a rich source of minerals, vitamins and other 

vital materials, has been used in this study to improve the properties of cement-based mortar. 

The natural polymer modified mortar is expected to perform as an excellent bonding 

mechanism to improve the strength and enhanced the durability of concrete. These are the 

key factors for concrete to achieve sustainability. Seaweed provides the advantage as 

emulsifier, suspensor, condenser and stabilizer (Retno Susilorini et.al., 2014). Algal 

precipitate is a rich source of calcium, silica and carbonate material. The compressive 

strength of the test specimen of 10% and 20% cement replacement  with algal precipitate was 

found  to increase to that of the control specimens (Niveditha et.al., 2014). Seaweed was also 

used in the development of unfired brick. According to Dove (2014) who conducted a study 

on renewable materials in the United Kingdom, found that it can help to improve the whole 

life cycle impact of buildings. Previous study also found that seaweed has rheological 

properties that act as a gel and thickening agent. This properties may perform as epoxy resin 

to bind composite materials such as concrete (Barros et.al., 2013). Furthermore, the 

characteristics of seaweed that are group into polysaccharide (containing Kappa 

Carrageenan) potentially act as a strong gel when added together in concrete. Polysaccharide 

is a bio-polymer extracted from plants. It is used as cement admixtures and provides several 

advantages as bonding properties to mortar. Polysaccharide gums in cement paste system 

have a significantly higher effect on the viscosity at low shear rate than at higher shear rate. 

(Ghio, Monteiro, & Demsetz, 1994) 

Malaysia is also rich with seaweed species such as Kappaphycus Alverazii. Based on 

its variety of usage, seaweed industry can provide opportunity towards commercialization. At 

the same time, the industry can create jobs and improve the socio-economic of the farming 

community. 
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The study on seaweed in the concrete is still new and only few findings are available. 

Furthermore, the findings by other researcher are still at the fundamental stage (Suhendro, 

2014). However, test results on its potential as binding agent is remarkable as reported by 

Dove (2014) and Barros (2013). Therefore, this study will provide conclusive findings on the 

potential of seaweed in concrete for its mechanical properties (compressive strength, tensile 

strength, flexural strength, water absorption and micro-structure). The test results from the 

experimental work will be used to determine the optimum dosage of seaweed in concrete. 

 

2.0 Materials and Methodology 

2.1 Materials and Mix Composition 

The main materials used in this study are concrete and seaweed. The seaweed species 

used is of the Eucheuma Cottoni as shown in Figure 1, which contained cellulose of 

polysaccharide Kappa Carrageenan. Kappa Carageenan which is extracted from Eucheuma 

Cottoni is supplied by a manufacturer in powdered form from Tawau, Sabah. Figure 2 shows 

the powdered form of Kappa Carrageenan. In order to identify the characterization of Kappa 

Carageenan precipitates, Energy Dispersive X-Ray Analysis (EDX) and Scanning Electron 

Analysis (SEM) is first carried out on the seaweed in powdered formed as shown in Figure 2. 

 

 

 

 

 

 

Figure 1 Seaweed species of the Eucheuma 
Cottoni in its natural surrounding  

Figure 2  Kappa Carrageenan in powdered 
formed 

 
In this study, the concrete strength is designed to achieve 35 MPa at 28 days, while the 

percentage of seaweed to be added in the mixture is 0% (control), 0.1%, 0.25%, 0.5%, 1% 

and 5% of the cement weight. 
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2.2 Specimens and Testing Method 

The specimen used to determine the mechanical properties of seaweed added in 

concrete are as follows: 

(a) Cubes of 150 mm width × 150 mm length × 150 mm height for the compressive 

strength 

(b) Cylinders of 100 mm diameter × 200 mm height for the splitting tensile strength, and 

(c) Prisms of 100 mm width × 100 mm height × 500 mm length for the flexural strength. 

For each testing, three specimens are prepared to ensure the validity of the test results. The 

compressive strength test was carried out at 1, 7, 14 and 28 days, while the splitting tensile 

test was carried out at 7, 14 and 28 days. As for the flexural strength test, it was only carried 

out on the 28 days. The procedures for each test are shown in Figure 3. Curing of all test 

specimens are carried out until the test day as shown in Figure 3(b). Fresh concrete properties 

of all the mixes are measured using the slump test method in accordance with BS EN 12350-

2: 2009. Meanwhile, in order to determine the hardened concrete properties, compressive 

strength, splitting tensile and flexural strength is carried out in accordance with BS EN 

12390-3: 2009, ASTM C 496/C 496M–04 and BS EN 12390-5: 2009, respectively. 

 

 

 

 

(a) (b) 
  

(c) (d) 
 
Figure 3 (a) Compressive strength test, (b) Splitting tensile test, (c) Flexural strength test, and 

(d) Curing of all test specimens 
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3.0 Result and Discussion 

 

3.1 Characterization of Kappa Carageenan Precipitates 

Energy Dispersive X-Ray Analysis (EDX) results shown in Figure 4 indicate the 

presence of Carbon, Oxygen, Sodium, Magnesium, Aluminium, Silicon, Pottasium, Calcium 

Ion and Copper in the seaweed powder precipitate with predominant peak at 2θ (Bragg’s 

angle). Meanwhile, Scanning Electron Analysis (SEM) has revealed the shape and structure 

of precipitates as shown in Figure 5. At the magnification of 500×, the results from the SEM 

show that the width diameter of the Kappa Carageenan is 8.4 mm. The shape and structure of 

the precipitates shown in Figure 5 also found that it have similarity to polysaccharide gum 

and natural polymer. 

 
Figure 4 Energy Dispersive X-Ray Analysis (EDX) of Kappa Carageenan 

 
Figure 5 Scanning Electron Analysis (SEM) of Kappa Carageenan 
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3.2 Mechanical Properties of Modified Concrete with Seaweed 

The compressive strength of the modified concrete with seaweed from 24 hours (1 

day) and up to 28 days of curing for the 6 mix compositions including the control is observed 

in this study. The highest compressive strength after 24 hours (1 day) is achieved by the 0.1% 

mix (19.02 MPa) as shown in Figure 6, showing a 50% increase from the control strength.   

Meanwhile, the highest compressive strength at 7 days is found for the 0.1% mix at 39.7 MPa, 

while the lowest is the 5% mix at 12.1 MPa. The strength for the 0.1% mix shows that it is 

41.3% higher than the targeted strength of 23.33 MPa (2/3 of the 28 days strength of 35 MPa). 

Furthermore, the strength development also shows that the 0.1% is even higher than the 

control mix at both 24 hours (1 day) and 7 days; an increase of 11.8% and 11.6%, 

respectively. This shows that the 0.1% mix has good early strength development as compared 

with the other mixtures. Meanwhile, at 14 and 28 days, the highest compressive strength is 

achieved for the 0.25% mix at 43.7 MPa and 47.1 MPa, respectively. At 28 days, the 0.25% 

mix shows a strength increase of about 16.7% from the control. Furthermore, the 0.25% mix 

has the highest compressive strength at 28 days as compared with the other mix. The 

compressive strength development of the 0.1% and 0.25% mixes gradually increases at 1, 7, 

14 and 28 days. On the other hand, the 0.5%, 1% and 5% mixes showing a lower 

compressive strength development even though there is an increase pattern between 7, 14 and 

28 days. The study also found that the lowest compressive strength is observed for the 5% 

mix, regardless of the day of testing from 24 hours (1 day) up to the 28 days of curing. The 

result of the experiment test suggested that high dosage of seaweed composition (1% and 5%) 

will not give great improvement on the bonding mechanism in order to increase the 

compressive strength. Referring to the relationship in Figure 6, the findings can be concluded 

that the specimen of modified concrete with seaweed is almost consistent when measured on 

its compressive strength. 
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Figure 6 Compressive strength of modified concrete with seaweed at 1, 7, 14 and 28 days 

 

Concrete is excellent in compressive strength but not good in tensile strength, 

therefore, the influence of seaweed powder is expected to improve for the splitting tensile 

strength. From the relationship in Figure 7, the 0.1%, 0.25%, 0.5% and 1% mixes of the 

splitting tensile strength at 7 days shows an increase as compared to that of the control. 

However, for the 5% mix, similar pattern is observed to that of the compressive strength 

showing the lowest splitting tensile test at all test day (7, 14 and 28 days). At 14 days, only 

the 0.25% and 0.1% mixes show an increase in the splitting tensile strength as compared with 

the control. The relationship in Figure 7 also shows a consistent strength increase at 7, 14, 28 

days for the 0.25% mix, which is also higher than the control; therefore the 0.25% mix can be 

considered as the optimum percentage mix for the modified concrete with seaweed in terms 

of its splitting tensile strength. As the same finding from the compressive strength, high 

percentage dosage of seaweed in concrete (0.5 %, 1% and 5%) will not provide great 

improvement on its splitting tensile strength. 
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Figure 7 Splitting tensile strength of modified concrete with seaweed at 7, 14 and 28 days 

 

The flexural strength on modified concrete with seaweed at 28 days for the 5 mix 

compositions and one control are shown in Figure 8. The highest flexural strength at 28 days 

is achieved for the 0.25% mix at 3.44 MPa. The result shows a 3.5% increase of its flexural 

strength from the control. Furthermore, the findings also found that adding too much seaweed 

can cause weakness to its bonding mechanism, which in time reduced the flexural strength. 

For example, a 5% mix of seaweed in concrete causes a decreased by more than 50% of its 

flexural strength as compared to that of the control. 

 

Figure 8 Flexural strength of modified concrete with seaweed at 28 days 

3.3 3.3
3.4

3.2 3.0

1.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Control 0.10% 0.25% 0.50% 1% 5%

Fl
ex

ur
al

 st
re

ng
th

 (M
Pa

)

  

7 14 28 

30



One of the important properties of good quality concrete is low permeability. 
Generally, a concrete with low permeability resists ingress of water. Water enters pores in the 
cement paste an even in the aggregate. High water absorption will decrease the concrete 
strength. The results of water absorption test conducted on the specimens at 28 days are 
presented in Figure 9. Generally, water absorption rate for all mixes is low as compared with 
the control. The results show that the absorption rate is 6.7% for the control, while the other 
mixes with seaweed are in the range of 5.36% – 6.68%. This shows that the mix with 
seaweed in concrete does not cause high rate of water absorption. 

 

 

Figure 9 Water absorption test results of modified concrete with seaweed at 28 days 

 

4.0 Conclusion 

 

Experimental work had been carried out to study the mechanical properties of 

concrete with seaweed. The percentage of seaweed added in the concrete mixture is in the 

percentage of 0.1%, 0.25%, 0.5%, 1% and 5%. The findings from the test results show that 

concrete with Euchema Cottoni increases the compressive, splitting tensile and flexural 

strengths with optimum mix composition of 0.25% from the weight of cement. Concrete with 

seaweed is an alternative to existing concrete mixture in order to develop green construction 

material for sustainable concrete. 
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Abstract: To investigate the tensile strength for brittle materials, diametrical 
compression test has been used widely because of its convenience. Generally, the 
applied load on diametrical compression test is assumed as a pair of concentrated 
force to obtain the tensile strength. However, the contact areas arise between the 
loading platen and specimen in the fact. In addition, it is observed that these 
contact areas increase as the value of force increases during the test. Previous 
studies show that these contact areas affect the value of tensile stress arising on 
the loading radius. Therefore the applied load should be treated as distributed 
load on the contact area to obtain the tensile strength using diametrical 
compression test. In this study, the shape which consists with uniform loading at 
the center and cosine curve at both edges is proposed as distribution of load on 
the contact area. Under this distribution of load, calculations are carried out for 
not only isotropic but also circular specimens using theoretical solution. And 
some numerical results for deformation of specimen and distribution of tensile 
stress on the loading radius are shown in graphical representation and compared 
with some result shown in previous studies. Furthermore, this assumption by 
authors is verified with these results.  
 
Keywords: Diametrical Compression test, Boundary condition, Distribution of applied load, 

Deformation, Tensile stress on loading radius 
 
1.0  Introduction  
 
Diametrical compression test (also termed as indirect tensile strength test) is a method 
for measuring tensile strength of a brittle material like rocks. The test is performed by 
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placing a disc-shaped sample (disc thickness twice its diameter) in between two rigid 
platens. Compressive load is applied via steel platen which is in contact with the sample. 
Since tensile strength of brittle material is much smaller than its compressive strength. 
Therefore, the brittle material fails under tensile manner, usually in the form of vertical 
diametrical fracture. The test induces a biaxial state of stress in which the stress at the 
center of the circular plane is compressive in x-direction (σx), and tensile in y-direction 
(σy). Theoretically, for an isotropic material, the tensile stress reaches a maximum at a 
constant magnitude of P/(πa), where P represents the applied load and a represents the 
radius of the circular plane (Sokolnikoff, 1956).  
Several attempts have been seen for modeling. Cauweleart et al. (1994) obtained a 
solution using the theoretical results for a semi-infinite plate under concentrated force. 
The theoretical solution for orthotropic specimen under concentrated force was shown 
by Claesson and Bohloli (1998), Exadaktylos (2001) and Exadaktylos and Kaklis (2001). 
The theoretical solution under uniform radial load distributed on whole contact area was 
shown and were compared with the result from some experiments by Chen et al. (1998) 
and Markides et al. (2010). Analytical models using finite element were used by 
Lemmon and Blackketter (1996) to evaluate the distribution of tensile stress for 
diametrical compression test. The contact area between the specimens and two loading 
platens was set at 2, 4 and 8% of the circumference of the specimen with uniform 
loading whose direction is same as loading applied to the platens. The results of this 
study are in agreement with the theoretical model, using orthotropic stress functions 
under the same conditions, as proposed by Tsutsumi & Hirashima (2000). The results 
show that the tensile stress generating near the loading platens is influenced by the 
contact area between the loading platens and the specimen. For isotropic materials (i.e., 
with material properties that are uniform along each axis), the maximum tensile stress 
generates at the center of disk when the contact area increases. For orthotropic materials, 
the maximum tensile stress also generates at the center of circular plane when the angle 
of the principal material direction to the loading direction is close to π/4. And the 
maximum value is almost constant regardless of the contact area. On the other hand, the 
maximum tensile stress generates near the loading platen decreases with increasing 
contact area, when the angle between the principal material direction and the loading 
direction is small. The latter shows that that contact area has a significant influence on 
tensile strength measurements. 
In previous studies, the distribution of stresses applied on the loading platens was 
assumed to be uniform. In reality, the maximum applied stress seems to generate at the 
center of loading platens, and decreases as the distance from the center increases. 
Eventually, the applied load seems to disappear at the edges of the contact area. In order 
to satisfy this boundary condition on the contact area, the cosine curve was adopted as 
the distribution of loading applied on loading platens in a theoretical model for 
diametrical loading test by authors. The distribution of tensile stress on the loading 
radius under this loading is similar to that under uniform loading (Tsutsumi and Kukino, 
2015). However, maximum value of displacement occurring at the center of the loading 
platens does not agree with the results from experiments (Kukino and Tsutsumi 2014). 
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In this study, the proposed theoretical stress distribution consists of a uniform load at the 
center and cosine curve at both ends of the contact area between the sample and the 
platens. Under these loading conditions, calculations are carried out using theoretical 
solution. The specimens used are isotropic or orthotropic, homogeneous, continuous and 
without any micro-cracks. The elastic solution using boundary condition proposed in 
this study is used to obtain the deformation of specimen’s surface around the loading 
platen and the distributions of tensile stress on the loading radius for the isotropic or 
orthotropic circular plane. 

 
 

2.0   Fundamental equations  
 
In this paper, the problem of the application of opposing concentrated loads P to the 
diametrical axis of an orthotropic column specimen of radius a is treated as shown in 
Figure 1; Here, ϕ is the angle between the loading axis and the principal elastic axis, and 
E1 and E2 are the respective elastic moduli in the direction of the principal elastic axis.  
By denoting the loading axis as x, and the perpendicular direction in the plane of the 
loading axis as y, the following equations representing the resultant forces on surface Xn 
and Yn, going anticlockwise from the x-axis in the x and y directions, on the boundary 
circumference of a column-shaped specimen, which are related to stress components σx, 
σy and τxy are obtained: 
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Figure 1: Orthotropic circular disk under diametrical compression 

 
The stress components σx, σy and τxy, and the displacement components ux and uy are 
expressed by the following (Lekhnitskii, 1968). 
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Here, Re denotes the real part of the complex functions in brackets. 　′   means the first 
derivative of Φk(zk)  with respect to zk. 
The integral calculi about resultant forces for the x-directions and y-directions on the 
surface are expanded as Fourier series with M terms, as follows: 
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Here, the bar denotes the complex conjugate. αm and βm for the problem in this paper are 
determined in the next section. 
The complex stress functions for an orthotropic circular plate with radius a are expanded 
as the series expressed below (Lekhnitskii, 1968): 
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Here Pkm(zk) (k=1,2) is a power series of the m-th order and is expressed by the 
following equation. 
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where, µk are the roots of the characteristic equation. 

36



 

 
( ) ( )7.0222 2226

2
6612

3
16

4
11 =+−++− aaaaaa µµµµ  

 
aij (i, j=1, 2, 6) represents elastic compliances for plane stress condition. The complex 
variable zk and power series Pkm(zk) are represented on the cylindrical boundary as 
follows: 
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By using the complex functions Φk(zk), the integral calculi on resultant stresse are 
expressed as follows: 
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By substituting Eq. (8) into Eq. (4), and obtained equations into Eq. (9), the equations 
for assigning the resultant stress on the boundary are obtained. Furthermore, the 
coefficients of the corresponding terms of e imθ and e-imθ (1≤m ≤M) are compared with 
each other, resulting in the following equations: 
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For the case of m = 1, there are only three equations for the four unknown quantities of 
the real and imaginary parts of A1 and B1, respectively, so these equations are unsolved. 
For this reason, the condition that the rigid body rotation is zero is additionally 
introduced, resulting in the following equation (Kawakubo et al., 1996) 
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By adding Eq. (12) to Eq. (10), A1 and B1 can be obtained completely. 
 
 
3.0  Results and Discussion 
 
In this paper, the shape which consists with uniform loading at the center and cosine 
curve at both edges is proposed as distribution of load on the contact area ω/2. As shown 
in Figure 2, from center of loading platen, the uniform loadings whose width is w1/2 are 
applied on both side. While, from both edge of uniform loading, cosine shaped loadings 
whose width is w2/2 are applied on both side and loading is disappeared on the edge of 
contact area. 
In this study, two sets of width shown in Table 1 are applied. Namely, 50% of 
contact area is covered with uniform loading in Case 1, 75% is in Case 2. 
 

Table 1: Proportion of loading on boundary condition 
  Width of uniform loading w1/2 Width of cosine shaped loading w2/2 

Case 1 ω/8 ω/8 

Case 2 3ω/16 ω/16 

 

 
Figure 2: Boundary condition in this study 
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Fourier coefficients in Eq. (4) are expressed as shown in Eq. (14) for this problem. 
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bm are able to be obtained through Fourier integral. The first equation in Eq. (4) is an 
odd function in this problem. Therefore, Fourier sine transform is able to be adopted for 
this problem. Furthermore, the first equation in Eq. (4) is able to be treated between 0 
and π/2 because this equation is symmetry about the axis expresses the value of 
integration for resultant force. The Fourier integral for Case 1 is shown in Eq. (15). 
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The right side of Eq. (15) is calculated into Eq. (17). 
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The Fourier integral for Case 2 is shown in Eq. (19). 
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Eq. (19) is also calculated into Eq. (17). For Case2, Constants in right side of Eq. (17) 
are shown in Eq. (21). 
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4.0   Results and discussion 
 
4.1    Boundary conditions 
 
Figure 3 and Figure 4 show the relationship between the integral calculi about resultant 
force for the x-direction along the surface in the longitudinal axis and the number of 
terms used in Eq. (4) in the transverse axis. Number of terms M=20, 30, 50, 70 and 100 
are used in these figures. It is observed that the convergence and the accuracy are 
improved as number of terms increases for each contact area. It is also seems that the 
convergence is faster as contact area is larger in both case. Table 2 shows the maximum 
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error causing on the surface that shows constant values of integral calculi about resultant 
force. It is observed that the maximum value decreases as the number of terms increases 
except the interval from M is from 50 to 70 when contact area is 4%. Fracture happens 
under contact area from 4.4 to 5.1% in Tage stone and 6.4% in cement modified soil 
(Aono et al. 2012). Therefore, calculations are carried out for contact area 4% and 8% in 
this paper and M=70 is adopted to obtain the enough accuracy. 
 
 
 
 
 
 
 
 
 

(a) Contact area 2%                                                (a) Contact area 2% 
 
 
 
 
 
 
 
 

(b) Contact area 4%                                                (b) Contact area 4% 
 
 
 
 
 
 
 
 

(c) Contact area 8%                                                (c) Contact area 8% 
Figure 3: Boundary condition under Case 1           Figure 4: Boundary condition under Case 2 

 
4.2    Locus of deformation on the surface 
 
Figure 5 and Figure 6 show the locus of deformation obtained from present result on the 
surface of disk around loading platen. Fig. 5 shows under Case 1, namely uniform 
loading covers on 50% of contact area. Fig. 6 shows under Case 2, namely uniform 
loading is covers on 75% of contact area. The locus of deformation is also obtained for 
uniform loading covering on whole contact area as shown in Fig. 7, and for concentrated 
force as shown in Figure 8. Figure 9 shows the locus of deformation obtained under uniform  
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Table 1: Error due to number of terms 
(a) Case 1                                                           ( b) Case 2 

 
 
loading covering on whole contact area. These figures show for the both case of contact 
area 4% and 8%. Furthermore, Figure 10 shows the locus of deformation obtained under 
concentrated force. The locus of deformation is shown at every one degree in the width 
of 20 degrees from the center of loading platen. The value of locus in each figure is 
multiplied by 0.05E1a/P to draw these loci in this figure. In present results, the shape 
under loading platen appears flat surface after deformation. In addition, the deformation 
arises in the direction of loading under loading platen. While, the maximum value of 
locus arises at the center of loading platen under uniform loading though not clear. 
Under concentrated loading, the maximum value of locus arises at the center of loading 
platen and deformation arises to the center of contact area obviously. In all figures, the 
dent appears under contact area, namely, displacement within the contact area is larger 
than that around. However, it is common knowledge that any dents don’t appear in 
actual behavior. Therefore, the results from these calculations are different from the 
actual behavior of specimen in diametrical loading test using flat loading platens. 
Although, it seems that the results from present study are more accurate than results 
from uniform loading covered with whole contact area or concentrated loading. In these 
studies, any tangential stresses generating along the loading platen are not taken account 
into. To improve the accuracy of study by authors, the theoretical model for tangential 
stresses generating along the loading platen, like the work by lavrov (2002), will be 
required. 
 
4.2    Locus of deformation on the surface 
 
Figure 5 and Figure 6 show the locus of deformation obtained from present result on the 
surface of disk around loading platen. Figure 5 shows under Case 1, namely uniform 
loading covers on 50% of contact area. Figure 6 shows under Case 2, namely uniform 
loading is covers on 75% of contact area. The locus of deformation is also obtained for 
uniform loading covering on whole contact area as shown in Figure 7, and for 
concentrated force as shown in Figure 8. Figure 9 shows the locus of deformation 
obtained under uniform loading covering on whole contact area. These figures show for 
the both case of contact area 4% and 8%. Furthermore, Figure 10 shows the locus of 
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deformation obtained under concentrated force. The locus of deformation is shown at 
every one degree in the width of 20 degrees from the center of loading platen. The value 
of locus in each figure is multiplied by 0.05E1a/P to draw these loci in this figure. In 
present results, the shape under loading platen appears flat surface after deformation. In 
addition, the deformation  
 
 
 
 
 
 
 
 
 
 
 

(a) Contct area 4%                                         (b) Contact area 8% 
Figure 5: Locus of deformation on surface under Case 1 in present study 

 
 
 
 
 
 
 
 
 
 
 
 
 

 (a) Contct area 4%                                         (b) Contact area 8% 
Figure 6: Locus of deformation on surface under Case 2 in present study 

 

 
Figure 7: Scheme of uniform loading on whole contact area  

 

y 

x 

P P 

a 

ω/2 ω/2 

x/a 

y/a 

Contact Area 

Case 1 
E2/E1=0.98(Isotropy) 
Contact Area 4% 

y/a 

Contact Area 

x/a 

Case 1 
E2/E1=0.98(Isotropy) 
Contact area 8% 

x/a 

y/a 

Contact Area 

Case 2 
E2/E1=0.98(Isotropy) 
Contact Area 4% 

Contact Area 

x/a 

y/a 
Case 2 
E2/E1=0.98(Isotropy) 
Contact Area 8% 

45



 

 
Figure 8 Scheme of concentrated loading 

 
 
 
 
 
 
 
 
 
 
 
 

(a) Contct area 4%                                         (b) Contact area 8% 
Figure 9 Locus of deformation on surface under uniform loading 

 

 
Figure 10: Locus of deformation on surface under concentrated force 

 
arises in the direction of loading under loading platen. While, the maximum value of 
locus arises at the center of loading platen under uniform loading though not clear. 
Under concentrated loading, the maximum value of locus arises at the center of loading 
platen and deformation arises to the center of contact area obviously. In all figures, the 
dent appears under contact area, namely, displacement within the contact area is larger 
than that around. However, it is common knowledge that any dents don’t appear in 
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actual behavior. Therefore, the results from these calculations are different from the 
actual behavior of specimen in diametrical loading test using flat loading platens. 
Although, it seems that the results from present study are more accurate than results 
from uniform loading covered with whole contact area or concentrated loading. In these 
studies, any tangential stresses generating along the loading platen are not taken account  
into. To improve the accuracy of study by authors, the theoretical model for tangential 
stresses generating along the loading platen, like the work by lavrov (2002), will be 
required. 
 
4.3    Tensile stress generating on the loading radius  
 
Figure 11 shows the comparison the distribution of tensile stress on the loading radius in 
isotropic specimen (E2/E1=0.98) between from present result, under uniform loading and 
concentrated force. The longitudinal axis means the normal stress to loading direction. 
This stress is normalized by the tensile strength for isotropic disk P/(πa) shown in the 
specifications (Ulusay & Hudson, 2007). The transverse axis means the distance from 
center of the disk. This distance is also normalized by length of specimen’s radius a. The 
uniform distribution of tensile stress appears under concentrated force that is used as the 
standard of measurement for tensile strength (Ulusay & Hudson, 2007). On the other 
hand, the maximum value of tensile stress appears at the center of specimen at first, the 
value of tensile stress decreases gently as the distance from center of specimen x/a 
increases secondly, decreases suddenly near the loading platen at last under Case 1, 
Case 2 and uniform loading covering on whole contact area. Almost same distribution of 
tensile stress appears under Case 1, Case 2 and uniform loading covering on whole 
contact area when the contact area is 4%. When the contact area is 8%, the tensile stress 
decreases suddenly at x/a is about 0.5 under Case 2 and uniform loading covering on 
whole contact area, while that happened at x/a is about 0.7 under Case 1. 

 
(a) Contct area 4%                                         (b) Contact area 8% 
Figure 11: Tensile stress on the loading radius in isotropic specimen  
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for orthotropic specimen (E2/E1=1.5). Figure 12 shows when ϕ=0, namely the loading is 
carried out in softer axis. Figure 13 shows when ϕ=π/2, namely the loading is carried 
out in harder axis. Figure 14 shows when ϕ=π/4, namely the loading is carried out in the 
intermediate direction between harder and softer axis. When the loading direction is in 
principal elastic axis (i. e. ϕ=0, π/2), the obvious maximum value appears near the 
loading platen under concentrated force. While the maximum value appears at the 
distance from center of specimen x/a is about 0.7 under Case 1, Case 2 and uniform 
loading covering on whole contact area when the contact area is 4%. Furthermore, 
uniform distribution appears between x/a=0 to about 0.6, and the maximum value 
doesn’t appear when the contact area is 8%. In all these figures, the value of tensile 
stress generating near the loading platen under concentrated force generating is largest, 
and those under other loadings are almost same. As shown in Figure 10, the obvious 
maximum value of displacement generate under concentrated force and this 
displacement is far different from the actual behavior in diametrical loading test using 
flat loading platen. Therefore, it seems that the distributions of tensile stress obtained 
from distributed load on loading platen are more reliable, especially near the loading 
platen. 
When the loading is carried out in softer axis (ϕ=0), the value of maximum tensile stress 
is about 1.0 for 4% of contact area and about 0.95 for 8%. Therefore, the method to 
obtain the tensile strength for isotropic specimen is available in this loading direction 
and orthotropy ratio. When the loading is carried out in harder axis (ϕ=π/2), the tensile 
stress generating on the loading radius is smaller than that in softer axis because the 
deformation under loaded in harder axis is smaller than that in softer axis. The value of 
maximum tensile stress is about 0.82 for 4% of contact area and about 0.76 for 8%. 
Therefore, the tensile strength is estimated about 80% for the value obtained from the 
method for isotropic specimen.  
When the loading is carried out in the intermediate direction between harder and softer 
axis, the maximum value of tensile stress generates at the center of specimen (i. e. 
x/a=0). Therefore, the tensile strength is estimated about 120% for the value obtained 
from the method for isotropic specimen. 
 
 
5.0 Conclusion 
 
Previous studies either used point, uniform or cosine shaped loading as boundary 
conditions for theoretical models for stress distribution in diametrical loading test. The 
present study adopts combination of loading consists of cosine shape and uniformly 
distributed load to satisfy the boundary conditions at the contact area between specimen 
and loading platens. At first, the boundary condition is verified using the proposed 
theoretical model and the number of terms in Fourier Series is set to 70 to obtain the 
adequate accuracy in calculation. Secondly, locus of deformation around the loading 
platen is shown in isotropic specimen and compared with some results from previous 
studies. It is shown that the flat deformation appears along the surface of loading platen  
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(a) Contct area 4%                                         (b) Contact area 8% 
Figure 12: Tensile stress on the loading radius in isotropic specimen  

 
 
 

 
(a) Contct area 4%                                         (b) Contact area 8% 
Figure 13: Tensile stress on the loading radius in isotropic specimen  

 
 
 
and the deformation of surface of specimen under the loading platen appears in the 
loading direction in present study. At last, the distributions of tensile stress along 
loading radius are calculated for selected orthotropy ratio, directions and contact areas, 
and compared with some results from previous studies. It is shown that the value of 
tensile stress generating near the loading platen in the result from present study, that is 
almost same as that from uniform loading on whole contact area, is smaller than that 
from concentrated force. Furthermore, the maximum value of tensile stress in 
orthotropic specimen from present study is almost same as that in isotropic specimen 
when loading is carried out in softer axis, and smaller than that when in harder axis and 
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larger than that in intermediate direction between softer and harder axis. 
In these studies, any tangential stresses along the surface of loading platen or specimen 
are not taken account into. To establish the theoretical model for these tangential 
stresses and superpose on the theoretical model proposed in this study are future work 
for authors. 
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Emerging trend of using waste materials in soil stabilisation has been considered in present days. 
Currently, the use of coarser fraction of Demolished Concrete Material (DCM) has been used as 
a recycled aggregate in pavement construction but finer fractions are being left out still as a 
waste material. Hence, in the present study, efforts have been made to utilize these fines obtained 
from DCM as a soil stabilizer for improving the properties of Marine Clay to form the basis of a 
strong and reliable foundation for construction. Testing programme involves the determination of 
basic and engineering properties with and without various addition of DCM (5%, 10% and 15%) 
at curing periods of 0, 7, 28 and 60 days, respectively. The result shows that the strength of 
treated Marine clay increases with the increasing of DCM contents as time prolonged, which 
indicates the possibility of  re-utilization of DCM in stabilising Marine clay.  
 
Keywords: Demolished Concrete Material (DCM), Marine Clay, Strength 
 
 
1.0 Introduction 
 
Nowadays, the rapid development of a vigorous city in the world is inevitable while its influence 
to the land use proportion is a subject matter. It is undeniable that an array of expected problems 
such as the construction waste issue, distraction of land use, and the challenges of environmental 
sustainability will appear. On of them is the presence of unsuitable soil at the constuctions’ 
particular area which then results in the unstable high rise building or  failure for  road 
pavements (Zhao et al.,2016 and Marto et al., 2016). Marine clay is considered as one of the 
problematic soils due to its poor soil properties and low unconfined compressive strength 
( Tanaka et al., 2001, Mohd Yunus et al., 2012, Al-bared, 2017). Therefore, lieu of  this issue, 
soil stabilization is vital prior to any marine construction activities (Saeed et al,. 2013). Based on 
(Kumar et al., 2015) the process of soil stabilization helps to achieve the target properties of  soil 
needed for the completion of construction activities. This is supported by ing (Hall, 2012), 
stabilising the soil for diverse landuse applications definitely helps in improving the soil strength, 
it is also more economical and gives better adjustments to the soil such as to its texture and 
durability.There are many additives which can be used in order to achieve soil stabilization 
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method including by recycling any waste materials (Sivrikaya et al, 2014; Modarres, 2015; 
Nosoudy, 2015).   

 
On the other hand, at the construction site, the main solid waste generated are gravel, 

concrete, asphalt, bricks, tiles, plaster, masonry, wood, metal, paper and plastics (Abu Eusuf et 
al.,2012). According to Ajzen (1991), generally it is estimated that approximately 10% to 30% of 
waste disposed off in landfill originates from construction and demolition activities particularly 
in Canada. In Malaysia, this stressful issue being studied and had been conducted regarding the 
breakdown of waste in the central and southern region of Malaysia, which 28.34% of the total 
waste generated was contributed by construction and industrial waste-stream (Begum et al. 2007). 
Based on Nagapan et al. (2013), among main types of construction waste generated are concrete 
(12.32%), metals (9.62%), bricks (6.54%), plastics (0.43%), woods (69.10%) and other waste 
(2%). Hence, it could be perceived that concrete has quite a number of waste as  ranked 2nd 
which is 12.32% behind woods waste which is 69.10%.   

 
It has been estimated that only 20% to 30% of construction and demolished waste are 

being recycled according to the Southeast Regional Environmental Finance Centre (Abu Eusuf et 
al., 2012). Moreover, out of the 76% of solid waste that are collected in Malaysia, only 5% is 
recycled with 95% of waste are dumped at landfills (Syed Haidir and Agamuthu, 2012). Based 
on this statistics, it shows that there is an alarming need to recycle and reuse demolished concrete 
materials (DCM). By recycling or reusing demolished concrete it could help minimize 
environmental pollution due to the abundance of construction waste in landfills. Other than that, 
by using DCM, it will support sustainability efforts which is one of the movements that 
Malaysian government is trying to implement. In other countries like India, Japan and Canada, 
the reuse of DCM  has been widely applied in various engineering field for years. For example, 
in India,coarse demolished concrete has been recycled to replace natural aggregate for sustainble 
subbase pavements (Radonjanin, 2010) while in Netherlands demolished concerete has been 
used for road construction also in coarse form (Husain and Assas, 2013; Hendriks, 2016). Eighty 
percent of coarse aggregate from any demolished buildings in Japan is being recycled for the 
new structure purpose as well as in renovation projects (Yee, 2012). However, based on review 
done by Kerni et al., 2015, there is no further research on the fines demolished concerete 
materials that has been yet discovered.  

 
Therefore, it is vital to conduct a primary study specifically in Malaysia prior to any new 

development projects in the oceanic area. In lieu of this and along with the desire to reduce 
overflows of construction waste, stabilizing the marine clay with crushed fines fractions of DCM 
is an alternative available in the Geotechnical applications. 

  
2.0 Materials and Testing Programme 
 
The main materials used for this study are natural marine clay and demolished concrete materials 
which then will be added at different percentages of 5%,10%,15%, respectively to the soil. All of 
the testing is carried out according to each material used with the preparation process which 
complies to BS 1377: Part 2 - 9: 1990. Each of the samples are then being cured for 7, 28 and 60 
days.  
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2.1  Marine clay 
 
The marine clay is obtained in the construction area of Nusajaya, Johor Bharu as shown in 
Figure 1. It was collected from the depth of between two and three metres. The clay obtained 
contained a lot of organic matter, was greenish black in colour and had undesirable smell. The 2 
mm marine clay used for test was air dried before any test had been conducted. The fresh and 
original marine clay deposited on the site was taken to the Geotechnical Laboratory of Universiti 
Teknologi Malaysia for further experimental works. Table 1 summarizes the properties of 
Marine clay used in this study while table 2 provides the chemical elements of marine clay 
according to Mohd Yunus et al,. (2012). 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 1: Deposited of marine clay at Nusajaya 
 

Table 1:The summarisation of marine clay properties 
 

Marine clay properties Value 
Natural water content 51.2 

Specific gravity 2.26 
Liquid limit 47.05% 
Plastic limit 23.92% 

MDD 1530 kg/m3 
Optimum moisture content 24% 

 
Table 2: Summary of chemical elemnts forming Marine Clay (After Mohd Yunus et al., 2014) 

 
 
 
 
 
 
 
 
 

Chemical elements Amount (%) 
Al 
Si 
K 
Ti 
Fe 
Mg 

13.67 
21.91 
2.02 
2.06 
5.11 
0.78 
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2.2 The demolished concrete materials 
 
Grade 30 demolished concrete blocks (as shown in Figure 2) were collected from the disposal 
site of Structural Laboratory, Faculty of Civil Engineering, Universiti Teknologi Malaysia. The 
demolished concrete was then being crushed and sieved up to 63µm for an efficient mix with the 
soil.  
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Gred 30 demolished concrete 
 
2.3  Specimen Preparation 
 
Soil samples which refer to marine clay were sieved through 2 mm mesh sieve in order to 
prepare samples for UCS. Distilled water was used during specimen preparation.  All samples 
were prepared using 95% of the maximum dry density (MDD) and the corresponding optimum 
moisture (OMC) content in order to treat the samples before failure. The volume of the mold at 
which the samples where compacted and the MDD were used as the reference during sample 
preparation. The predetermined values of DCM were measured to the dry mass of marine clay.  
Marine clay and DCM were mixed thoroughly and then distilled water was added and mixed 
until homogeneity was achieved. The mixing period did not exceed 5 minutes to make sure that 
there was no loss in water content. The mix designs of DCM were 5, 10, and 15% at which three 
UCS samples were prepared for each percentage to avoid errors during the test. The compaction 
mold was designed, in particular, to be used for UCS and Triaxil tests samples with height to 
diameter ratio of 2:1 and was made from stainless steel. The mixture of marine clay and tiles was 
compacted inside the mould (76 mm height and 38 mm diameter) using hydraulic jack machine. 
A stainless steel plunger was used to extrude the samples from the mould. Samples were 
trimmed to remove the extra soil and wrapped with several layers of cling film in order to 
preserve the water content. Samples were placed inside air tight plastic containers and stored for 
curing inside a controlled humidity chamber. The humidity chamber temperature was 27 ± 2 C° 
and the humidity was 97% ± 2%. Samples were cured for 7, 14 and 28 days before testing. 
 
3.0  Results and Discussion 
 
The results show the shear strength of both untreated and treated marine clay after 7,28, and 60 
days curing period with different percentage of DCM.  
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3.1    Unconfined compressive strength  
 
Effect of shear trength on marine clay treated with DCM was determined based on different 
curing periods and various addition of DCM contents. Table 3 summarizes the value of shear 
strentgh for both treated and untreated marine clay at 5%,10% and 15% of DCM contents after 
selected curing period. 
 

Table 3: Result of shear strength value with different curing period 

Curing period Percentage qu (kPa) 
Untreated 88.1 

0 days 5% 153.5 
10% 173.4 
15% 217.7 

 
7 days 5% 163 

10% 210 
15% 249.35 

 
28 days 5% 188.25 

10% 320.55 
15% 352.2 

 
60 days 5% 292.1 

10% 327.8 
15% 403.6 

   

 
 

Figure 3: Effect of curing period on shear strength of DCM treated marine clay 
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The results of the UCS tests carried out on DCM-treated marine clay at different curing periods 
are shown in Figure 3. It can be seen that strength increases with addition of demolished concrete 
materials  with a maximum value of 403.6 kPa in 60 days curing time. It can be seen also from 
Fig. 3 that the shear strength of all the treated specimens increases significantly compared to the 
strength of untreated Marine clay which is in agreement with previous study (Jain and Chawda,  
2016). Basically, strength increases with higher curing periods.  It has been found that, DCM can 
provide initial strength gained, where strength increased from 88.1 kPa to 153.5 with addition of 
5% DCM contents immeditely (i.e. 0 day) after mixing it with marine clay. However, slight 
increase in shear strength was observed at 7 curing days as compared to 0 day.  Significant 
increase in strength can be observed beyond 7 days for all of the specimen treated with DCM. 
Strength increased from (list the values at 7 days for all specimen at 5%, 10% and 15%) to (list 
the values at 28 days for all specimen at 5%, 10% and 15%) for specimens treated with 5%, 10% 
and 15% DCM content from 7 to 28 days, respectively. Investigation on strength development 
was continued at higher curing period of 60 days to observe long term stabilisation progress. 
Based on the result, it was found that, there was a slight increase in strength of specimens treated 
with 10% and 15%  strength compared to 28 curing days.  
 

 
Figure 4: Effect of different DCM content on shear strength  

 
The effect of DCM content on shear strength of marine clay is depicted in figure 4. There is a 
huge difference between untreated marine clay to 5% treated marine clay at 60 day curing time. 
It shows that at 60 day, the reaction between DCM and marine clay was getting better and helped 
in improving the marine clay strength even at 5%, as compared to other curing time. Other than 
that, the graph also illustrates that there is slightly diffrence between 5% DCM content and 10% 
DCM content for each curing period, which means, DCM acts more when more DCM contents 
are added.  
 
This is happening because the frictional interaction between the soil and DCM which correlates 
to the fact that waste materials, particularly demolished concrete materials act as an effective 
stabiliser for marine clay soil. DCM obviously shows that it can be a great stabiliser to the 
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marine clay even at only 5% DCM content added to the clay. Then, the cementitous agent 
present in the recycled concrete reacted well with the clay itself as more curing time allocated. 
Based on the graph, at 15% DCM content increases from 28 day to 60 day that eventually 
potrays the highest strength compared to other curing period yet, according to Rana et al. 2016, 
concrete has better cementatious agent as compared to other materials like aggregate and marble 
tiles. However, a little difference between the strength is due to the a slight difference of DCM 
content. There is no significant increase might due to the only 5% of DCM being added to each 
of the samples. This is because DCM is less distributed into the marine clay which then resulting 
in poor workability as the air void in marine clay is not fully covered by the DCM content. This 
is even common to other stabilisation process where the strength development requires more 
cement additives to enhance more compressive strentgh as discussed by (Cong et al., 2014).  
 
Table 4: Summary of percentage of strength gained within the specified curing time at different 

DCM content 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5: Strength gained at different curing period 

Curing 
period  

percentage Strength 
gained (%) 

0-7day 5% 10.73 
10% 41.54 
15% 35.93 

7-28day 5% 28.66 
10% 125.48 
15% 116.74 

28-60day  5% 117.877 
10% 17.25 
15% 58.34 
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Table 4 summarrizes the percentage of strength gained within the specified curing time at 
different DCM content. Based on figure 5, the maximum strength gained can be seen  from 7 to 
28 days and after 28 days. On the other hand, the strength starts to exhibits strength deduction as 
longer the curing time. It means that, in terms of curing time, demolished concrete materials 
require about 2 weeks to stabilise and react well with marine clay. However, different percentage 
of DCM potrays more strength increament. For example, at 5% DCM the strength shows 
consistence increment at each curing period. The results also show that the higher strength 
gained is at 10% of DCM within 7 to 28days of curing period. Slight strength increment is 
obviously gained at 15% of DCM content. 15% of DCM at 28days shows strength is then 
dropped from 116% to 58% at 60days. Hence, it can be considered that the DCM content works 
sufficiently with marine clay at 10% within 7 to 28 days curing time. After that, DCM  no longer 
reacts with marine clay and act as a filler.   
 
 
4.0   Conclusion 
 
In this study, the effect of demolished concrete materials on marine clay has been determined. 
The comparison was made between treated and untreated marine clay at different percentages of 
DCM content and at different curing periods. Based on the obtained result and performed 
analysis the following deduction can be drawn: 
 
1) Untreated marine clay resulted in considerably higher compressive strength than the 
corresponding untreated clay soil  
2) The higher the amount of DCM content is, the higher the strength of treated marine clay is. 
3) The highest increment of strength gained is at 10%. 
4) Thus, the optimum DCM content sufficiently efficient to stabilise marine clay is considered at 
10% DCM content after 7 to 28 curing days.  
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Abstract: Biological wastewater treatment technology is widely applied for several wastewater 
types (e.g. industrial, agricultural, and municipal wastewaters) in the world. Achieving high 
treatment efficiency requires well-developed microbial community structures to ensure pollutant 
degradation. However, comprehensive understanding of biological wastewater treatment 
mechanisms is prevented because a wide range of uncultured microorganisms is present in the 
wastewater treatment systems. In this study, we performed analysis of a total of 54 aerobic, 
anoxic and anaerobic sludge samples collected from 17 different wastewater treatment reactors 
by high-resolution 16S rRNA gene sequencing (> 1 million sequence reads from 54 sludge 
samples) to understand the distribution patterns of uncultured phyla in different wastewater 
treatment systems.  In doing so, we discover the ecological habitats of uncultured 10 bacterial 
phyla in biological wastewater treatment systems. We believe that the analyses we used in this 
study allowed us to evaluate not only the ecological distribution of uncultured microorganisms, 
but also microbial community development in biological wastewater treatment systems.  
 
Keywords: biological wastewater treatment system, uncultivated microorganisms, microbial 
community analysis, 16S rRNA gene sequencing, phylogenetic analysis 
 
 
1.0  Introduction  
 
Biological wastewater treatment systems are essential for the treatment of various types 
of wastewater. Activated sludge reactors, membrane bioreactors, and down-flow 
hanging sponge (DHS) reactors, all of which are types of aerobic wastewater treatment 
technology, are widely used and studied globally. Up-flow anaerobic sludge blanket 

61



(UASB) reactors are also widely used; these can treat higher quantities of organic 
loading, have lower energy requirements compared with aerobic systems, and provide 
energy recovery in the form of methane gas production (Sato et al., 2007; Kleerebezem 
et al., 2003). Recently, the UASB reactor has been applied to the treatment of low-
organic wastewater, psychrophilic wastewater, and wastewater that is toxic to 
microorganisms (Uemura et al., 2000; Lettinga et al., 2001; Veeresh et al., 2005). One 
disadvantage of UASBs is that a sludge-bulking phenomenon often occurs in the 
activated sludge and the UASB systems. The causative agent of this phenomenon might 
be filamentous bacterium. In particular, bacteria belonging to KSB3 and Anaerolineae 
are speculated to cause bulking, however, this mechanism remains unclear because these 
microbes are uncultivated (Yamada et al., 2007; Sekiguchi et al., 2001).  

To elucidate this phenomenon, microbial community analysis based on 16S rRNA gene 
sequences, such as PCR-cloning, denaturing gradient gel electrophoresis, and terminal 
restriction fragment length polymorphism have been performed (Sekiguchi et al., 1998; 
Liu et al., 1997; Muyzer et al., 1993). In recent advances, researchers have developed a 
next-generation DNA sequencer that can perform high-throughput DNA sequences (>1 
million reads per run). Researchers have used this latest technology to perform various 
types of microbial community analyses (Sundberg et al., 2013; Zhang et al., 2012). 
Additionally, these analyses have demonstrated that many kinds of uncultivated taxa are 
present in wastewater treatment sludge (Ye et al., 2011; Chouari et al., 2010).  

As a result of recent developments in molecular biology, many microbial genomes have 
been analyzed, and their physiological functions have been estimated. Rinke et al. (2013) 
analyzed 201 uncultivated microorganism genomes, including those of 20 uncultured 
phyla, and estimated the relationships of each phylum, such as DPANN superphylum 
(Rinke et al., 2013). Previous studies have completely constructed the genome of 
WWE1, the group that is detected at an abundance rate >12% in mesophilic anaerobic 
digesters (Chouari et al., 2005; Pelletier et al., 2008). These studies have suggested that 
this organism may perform amino acid fermentation or propionate degradation along 
with hydrogen-utilizing microbes. However, a complete understanding of biological 
wastewater treatment mechanisms, such as the removal of organics and nutrients, is not 
possible because of the presence of several uncultivated and unknown microorganisms 
(Rinke et al., 2013; Dinis et al., 2011). 

For this study, we analyzed a total of 54 aerobic, anoxic, and anaerobic sludge samples 
from 17 different reactors by 16S rRNA gene sequencing with the goal of understanding 
the distribution of uncultivated bacterial phyla in wastewater treatment systems. We 
then estimated environmental conditions of putative habitats based on distribution 
patterns. This study provides ecological information relevant to core microbial members 
and uncultured bacteria at the phylum level in biological wastewater treatment systems. 
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2.0 Materials and Methods 

2.1 Sludge sample collection and DNA extraction 

We collected wastewater treatment sludge samples from 17 wastewater treatment 
systems. We collected samples No. 1–16 from a pilot-scale UASB reactor that was 
treating municipal sewage at an ambient temperature (10–28°C) on different operational 
days (Days 91, 111, 167, 214, 255, 284, 335, 363, 379, 406, 421, 453, 537, 634, 699, 
and 747). The influent of the UASB reactor contained sulfate at a concentration of 40–
150 mgS·L-1 of sulfate from day 98. The chemical oxygen demand (COD) concentration 
was approximately 300 mg L-1. We collected samples No. 17–20 from a mesophilic 
digester that was treating rice husk (1000–2000 mgCOD·L-1) at days 1, 34, 48, and 66. 
The seed sludge of this reactor was mesophilic UASB granular sludge that was treating 
food-industry wastewater. We obtained samples No. 21–23 from different heights of a 
mesophilic UASB reactor that was treating rubber-industry wastewater (approx. 13,000 
mgCOD·L-1). Sample No. 24 was thermophilic multi-staged-(MS-)UASB granule that 
was treating alcohol distillery wastewater. We collected sample No. 25 from a MS-
UASB reactor that was treating molasses wastewater under thermophilic conditions 
(influent concentration: 17,000 mgCOD·L-1), and we collected sample No. 26 from a 
mesophilic UASB reactor installed before No. 25 for post-treatment processing. We 
obtained samples No. 27–30 from a full-scale mesophilic UASB reactor that was 
treating alcohol-producing wastewater (300–2500 mgCOD·L-1). This UASB reactor was 
recirculating DHS effluent for nitrogen removal before samples No. 29 and 30 were 
collected. We obtained samples No. 31–36 from an anaerobic/anoxic sequencing batch 
reactor (A2SBR) at days 2, 33, 89, 152, 207, and 244. The influent wastewater of this 
reactor was from a DHS reactor that was treating sewage, in which the 
carbon:phosphorus ratio was maintained at 25:1 with acetate (approx. 100 mg COD·L-1). 
We collected sample No. 37 from a sand filter that was treating the DHS effluent 
(sewage treatment) at an ambient temperature (10–28°C). We collected samples No. 38–
45 from different up-flow sludge blanket reactors that were treating marine aquarium 
water for nitrogen removal. We obtained samples No. 46 and 47 from methane-
oxidizing upflow fixed bed (UFB) sludge that contained nitrate and nitrite, respectively. 
We collected samples No. 48 and 49 from methane-oxidizing DHS sludge that 
contained nitrate and nitrite, respectively. Sample 50 was methane-oxidizing UFB 
sludge with ferric ion. We collected samples No. 51 and 52 from the top and bottom, 
respectively, of a DHS reactor installed after the UASB reactor (No. 21–23). We 
collected samples 53 and 54 from a DHS reactor that was treating mesophilic UASB 
effluent (No. 26). We performed DNA extraction using FastDNA Spin Kit for Soil (MP 
Biomedicals, Carlsbad, CA, USA), according to the manufacturer’s protocol. 

2.2 16S rRNA gene sequencing 

We performed a PCR reaction with a universal forward primer of Univ515F (5′-
GTGCCAGCMGCCGCGGTAA-3′) and a universal reverse primer of Univ806R (5′-
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GGACTACHVGGGTWTCTAAT-3′) (Caporaso et al., 2012). The PCR reaction was 
performed under the following conditions: initial denaturation, 94°C for 3 min; 
denaturation, 94°C for 45 s; annealing, 50°C for 60 s; elongation, 72°C for 90 s; final 
elongation, 72°C for 10 min (Caporaso et al., 2012). We purified the PCR products 
using QIAquick PCR Purification Kit (QIAGEN, Hilden, Germany). We performed 
DNA sequencing using the MiSeq reagent Kit v2 (500 cycles) and MiSeq (Illumina Inc., 
San Diego, CA, USA). 

2.3  Data Analysis 

We analyzed all raw data using QIIME software package ver. 1.7.0 (Caporaso et al., 
2010). To maintain the quality of observed 16S rRNA gene sequences, we trimmed the 
low quality DNA sequences (Phred quality score>30) using the fastx trimmer tool 
(http://hannonlab.cshl.edu/fastx_toolkit/). I used the paired-end assembler for Illumina 
sequences software package (PANDAseq) for assembly (Masella et al., 2012). We 
observed operational taxonomic units (OTUs) using UCLUST at 97% sequence 
similarity (Edgar, 2010). We identified the taxonomy of observed OTUs with the 
Greengenes database ver. 13_5 using blast (DeSantis et al., 2006; Altschul et al., 1990). 
We performed BLAST searches to confirm that observed OTUs were related species 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). We removed chimeric sequences using 
ChimeraSlayer (Haas et al., 2011). We constructed the phylogenetic tree based on 16S 
rRNA gene sequences using neighbor-joining and parsimony methods in ARB, using the 
Greengenes 16S rRNA gene database (Ludwig et al., 2004). The topology of the 
constructed tree was confirmed by 1000 bootstrap replicates (Felsenstein, 1985). The 
definitions of phylum and genus level analyses were performed according to QIIME 
scripts. 

3.0 Results and Discussion 

3.1    Distribution patterns of uncultured bacterial phyla 
We performed microbial community analysis based on 16S rRNA gene sequences of 54 
sludge samples from 17 wastewater treatment reactors using the next generation DNA 
sequencer. In this study, we observed a total of 1,041,539 sequence reads and 
approximately 9500–39,000 reads per sample. Based on the results of the 16S rRNA 
gene sequences from 54 sludge samples, we evaluated the distribution patterns of 
uncultured bacterial phyla. Using a bubble plot of bacterial phyla detection rates, we 
speculated on their habitats and functions (Figure 1). Based on the detected predominant 
OTUs (>1% maximum abundance rate in each sample), we constructed phylogenetic 
positions using 16S rRNA gene phylogenetic tree based on the Greengenes database 
(Figure 2). 
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Figure 2: Phylogenetic tree representing predominant (>1% of maximum abundance rates in each 
environment) OTUs in 54 sludge samples using the neighbor-joining and parsimony methods 
based on 16S rRNA gene sequences. The solid circle, open circle, and open square indicate the 
bootstrap-supported probabilities at >90%, >70%, and >50%, respectively. The red highlights 
indicate the uncultured phylum clade in Fig. 1. 

66



3.1.1    WWE1 
The uncultured bacteria belonging to WWE1 (“Ca. Cloacimonetes”) were detected at 
rates of approx. 6.5% and 8.2% in mesophilic rice husk digester sludge (No. 17–20) and 
mesophilic UASB sludge (No. 26), respectively (Figures 1 and 2). This phylum has been 
detected in anaerobic sludge, for example in anaerobic digesters (Chouari et al., 2005). 
According to the genus level analysis, “Ca. Cloacimonas” are only present in sample No. 
18 at a rate of approximately 2.0% (Figure 1). Recent genomic analysis suggested that 
“Ca. Cloacimonas” may perform propionate degradation with hydrogenotrophic 
methanogens or amino acid fermentation (Pelletier et al., 2008). Clone cluster BHB21 
was predominant in samples No. 17–20 at a rate of approximately 5.5% (Figure 1). This 
genus had an abundance rate of approximately 7.8% in sample No. 17 (seed sludge), 
while in sample No. 20, its abundance rate was approx. 2.8%. This indicates that 
BHB21 might favor the substrates derived from food-processing wastewater, because 
this seed sludge was collected from the UASB reactor that was treating this wastewater. 
Besides, several uncultured groups of WWE1 are present in thermophilic MS-UASB 
granule No. 24 (W22 group, 3.5%); mesophilic USB sludge that was treating marine 
aquarium water No. 44 (“Ca. Cloacimonales”, 2.0%); mesophilic  (“Ca. Cloacimonales”, 
2.0%); mesophilic DHS sludges No.52–54 and mesophilic UASB granules treating 
molasses wastewater No.26 (W5 group, 2.6% and 8.0%). Consequently, it is estimated 
with previous reports that most of uncultured group in WWE1 are present in anaerobic 
condition (Figure 1) (Chouari et al., 2005; Zhang et al., 2009). 

3.1.2    GN04 
Phylum GN04 was detected in UASB sludge samples No. 27–28 (4.0%), which were 
treating alcohol-producing wastewater and in sludge samples No. 29–30 (6.9%) (Figures 
1 and 2), which were from the same reactor and were treating recirculated of DHS 
effluent. These findings indicate that the nitrogen components might be influencing the 
GN04 abundance rate because GN04 abundance increased following recirculation. 
Although GN04 was detected in high-sodium concentration environments, deep-sea 
methane seeps, and sediments from water storage tanks (Ley et al., 2006; Nunoura et al., 
2012; Röske et al., 2012; Harris et al., 2013), no genomic analyses of GN04 have been 
reported to date. In high-salinity microbial mats, GN04 had a relatively high abundance 
(approximately 2.0%), and the maximum abundance rate was observed at a maximum 
depth of 49 mm in this mat (collected from a depth of 1–49 mm) (Harris et al., 2013). 
This environment has a high sulfur concentration because sulfate reduction occurs from 
the surface to a depth of 49 mm in the mat. These findings, along with those of previous 
reports, indicate that GN04 might be present under anaerobic or anoxic environments 
(Figure 1). 

3.1.3    WS3 
WS3 was widely detected in mesophilic UASB granules that were treating alcohol-
producing wastewater (No. 27 and 28), denitrifying and methanogenic sludge (No. 29 
and 30), mesophilic USB sludge that was treating marine aquarium water (No. 44 and 
45), methane-oxidizing sludge with ferric ion (No. 50), and aerobic DHS sludge that 
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was treating industry wastewater (No. 51) (Figure 1). As indicated by genomic analysis, 
some taxa belonging to WS3 may utilize a wide range of sugar and amino acids; 
however, detailed information is not available (Rinke et al., 2013). The distribution 
patterns suggest that WS3 are widely present under anaerobic, anoxic, and aerobic 
conditions (Figure 1). Genus-level analysis of WS3 demonstrates that clone cluster 
group KSB4 was present in mesophilic USB sludge that was treating marine aquarium 
water (No. 44, 2.7%) and methane-oxidizing DHS sludge with ferric ion (No. 50, 3.2%). 
Additionally, the clone cluster group KSB4 was detected in mesophilic USB sludge (No. 
45) and aerobic DHS sludge (No. 51) at rates of 1.7% and 3.4%, respectively (Figure 1).
GN03 and KSB4 are likely aerobic or anoxic microorganisms because most of these 
taxa were not detected under anaerobic conditions. I also detected SSS58A group in the 
UASB reactor that was treating alcohol-producing wastewater (No. 27 and 28) at a rate 
of approximately 1.9%. Although this group was also detected in the same reactor in 
sludge that was treating recirculated DHS effluent, the abundance rate was lower 
(approximately 0.8%). These findings indicate that the SSS58A group could be 
anaerobes. 

3.1.4    GN02 and OD1 
GN02 and OD1 were detected in high abundances in A2SBR sludge that was treating 
sewage (nitrogen and phosphorus removal) (Figures 1 and 2). In particular, I measured 
high abundance (approximately 8.6%) in samples No. 35 (operational day 207) and 36 
(day 244), suggesting that these organisms are suitable for growth in a A2SBR 
environment. In previous studies, researchers analyzed GN02 and OD1 genomes by 
single-cell genomics (Rinke et al., 2013; Wrighton et al., 2012). BD1-5 belonging to 
GN02 and OD1 might be strict anaerobes because they lack an electron transport chain 
and a tricarboxylic acid cycle (Wrighton et al., 2012). Additionally, OD1 may play an 
important role in the sulfur cycle under anaerobic conditions, as indicated by the 
distribution patterns of OD1 (Wrighton et al., 2012; Peura et al., 2012; Elshahed et al., 
2005). Results of this study, along with those of previous studies, indicate that GN02 
and OD1 may play a role in the removal of organics or in the sulfur cycle (Figure 1). 

3.1.5    FCPU426 and Hyd24-12 
FCPU426 was present in mesophilic anaerobic digester sludge that was treating rice 
husk (No. 17–20) at a rate of approximately 4.2% (Figure 1). However, the detection 
rate of FCPU426 decreased from >10% to 2.3% during operation. This indicates that 
FCPU426 favors substrates present in food-industry wastewater (Figure 1). Although 
FCPU426 has been highly detected in peat layers of northern wetlands (Serkebaeva et 
al., 2013), its metabolic functions remain unclear. 

Hyd24-12 was present in high abundance in nitrogen removal sludge and aerobic DHS 
sludge (Figure 1). In particular, USB sludge that was treating marine aquarium water 
(No. 43) had a high abundance rate (approximately 4.0%, Figure 1). To date, Hyd24-12 
has been observed in high-sodium environments, such as microbial mats and marine 
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sponges (Harris et al., 2013; Simister et al., 2012), indicating that Hyd24-12 can be 
optimally grown at high sodium concentrations. 

3.1.6    OP8 and OP9 
OP8 and OP9 were detected in high abundances in methanogenic sludge samples 
(Figure 1). In particular, abundance rates of these organisms were high (OP8, 2.2%; 
OP9, 3.4%) in thermophilic methanogenic sludge that was treating alcohol-distillery 
wastewater (No. 24). The distribution patterns of OP8 are consistent with those of a 
previous study, in which OP8 was detected in high-organic-loading wastewater 
treatment methanogenic sludge (Sekiguchi et al., 2006). The results of genome analyses 
of OP8 (OP8_1 group) and OP9 indicate that these microbes may be able to utilize wide 
ranges of amino acids and sugar (Rinke et al., 2013; Dodsworth et al., 2013). However, 
detailed information, such as the roles they play in the environment remains unknown. 

3.1.7    Unknown lineage 
Results of phylogenetic analysis using Greengenes ver. 13_5 indicated that there were 
two types of unknown lineages: unclassified phylum1 and unclassified phylum2, 
identified in thermophilic MS-UASB sludge (No. 24, 7.1%) and mesophilic USB sludge 
that was treating marine aquarium water (No. 40, 3.9%), respectively (Figures 1 and 2). 
Results of a blast search of the nr database demonstrated that the closest taxonomy of 
unclassified phylum1 was Dictyoglomus turgidum DSM6724 (NR_043385) in phylum 
Dictyoglomus (84%, 215/257 bp). Dictyoglomus turgidum is known to be a thermophilic, 
strictly anaerobic, and chemo-organotrophic organism (Saiki et al., 1985). Results of 
this study suggested that this unclassified phylum1 might play a role similar to that of 
the genus Dictyoglomus, given that this unknown taxonomy was observed in a 
thermophilic methanogenic sludge sample (Figure 1). 

Unclassified phylum2 was observed in mesophilic USB sludge samples that were 
treating marine aquarium water (No. 39, 1.6%; No. 40, 3.9%; No. 44, 1.5%,) (Figures 1 
and 2). This unknown taxonomy was most closely related to Caldicoprobacter 
guelmensis D2C22 (NR_109614) (87%, 220/254 bp), which is a hyperthermophilic, 
anaerobic, and xylanolytic organism (Yokoyama et al., 2010; Bouanane-Darenfed et al., 
2011). This uncultured phylum2 is completely unknown because environments in this 
study would not support organisms with a certain type of physiology. 

4.0 Conclusions 

In this study, to investigate the putative habitats of predominant uncultured bacterial 
phyla in biological wastewater treatment systems, we performed high-resolution 16S 
rRNA gene sequencing of aerobic, anoxic, and anaerobic wastewater treatment sludges. 
We detected several candidate phyla, including WWE1, GN04, WS3, GN02, FCPU426, 
OD1, Hyd24-12, OP8, OP9, and unclassified phylotypes at the phylum level in the 
sludge sample. Additionally, we were able to estimate the putative habitats and 
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environmental conditions of these uncultured phyla by examining the distribution 
patterns in each wastewater treatment sludge sample. Although the roles of many of the 
uncultured microoganisms and the mechanisms responsible for sludge development in 
anaerobic bioreactors are still unknown, the results of this study can be applied in the 
evaluation and design of wastewater treatment systems. We believe that these results 
also contribute to elucidating the “black box” in anaerobic wastewater treatment systems. 
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Abstract: Large amount of mollusc shell are usually disposed off and can create nuisance due to odor and its 
quantity. Therefore this study aims to explore the adsorption capacity of green mussel (Perna viridis) shell for lead 
removal in aqueous solutions.. The adsorbent was prepared from powdered green mussel shell carbonized at 600°C. 
The carbonization process was conducted for four hours and allowed to cool at room temperature. Characterization 
of pH, bulk density, moisture content and ash content was also conducted. The effect of various operational 
parameters such as concentration, pH, temperature and sorption time on the adsorption of heavy metals were 
investigated using batch process experiments. It is proven that green mussel shell can be used as a low cost 
adsorbent for the removal of heavy metals in aqueous solution. This shows that the adsorption of lead on the 
adsorbent involves chemisorption. Kinetic treatment of the results gave a pseudo-second order type of mechanism 
while the adsorption characteristics of the adsorbent followed the Freundlich adsorption isotherm. The results 
obtained proved that green mussel shells can be an alternative source of adsorbent materials. 
 
 
Keywords: Carbonization, green mussel shell, lead removal 
 
 
1.0  Introduction  
 

Large tonnes of mussel shell are disposed illegally and dumped into public waters and reclaimed 
lands annually. The shell wastes are generated from fisheries industry. Only very small proportions of the 
shells are recycled as additives in animal husbandry, poultry farming, soil fertilizers and coating materials 
and fish fodders. Enormous amounts of these materials are dumped and become environmental burden 
(Vukovic et al., 2010 ; Du et al., 2011 and Alidoust et al., 2015). Therefore, alternative approaches for 
recycling waste mussel shells are needed. The ideal solution would be to convert the waste mussel shells 
to a product that is both beneficial and economically viable.  

It is well known that various types of mollucs’s shell have been used as natural adsorbent for nutrient 
and heavy metal (Odoemelam and Eddy, 2009; Du et al, 2012; Peña-Rodríguez et al., 2013; Yoshimura 
and Shiomi, 2014; Seco-Reigosa et al., 2014; Hossain et al, 2015 and Alidoust et al., 2015). It contains a 
large amount of organic compounds and macromolecules, that can form framework for other 
macromolecular components, strongly implying that it have a potential to be used as adsorbent. It consist 
of more than 95% of CaCO3 with small amount of SiO2, protein and polysaccharide ( Liu et al., 2009 ;Du 
et al., 2012 and Lu et al., 2015). Shells are made up of three layers, i.e. hypostracum (the innermost layer), 
followed by ostracum (the basic shell building layer) and periostracum (the outermost layer) (Oladoja et 
al., 2013). All the layers have different microstructures. The strength and toughness of the shell are 
determined by the thickness of the individual layers and their microstructure. The periostracum is made of 
sclerotized proteins. These outermost shell layer, is not made of calcium carbonate, but of an organic 
material called conchin, a mixture of organic compounds, mostly of proteids. Conchin does not only make 
the outer shell layer, but is also embedded between the calcium carbonate crystals of deeper layers. The 
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prismatic layer, hypostracum is a form of aragonite, a type of calcium carbonate. It is composed of calcite 
prisms surrounded by a conchiolin matrix, with the prisms oriented at an angle to the surface. A possible 
solution would be to convert the waste shells into calcium-based alkaline adsorbent products. Depending 
on metal ion and concentration, the rate and degree of metal sequestration can vary greatly between shells 
of different species. This attribute may enable specific mollusk and certain highly mineralized crustacean 
shell materials to be used singly or in combination to selectively remove one or several different types of 
metal ions at different rates. 

Heavy metals are an inherent component of the environment that can be a potential hazard to human 
beings and animals. It is one of the vital factors for decline in water quality that has an obvious impact on 
seafood diversity. In aquatic environment, minute quantities of some metals, such as copper, zinc, iron, 
manganese and nickel are essential for biological systems to function but their excessive concentration 
can be toxic to living organisms. Other metals such as cadmium, mercury, arsenic and lead are non-
essential and therefore have toxic effects on living organisms (Heath, 1995 and Sany et al., 2013). The 
objective of this study to produce adsorbent from green mussel shell waste for lead removal. 

 
 

2.0   Materials and Methods 
 
2.1  Sample Collection And Preparation 
 
Green mussel (Perna virids) shell waste were collected from Teluk Jawa, Johor, Malaysia. The shells 
were sorted to commercial size (60-80 mm), cleaned from mud and barnacles, washed thoroughly with 
tap water and rinsed with deionized water and oven dried at 105°C for 24 hours. Then, the shells were 
grinded using Wellmax grinder. 
 
2.2   Carbonization 
 
Carbonization of the shell was conducted using muffle furnace (Carbolite Sheffield England LMF 4) 
which allow limited supply of air. Carbonization was done at 600°C for four hours and allowed to cool at 
room temperature for 24 hours then kept in a sample container for future use. 
 
2.3   Aqueous Lead Solution 
 
Lead solution used for this study were analytical grade reagent from Merk, Germany (1000 mg/L). 
Working solutions of 10 mg/L were prepared from aliquots diluted to the appropriate concentration. The 
total concentration of lead in the aqueous solution was confirmed using Atomic Adsorption 
Spectrophotometer (AAS) from Perkin Elmer PinAAcle 900T.  
 
 
 
 
2.3   Batch Adsorption Studies 
 
Adsorption studies of lead on green mussel shell-derived adsorbent were carried out in batch mode. 
Adsorption experiments to study the effect of initial concentration were carried out by contacting 0.1 g of 
adsorbent with 30 mL of Pb solution (10 mg/L) at constant temperature (30oC) in 250 mL Erlenmeyer 
flasks. The effect of initial concentration was then evaluated on various adsorbent for comparison. 
Removal percentage and adsorption capacity of lead by the mussel shell was calculated using equation 1 
and 2.  
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% R = ( )/ * 100 (1) 

where  = Initial concentration (mg/L) and = Final concentration(mg/L) 
 

 
(2) 
 

 is the equilibrium adsorption capacity (mg/g),  and  are the initial and equilibrium concentrations 
of the heavy metal solution (mg/L), respectively, V is the volume of the heavy metal solution (mL/L), and 
m is the mass of the adsorbent (mg/g).  
 
2.4    Charaterization of Adsorbent 
 
The surface morphology of the raw and carbonized shells were analyzed using scanning electron 
microscope (Model JEOL JSM-6390LA). The Fourier transform infrared (FTIR) spectroscopy analysis 
was conducted using FTIR spectrophotometer (Model Shimadzu IRAffinity-1) in the range of 400-4000 
cm-1 wavelength with 4 cm−1 resolution. FTIR characterization was used to determine the functional 
groups present on the surface of the samples.  
 
2.5    Variation of dosage 

Removal efficiency with respect to different adsorbent dosage experiments were performed by 
varying adsorbent at 10 mg, 30 mg, 50 mg, 100 mg and 200 mg in 30 mL of Pb solution (10 mg/L) at 
ambient temperature. For these experiment, the Erlenmeyer flask were agitated at 120 rpm using orbital 
shaker (PSU-10i, Grant Bio) for 4 hours to attain equilibrium with other variables kept constant.  
 

2.6   Variation of agitation 
Removal efficiency with respect to different agitation rates were performed at 90 rpm, 120 rpm 

and 150 rpm at 30 mL with Pb solution (10 mg/L) with 0.1 g adsorbent at ambient temperature. The 
experiment was conducted for 4 hours to attain equilibrium with other variables kept constant.  

 
2.7    Variation of contact time 

The effect of contact time on the removal of lead was determined by measuring the adsorbate (Pb) 
at 2, 4, 8, 16 and 24 hours and other variables were kept constant. The equilibrium was also determined.  
 
 
2.8    Variation of initial metal ion concentration 

In order to determine the removal efficiency with respect to adsorbate (lead) concentration, 
experiments were perfomed by varying adsorbate concentration of 0.5 mg/L, 2 mg/L, 6 mg/L, 8 mg/L and 
10 mg/L at 8 hours with other variables kept constant. 

 
2.9   Variation of pH value 

To study the effect of pH on adsorbate (lead) removal, the solution was agitated at room 
temperature using orbital shaker at different pH at 3, 5, 7, 9 and 11 at 4 hours with other variables kept 
constant. 0.1 M HCl and 0.1 M NaOH solution was used for pH adjustment. 
 
3.0  Results and Discussion 
 
3.1    Characterisation of Adsorbent 
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FESEM micrographs and FTIR of the raw green mussel and carbonized green mussel adsorbent 
at 600°C are shown in Figures 1(a) and (b), respectively. From Figure 1(a), the FESEM micrograph 
shows presence of flaky sheet phase layer structure, rough and disordered surface with low porosity 
structure and rudimentary pores. Carbonization at 600°C resulted in presence of wide pores, relatively 
smooth with spherical particles of porous structure confirming occurrence of thermal decomposition. This 
activation process is dependent on the raw material which is composed mainly of calcium carbonate.  
 

  
(a) (b) 

Figure 1: FESEM micrographs of (a) Rraw green mussel shell, (b) Carbonized at 600°C 
 

FTIR spectrums obtained for raw, carbonized adsorbent and adsorbent with lead have similar 
pattern. This indicated that green mussel adsorbed lead without changing its surface chemistry (Tan et al., 
2013). The main functional groups responsible for adsorption process were the hydroxyls, carbonyls, 
carboxylic and amides (Durve & Chandra, 2014). Clear shifts were observed at wavenumber of 3452.00 
cm-1 (raw adsorbent) to 3453.49 cm -1 (lead loaded), which indicated the surface -OH group was one of 
the functional group responsible for adsorption. The peak in the frequency range of 1000-1200 cm-1 is 
related to the C=O stretch (COOH) in amides, alcohol, carboxylic acids and esters. The peak at 1796.41 
cm-1 in adsorbent and 1796.15 (adsorbent with lead) may be due to the graphite structure (C=C) of 
carbonized green mussel shell. The intensities of the C–O bands of CaCO3 between 1500 and 500cm−1 
were the strongest. C–O stretching vibration at 1440 to 1450cm−1. The peaks at 1425.17 cm-1 and 1426.78 
to 1428.11 cm-1 indicate the involvement of the H-C-H asymmetric and symmetric stretches and C-H 
alkanes stretch. These peaks are attributed to asymmetric stretch; out-of-plane bend and in-plane bend 
vibration modes for CO3. The out-of-plane C–O bending vibrations at 710.45 cm−1 for carbonized 
adsorbent and 708.58 cm−1 for adsorbent with lead. At 470.48 cm-1 for adsorbent without heavy metal the 
band was assigned to Si-O stretching. Only raw adsorbent shift of these band indicated presence of Si-OH 
group. Naiya et, al. (2011) reported major shift of these band also indicated that Si-OH group is 
responsible for adsorption. 

 
3.2    Variation of dosage 
 

Higher dosage of green mussel shell show lead removal efficiency increased from 51% to 97% 
(refer Figure 2). The increase in adsorbent amount provides more chance for lead ions to adhere to the 
adsorbent surface due to increase in number of available adsorption sites and surface area. Pb has increase 
adsorption capacity from 1.5 to 2.9 mg/g. At dosage above 100 mg, the removal percentage of heavy 
metal is marginal. Experimental results, with regard to 30 mL of aqueous heavy metal solution, initial 
heavy metal concentration of 10 mg/L, adsorbent dosage of 100 mg and agitating speed of 120 rpm for 4 
hours, produced optimal removal percentage of Pb which shows good effective adsorption capacity and 
adsorption percentage.  
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Figure 2 : Effect of adsorbent dosage on lead adsorption 
 
 
3.3    Variation of agitation 
 

Equilibrium time at suitable agitation speed is another important operational parameter for an 
economical wastewater treatment process. Figure 3, show that increase in agitation speed will increase 
removal efficiency until equilibrium adsorption was established. Agitation speed was kept at 90, 120 and 
200 rpm at 4 hours respectively. Adsorption percentage for Pb was effective at 97 to 99% but the 
adsorption capacity was static at 2.8 mg/g. This study shows that equilibrium adsorptions were 
established within 120 rpm. 
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Figure 3 : Agitation at different speed 
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3.4    Variation of contact time 
 

As shown in Figure 4, lead removal efficiency increased from 76% to 96 % with time. Larger 
amounts of lead ions were adsorbed by green mussel shell as the agitating time increases. This study 
shows Pb adsorption using green mussel was effective. It was observed that the removal percentage 
increased rapidly at the initial stages because more unsaturated surface and active sites were available on 
the adsorbent surface area. Usually, the metal ions create a monolayer on the adsorbent surface 
(Abbaszadeh et. al, 2016). Eventually the adsorbent surface area becomes gradually exhausted, and the 
sorption capacity decreased. Based on the results, lead uptake by green mussel shell was obtained after 8 
hours, and the uptake trend increased and then become steady after 8 hours with Pb adsorption capacity 
2.7 mg/g at equilibrium. 
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Figure 4 : Effect of contact time on lead 
 
 
3.5    Variation in initial lead concentration 
 

The removal efficiency of lead increased from 79 to 95 % (refer Figure 5) when the initial 
concentration was increased from 1 to 10 mg/L. The pattern can be predicted because higher initial 
concentration of metal ions intensifies the adsorption capacity (qe), however as the process proceeds, the 
high amount of adsorbate is confronted with limited (constant) availability of active sites on the adsorbent 
surface. The adsorption capacity for Pb was calculated as 2.6 mg/g. There is an increase in the adsorption 
when Pb concentration is increased. Correspondingly, at lower concentration, the ratio of metal ions over 
the adsorption surface is low. Therefore, the metal ions quickly adhere to the available adsorption sites, 
resulting in higher adsorption efficiency. 
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Figure 5 : Initial concentration of lead vs adsorption 
 
 
3.6   Variation of pH value 

Increase in pH shows increase in adsorption. The adsorption percentage shows that adsorption 
was best at both condition either acidic or alkaline. At pH 7 the adsorption percentage was reduced and 
equilibrium was reached at pH 9-11. 
 
3.7    Adsorption model isotherm and kinetic 
 

From Table 1, it can be seen that the green mussel shell has a maximum adsorption capacity of 
1.94 mg/g to form a monolayer coverage for Pb. This isotherm is suitable for representing chemisorptions 
on a set of distinct localized adsorption site. However, the negative value of Langmuir constant indicated 
the inadequacy adsorption of heavy metal using green mussel shell as adsorbent. Freundlich isotherm is 
usually used for non-ideal adsorption on heterogeneous surfaces. The heterogeneity arises from the 
presence of different functional groups on the surface, and various adsorbent-adsorbate interactions. KF 
values indicate that Pb with adsorption, KF = 4.18. This model assumes that when the adsorbent 
concentration increases, the concentration of adsorbate on the adsorbent surface also increased and 
correspondingly, the sorption energy exponentially decreased over the completion of the sorption centre 
of the adsorbent. It is proven that the Freundlich model provides a better fit for explaining the adsorption 
of Pb onto all modified adsorbents.  
 
 
 Table 1: Adsorption isotherm parameters for Lead using Langmuir and Freundlich Isotherm 

 

Adsorption Isotherm Model 
 

Parameter Value 

Langmuir Isotherm 
 
 Pb 
Equation y = 0.513x - 0.020 
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qm (mg/g) 1.9493 
KL (L/mg) -25.6502 
R2 0.999 
Freundlich isotherm 
 
Equation y = 1.605x +1.430 

 

KF (mg/g)(L/mg)1/n 4.179 
1/n 1.605 
R2 0.797 
 

The linear forms of the pseudo-first-order and second-order equations, rate constants, expected 
lead uptake and correlation coefficients is shown in Table 2 and 3. For the pseudo first order model the 
correlation coefficient (R2 =0.785) and the calculated lead uptake with this model is lower than the 
expected metal uptake for lead. this Indicate that the chemisorption process is not a first order reaction. 
The pseudo second order reaction in chemisorption is based on the sorption capacity on the solid phase. 
The correlation coefficient in the pseudo second order reaction (R2 = 0.999) is high for Pb. k which is the 
pseudo-second-order rate constant is  6.42 min-1 and the calculated metal adsorption is much nearer to the 
expected value suggesting that the chemisorption process comply to pseudo second order model. The 
results indicate that the kinetic behaviour of Pb on green mussel shell as adsorbent can be satisfactorily 
explained with the pseudo-second-order sorption equation. Based on the assumption step, chemical 
sorption or chemisorption involving valency forces through sharing or exchange of electrons between 
adsorbent and adsorbate. 
 
 Table 2 : The pseudo-first–order parameter of Pb adsorption  

                                                                    Element 
Parameter 

Pb 
 

equation y = -0.426x - 1.064 

qe experiment 2.1465 

qe calculated 0.345 

k1 0.426 

R2 0.785 

 
 Table 3 : The pseudo-second–order parameter of Pb adsorption  

                                                                       Element 
Parameter 

Pb 
 

equation y = 0.466x + 0.035 
 

qe experiment 2.1465 

qe calculated 2.1459 
k2 6.2046 

 
R2 0.999 
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4.0   Conclusion 
 

 
Green mussel shell was successfully used as a low-cost alternative adsorbent for the removal of 

lead. Since the shell are abundantly and locally available, it is economically viable for removal of heavy 
metal from aqueous solution. FESEM micrographs illustrated that carbonization treatment with 600°C 
developed porosity on the surface of the adsorbent. The FTIR spectrum obtained for the functional groups 
responsible for adsorption process like hydroxyls, carbonyls, carboxylic and amides. The relative study of 
adsorption percentage capacity, show that it can adsorb more than 99% of lead. The equilibrium 
adsorption data indicated that the equilibrium sorption fitted well with the Freundlich isotherm, 
displaying higher regression coefficient, R2 value. The monolayer adsorption capacity of green mussel 
waste was found to be 1.94 mg/g. The adsorption kinetics can be well described by the pseudo-second-
order model equation. Based on the results obtained, mussel shells has the potential to be an alternative 
and inexpensive adsorbent for Pb in aqueous solution.  
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Abstract: Newly extractant containing and pyridine sulfur atoms as ligand, methyl-2-chloroacrylate-o-(2-
sthiomethylpyridyl)styrene (ATPS1 and ATPS2) were synthesized for palladium(II) and gold(III) over base metals.  
Extraction of metal ions by a batchwise method at 303K from the hydrochloric acid containing 0.1 milli molar metal 
ions was carried out.  Paltinum(IV) and gold(III) were selectively extracted in whole concentration of hydrochloric 
acid with ATPS1.  These results suggest that ATPS1 selectively extracted precious metals from chloride media. The 
palladium(II) extraction was found to be independent of copper(II) in the solution, even when they are present in 
200-fold excess. Extraction equilibria can be achieved within 1h with ATPS1. the effect of concentration of H+, Cl-, 
and extractant on the Au(III) extraction with ATPS was studied. As a result, the extraction equilibria were described 
by protonation of pyridine and making ion pair with protonated pyridine and AuCl4

-. 

RSNതതതതതത + Hା + Clି ⇆ RSN∙Hାതതതതതതതതതതത + Clି ; K1 (1)            RSN∙Hାതതതതതതതതതതത + AuClସ
ି ⇆ RSN∙Hା ∙ AuClସ

ିതതതതതതതതതതതതതതതതതതതതത ; K2 (2)
 The value of K1 and K2 were decided by nonlinear least-squares method and were given K1=7.50 and K2=8.93×107. 

Keywords: precious metals, extraction, polymer extractant, gold, palladium 

1.0 Introduction 

Precious metals such as gold (III), palladium (II) and platinum(IV) are important metals in the fields of 
catalysts and the battery and electronic industries. The selective separation and recovery of precious 
metals from aqueous solutions are of great importance in hydrometallurgy and wastewater treatment. 
However, since the separation and purification of these metals are very difficult processes because of their 
chemical properties and the formation of many chemical species in chloride media, it is very important to 
develop a more efficient recovery process for their recovery and separation. In recent years, the 
development of solvent extraction as an alternative technique for precious metals removal has been 
reconsidered [1].  Since the separation and purification of these metals are very difficult processes because 
of their chemical properties and many chemical species in chloride media, it is very important to develop a 
more efficient recovery process for their extraction and separation [2,3]  In this study, newly extractant 
containing pyridine and sulfur atoms as ligand, methylacrylate-(α-o-thiometylpyridyl)-styrene copolymer 
(ACS) was synthesized for precious metals over base metals. 

2.0 Experimental 

2.1 Reagent 
Methylacrylrate-α-(-o-thiometylpyridil)-styrene copolymer (ATPS) was synthesized from 

methylacrylchloride-styrene copolymer1) and thiometylpyridine according to a conventional method. 
ATPS2 has molecular weight two times as large as ATPS1.  

84



The reaction mixture was evaporated.  Water and chloroform were added to the reaction mixture 
and then the two phases were separated with a separatory funnel.  Chloroform phase was successively 
washed using 0.1 mol dm-3 hydrochloric acid mixed with sodium chloride as a salting out reagent, 1.0 mol 
dm-3 aqueous sodium hydroxide and distilled water.  The final product was a viscous brownish liquid. 
Identification of the purified product was carried out using 1H-NMR, 13C-NMR and FT-IR spectra.  The 
product was identified as ACS and its purity was 97% as measured by gas chromatography.   

2.2 Extraction of hydrochloric acid with ATPS1 and ATPS2 
To elucidate the distribution behavior of extractant to both the aqueous phase and the organic 

phase, we examined the distribution of hydrochloric acid to the organic phase.  The organic phase was 
prepared by extractant concentration 0.25wt%.  The aqueous phase was prepared by changing the 
hydrochloric acid concentration from 1.0×10-4 to 5.0×10-3 mol dm-3.  Equal volumes of the aqueous and 
organic phases were placed in Erlenmeyer flask and the combination was shaken for 3 h.  The 
concentration of hydrochloric acid in the organic phase was determined by acid-base titration with 
potassium hydroxide dissolved in ethanol. 

2.3 Selectivity of Metal Ions with ATPS 
The aqueous phase was prepared by dissolving metal chloride into hydrochloric acid.  The organic 

phase was prepared by dissolving with chloroform.  The initial concentration of each metal was about 1.0
×10-4 mol dm-3.  Equal volumes of aqueous and organic phases were shaken in a flask at extraction 
operation. Equilibrium was reached within 24 hours at 303K in the extraction of metals from hydrochloric 
acid.  The measurement of extraction equilibrium was carried out by a batchwise method.  Equilibrium 
and initial concentrations of metals were determined by atomic adsorption spectrophotometer. Equilibrium 
and initial concentrations of hydrochloric acid were determined by an acid-base titration. 

3.0 Results and Discussion 

3.1 Charactaristic of ATPS1 and ATPS2 

Table 1 shows the physical properties of ATPS1 and ATPS2.  The weight and mean avarage 
molecurars of ATPS1 and ATPS2 were measured by size exclusion chromatography (Shimadzu LC-10), 
respectively.  The density of ATPS1 and ATPS2 were measured by contact angle 
gauge(KYOWAKAIMEN DropMasters-401).  

DMF, K
2
CO

3

Scheme 1 Synthesis of methyl-2-chloroacrylate-o-(2-sthiomethylpyridyl)styrene copolymer. 
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Fig.3 Effect of contact time on the 
extraction percentage of platinum(IV) 
and gold(III) with ATPS1. 

Table 1 Physical properties of ATPS1 and ATPS2 

Fig.1 shows the extraction of hydrochloric acid with ATPS1 and ATPS2, respectively.  Saturated 
amount of hydrochloric acid is qs1=1.69mmol g-1 and equilibulium constant of adsorption is Kad1=52.4 dm3 
mol-1 with ATPS1.  Saturated amount of hydrochloric acid is qs2=2.08 mmol g-1 and equilibulium constant 
of adsorption is Kad2=21.5 dm3 mol-1 with ATPS2.  It is indicated that ATPS1 are similar character to 
ATPS2.  Number and weight molecule weights are not relate to character.  

 
 
 
 

weight average 
molecule weight 

number average 
molecule weight 

Interfacial tension 
mN/m 

ATPS1 3.78×104 1.85×104 18.5 
ATPS2 7.22×104 3.63×104 16.1 

Fig.1 Effect of hydrochloric acid 
concentration on the extraction percent 
with ATPS1 and ATPS2. 

Fig.2 Effect of contact time on the 
extraction percentage of palladium(II) 
with ATPS1 and ATPS2.  

Fig.4 Effect of hydrochloric acid 
concentration on the extraction percent 
for various metal ions with ATPS1. 

●Pd(II)
○Cu(II)
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Fig.6 Effect of the hydrogen and ion 
concentration on the distribution 
ratio of gold (III) with ATPS1. 
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Fig.2 shows the contact time on the extraction percent of palladium(II) with ATPS1 and ATPS2. 
Extraction equilibria can be achieved within 15min with ATPS1 and ATPS2, respectively.  The rate of 
uptake of both ions was quite rapid.   

Fig.3 shows the effect of contact time on the extraction percentage of platinum(IV) and gold(III) 
with ATPS1. These results suggest that ACS selectively extracted precious metals from chloride media. 
Extraction equilibria can be achieved within 1h with ATPS1.  At equilibrium, 98% of gold(III) and 90% 
of platinum(IV) were removed from the solution with 
ATPS1. 

Fig.4 shows the experimental results on the 
selective adsorption of palladium(II) from the mixture 
prepared at 1 M containing 200-fold copper(II).  As is 
clear from these results, the adsorption of palladium was 
independent of the contents of copper even if 200-fold 
iron and copper are coexisting in the mixture. 

3.2 Selectiviry of Various Metals with ATPS1. 
 Fig.5 shows the effect of hydrochloric acid 

concentration on the extraction percent. Base metals 
such as copper(II), cobalt(II), nickel(II) and iron(III) 
were not extracted under these experimental conditions.  
ATPS1 exhibits the high selectivity for gold(III) and 
palladium(II) over the entire hydrochloric acid 
concentration range.  Platinum(IV) was extracted in the 
high hydrochloric acid concentration region, while 
mercury(II) was extracted in the low hydrochloric acid 
concentration region. 

3.3 Extraction Eqilibrium of Gold(III) with ATPS1 
Fig. 6 shows the effect of the hydrogen ion concentration on the distribution ratio of gold(III) at a 

fixed chloride ion concentration ([Cl-] = 0.5 mol dm-3) with ATPS1. As it can be seen from this result, the 
distribution ratio increases with increasing hydrogen ion concentration. The plotted points lie on straight 
line with a slope of 0.4. The effect of the chloride ion concentration on the distribution ratio of gold(III) at 
a fixed hydrogen ion concentration ([H+] = 0.5 mol dm-3) with ATPS1.(no figure) The distribution ratio is 
independent of the chloride ion concentration.  Fig. 7 shows the effect of the extractant concentration on 
the distribution ratio of gold(III) with ATPS1. The distribution ratio increases with increasing extractant 
concentration with ATPS.  The plotted points lie on straight line with a slope of 1. From these results, it 
can be concluded that gold(III) is extracted with ATPS1 by the following extraction reactions.  As a result, 
the extraction  
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Fig.7 Effect of the extractant 
concentration on the distribution 
ratio of gold (III) with ATPS1. 
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equilibria were described by protonation of pyridine and making ion pair with protonated pyridine and 
AuCl4

-. 

RSNതതതതതത + Hା + Clି ⇆ RSN∙Hାതതതതതതതതതതത + Clି ; K1 (1)
RSN∙Hାതതതതതതതതതതത + AuClସ

ି ⇆∙ AuClସ
ିതതതതതതതതതത ; K2 (2)

The value of K1 and K2 were decided by nonlinear least-squares method and were given K1=7.50 and 
K2=8.93×107, respectively. 

4. 0 Conclusion

The extraction rate of precious metal with ACS serious were the following information was obtained; 
1. Saturated amount of hydrochloric acid is qs1=1.69mmol g-1 and equilibulium constant of adsorption is
Kad1=52.4 dm3 mol-1 with ATPS1.  Saturated amount of hydrochloric acid is qs2=2.08 mmol g-1 and 
equilibulium constant of adsorption is Kad2=21.5 dm3 mol-1 with ATPS2. 
2. ATPS1 selectively extracted precious metals for gold(III), platinum(IV) and palladium(II). Extraction
equilibria can be achieved within 1h with ATPS1 from chloride media. 
3. ATPS1 was a selective extractant for precious metals such as gold(III), palladium(II) and platinum(IV)
from hydrochloric acid solution. 
4. Extraction equilibria of ATPS1 and gold were described by protonation of pyridine and making ion pair with
protonated pyridine and AuCl4

-. 
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Abstract:  
First flush is an important parameter when dealing with the urban treatment system as first flush 
is related to the most polluted part of the runoff. Therefore, first flush runoff can be treated and 
the rest of the runoff can be released to the receiving water. In this study, the existence of first 
flush from urban residential catchment was investigated. An urban residential catchment located 
in Coomera Waters, Gold Coast, Australia was selected as the study site. 23 storm events were 
sampled and analysed for three water quality parameters; total suspended solids (TSS), total 
phosphorus (TP) and total nitrogen (TN). Results show that, 83% of the storm events experienced 
TSS first flush which is the highest compared to TP (78%) and TN (65%). 
. 
Keywords: First flush, urban residential catchment, urban treatment system, Total Suspended 
Solids, Total Nitrogen, Total Phosphorus 
 
 
1.0  Introduction  
 

Stormwater quality is an important issue particularly in urban area as the polluted 
stormwater will impacts the quality of the receiving water. Therefore, mitigation 
approach is essential. First flush phenomenon is an important issue in urban stormwater 
management. In order to design an effective stormwater treatment facility, it is essential 
to have an in-depth understanding of the first flush behaviour. The existence of first 
flush is debated by researchers as several studies have observed the phenomenon while 
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other studies have not found the first flush existence (Han et al. 2006; Tiefenthaler et al. 
2008, Alias et al. 2014(a,b)).  

First flush is defined as an increased presence of pollutants in the early stage of the 
runoff hydrograph compared to the later stage of runoff. The existence of first flush will 
benefit stormwater management as a treatment system could be designed to treat the 
most polluted discharge volume and to release the remainder of the runoff. 

This has implications in relation to the size of the treatment facility as it could be 
reduced, thus reducing the cost. Therefore, it is essential to have an in-depth 
understanding of the first flush phenomenon in order to design an effective stormwater 
treatment system. This study investigated the existence of first flush of stormwater 
runoff from urban residential catchment. 

 

2.0   Materials and Methods 
 
2.1 Study Site 
 
Coomera Waters was selected as the study area. Three sub-catchments in Coomera 
Water; Sub-Catchment A, Sub-Catchment B and Sub-Catchment C were identified to 
monitor the first flush of the stormwater runoff. Coomera Waters is a new residential 
area located in Gold Coast and was developed around a 17 ha lake and natural wetlands 
and provided with Water Sensitive Urban Design (WSUD) in order to protect the natural 
waterways from being polluted by the stormwater runoff. The total area of Coomera 
Waters development is 496 hectares, which contains approximately 1,800 homes. Figure 
1.0 shows the location of Coomera Waters  while Figure 2.0 shows Sub-Catchment A, 
Sub-Catchment B and Sub-Catchment C. 
 
 

 
 Figure 1.0: The location of Coomera Waters, Gold Coast, Australia 
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2.2 Sample Collection and Data Testing 
 
Monitoring stations were installed at the outlet of the three catchments in order to collect 
stormwater runoff samples and to record rainfall-runoff data. Each of the stations 
contained an ISCO automatic water sampler, a Campbell Scientific data logger, a solar 
regulator and a RF radio as shown in Figure 3.0. The ISCO automatic water sampler 
was programmed to collect the water in 1L plastic bottles and up to 24 bottles can be 
collected. A V-notch weir was used to measure the runoff volume at the catchment 
outlet stormwater. 2 rain gauges were installed in two sub-catchments; Sub-Catchment 
A and Sub-Catchment C to record the rainfall. 23 storm events were sampled and 
analysed in order to determine occurrence of  the first flush phenomenon Details of the 
sampling station are summarised in Table 1.0. 
 
 
 
 

 

Catchment B 

  Monitoring station 
Stormwater flow 

Figure 2.0: Location of Sub-Catchment A, Catchment B and Catchment C 
and its’characteristics 

Sub-Catchment C 
Area = 6, 5300m

2
 

IA = 52.0% 

Sub-Catchment A  
Area = 44, 470m

2
 

IA = 48.0% 

Sub-Catchment B 
 Area 10,500m

2
 

IA = 47.0% 
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Monitoring 

stations 
Sub-Catchment A Sub-Catchment B Sub-Catchment C 

Collected 

sample 

Down 1.4m x 1.4m 

x 2.8m access  

Down 1m x 0.5m x 

1m access 

Attached to 300 mm 

drain pipe 

Weir 90° weir 60° weir 70° weir 

Logger Campbell CR 1000 Campbell CR 211 Campbell CR 1000 

Autosampler ISCO 6712 ISCO 6712 ISCO 6712 

Raingauge yes  yes 

RF 
radio 

 Solar panel 

Rain gauge 

Housing 

V-notch weir 

Figure 3.0: Monitoring Station at the catcment outlet 

Table 1.0: Details of the monitoring stations at Sub-Catchment A, Sub-

Catchment B and Sub-Catchment C (adapted from Parker (2010)) 
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Total Suspended Solids (TSS), Total Phosphorus (TP) and Total Nitrogen (TN) were 
selected for water quality parameters. These water quality parameters were chosen as 
these are most common water quality pollutants found in urban stormwater, particularly 
in residential areas and these are the primary pollutants treated by stormwater treatment 
devices (Alias, 2013). 
 
 
2.2 First Flush Ocurrence 
 
There are several approaches available in defining first flush. Most common definitions 
are concentration based first flush (CBFF), mass based first flush (MBFF), and 
empirically based first flush (EBFF). In this study, MBFF method was selected as the 
most appropriate method for defining the first flush. 
 
As first flush is typically defined as the wash-off of a relatively higher pollutant load 
during the early part of the runoff event, the analysis of the variation of cumulative 
pollutant load (L) vs. cumulative runoff volume (V) formed the first phase of assessment 
(refer Figure 4.0). Typically, the first flush is considered to exist when the LV curve is 
above the bisector line (denoted as B line), particularly at the initial part of the runoff 
volume (Geiger 1987; Lee et al. 2002). B line indicates the fraction of pollutant load 
washed-off from the surface with respect to the fraction of runoff volume exported from 
the catchment. Variation of LV versus V curve was used to derive first flush coefficients. 
In this regard, the mathematical equation presented in Equation 1 was used.  

 

𝐿𝐿𝐿𝐿 = 𝐿𝐿𝑎𝑎     Eq 1 
 
Where, a is the first flush coefficient which can be computed by linear regression using 
Equation 2: 

 

    𝑙𝑙𝑙𝑙𝑙𝑙(𝑡𝑡) = 𝑎𝑎 𝑙𝑙𝑙𝑙 𝐿𝐿(𝑡𝑡)    Eq 2 

 

𝑎𝑎 indicates the gap between the LV curve and B line and termed as strength of first flush 
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3.0 Results and Discussions 
 
Figures 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0, 12.0 and 13.0 show the variation of LV curve 
for TSS, TN and TP of Sub-Catchment A, Sub-Catchment B and Sub-Catchment C, 
respectively.  
 
As seen in the figures, there are variations in the LV curves. Most of the events 
exhibited first flush as the LV curve is above the bisector, B line which suggests the first 
flush existence. First flush phenomenon was observed for Event A6, A4 and A3 for TSS 
while the phenomenon was not observed for A9. First flush existence for TP was 
observed for most  of the storm events except for Event A6.  Similar trend also can be 
observed for TN in terms of first flush occurrence 
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Figure 5.0: Variations of LV curves for TSS in Sub-Catchment A 
 

Figure 6.0: Variations of LV curves for TSS in Sub-Catchment B 
 

Figure 7.0: Variations of LV curves for TSS in Sub-Catchment C 
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Figure 10.0: Variations of LV curves for TP in Sub-Catchment C 
 

Figure 9.0: Variations of LV curves for TP in Sub-Catchment B  
 
 

Figure 8.0: Variations of LV curves for TP in Sub-Catchment A 
 

96



 9 

 

 
 

 

 
 

 

 

0

20

40

60

80

100

120

0 20 40 60 80 100 120

A1

A2

A3

A4

A5

A6

A7

A8C
um

ul
at

iv
e 

T
N

 m
as

s, 
L

TN
 (%

)

Cumulative runoff volume, V (%)

Sub-Catchment  A

0

20

40

60

80

100

120

0 20 40 60 80 100 120

B1

B4

B5

B6

B7

B10

B12

B LINEC
um

ul
at

iv
e 

T
N

lo
ad

, L
TN

  (%
)

Cumulative runoff volume, V 

Sub-Catchment  B

0

20

40

60

80

100

120

0 20 40 60 80 100 120

C1

C4

C6

C10

C11

C12

C13

B LINE

C
um

ul
at

iv
e 

T
N

 lo
ad

, 

Cumulative runoff volume, V(%)

Sub-Catchment  C

Figure 12.0: Variations of LV curves for TN in Sub-Catchment B 
 

Figure 11.0: Variations of LV curves for TN in Sub-Catchment A 
 

Figure 13.0: Variations of LV curves for TN in Sub-Catchment C 
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Table 2.0 lists the first flush occurrence for the three sub-catchments. According to 
Table 2.0, 78% to 86% of the selected storm events show the existence of first flush for 
TSS for the three catchments. However, TN has low percentage of storm events with the 
occurrence of first flush, which is between 57% and 71%. Among the three pollutants, 
TP has the widest range of storm events with first flush occurrence, which is between 57% 
and 89%.  TSS has the highest first flush occurrence which is 83% , while TP with 78% 
and  TN has the lowest first flush existence (65%). 
 
 
 

 
 
 
4.0 Conclusions 
 
The results show that first flush occurrence varies within the storm events, type of 
pollutants and sub-catchments. 82.6% of the selected storm events experienced TSS first 
flush which is the highest compared to TP (78.3%). Among the three pollutants, TN has 
the lowest percentage of first flush existence where only 65.2% of the storm event 
experienced first flush. 
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Abstract: Recently combination of down-flow hanging sponge (DHS) reactor and an up-flow 
anaerobic sludge blanket (UASB) reactor has been gaining interest as an innovative technology. 
DHS is a completely aerobic reactor with the porous sponge material for attached growth process 
for attaining higher SRT over 100 days favoring nitrification without any aeration. Meanwhile, 
anaerobic/anoxic sequencing batch reactor (A2SBR) was reported to remove the phosphorus and 
nitrogen efficiently by using denitrifying phosphorus accumulating organisms.  
Pertaining to this, the combined UASB-DHS- A2SBR system was operated at average sewage 
temperature of 25 °C in summer and 10 °C in winter at the Nagaoka sewage treatment center in 
Japan to investigate the overall performance of this combined system. However, from the 
obtained data it was observed that the average SS (Suspended Solids), BOD (Biochemical 
Oxygen Demand) and COD (Chemical Oxygen Demand) removal rates in summer (winter) were 
96% (88%), 97% (87%) and 92% (71%), respectively. Similarly, TKN and ammonium nitrogen 
removal rates in summer (winter) were 92% (37%), 88% (41%), respectively.  
The A2SBR performance showed that nitrate in effluent remained less than 5 mg/L as N 
throughout the study. Phosphorus removal as low as 1 mg/L as P was achieved under adjusting 
the pH of 7.4 ± 0.2. Despite the slight reduction in performance during the winter season it still 
meets the discharge standards for the wastewater treatment water discharge effluent to the river 
bodies. Therefore, proposed UASB-DHS-A2SBR system without aeration could be a promisingly 
applicable technology for domestic wastewater treatment for next generation. 
 
Keywords: DHS, Sewage 
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1.0  Introduction  
 
The prevailing need of environmental sanitation has enticed many researches in the field 
of municipal wastewater treatment to find the better solution. In this advent, upflow 
anaerobic sludge blanket (UASB) has been proven to be effective for medium to high 
strength wastewater in tropical zones, subtropical zones and also in low ambient 
temperature (Takahashi et al., 2011; Foresti et al., 2006; Moawad et al., 2009). 
As a best option for post treatment, an aerobic down-flow hanging sponge (DHS) unit 
was developed. DHS, a system developed by Professor Harada research team has 
significant capability to remove organic load due to its high retention of biomass by 
sponges having more than 90% void space (Tandukar et al., 2005, 2007; Onodera et al., 
2013). The combined system of UASB-DHS has been considered as one of the most 
convincing technologies for municipal sewage treatment under variable conditions 
(Tandukar et al., 2006). Besides, it is economically advantageous over conventional 
activated system with respect to its less energy requirement. Nonetheless, further studies 
and findings confronted that this system was not able to remove nutrients well, even 
though satisfactory nitrogen removal was reported by Araki et al. (1999) and Tandukar 
et al. (2005). Therefore, anaerobic/anoxic sequencing batch reactor (A2SBR) was chosen 
as suitable tertiary treatment unit for UASB-DHS. 
Anaerobic/anoxic reactor is a single tank, same sludge based sequencing batch reactor. 
With the discovery of denitrifying phosphorus accumulating organisms (DNPAOs) 
simultaneous removal of nitrogen and phosphorus is possible with anoxic phosphorus 
uptake using nitrate/nitrite instead of oxygen as electron acceptors (Kuba et al., 1994, 
1996). Under alternating anaerobic and anoxic conditions DNPAOs take up volatile 
fatty acids and store them as polyhydroxyalkanoates (PHAs) through hydrolysis of 
intracellular polyphosphate and glycolysis of glycogen under anaerobic conditions. In 
the anoxic condition, DNPAOs utilize nitrate as electron acceptor and utilize PHAs to 
generate energy for growth, glycogen synthesis and phosphate uptake (Mino et al., 1998; 
Tsuneda et al., 2006). In this retrospect, the integrated performance of emerging 
technology consisting UASB-DHS-A2SBR was investigated. The objectives of the 
present work are to demonstrate the effect of seasonal variation on organic removal of 
UASB-DHS and evaluate the performance of A2SBR as a tertiary treatment unit for 
nutrient removal from municipal wastewater. 

 
 

2.0   Materials and Methods 
 
2.1  Experimental Set- up of the pilot plant 
 
Fig. 1 shows the schematic diagram of the experimental set up of a pilot scale municipal 
wastewater treatment plant in Nagaoka, Japan. The system consisted of reservoir (2000 
L), UASB reactor (1178 L), DHS reactor (857 L) and A2SBR reactor (200 L). DHS 
consisted of vertically aligned 10 boxes, which were stuffed with random polyurethane 
sponges. Sponge volume was 454 L and occupied 53% of the total volume of the reactor, 
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Each sponge was designed with plastic net ring of 33 mm × 33 mm wrapped in the 
polyurethane sponge cube of 33 mm. 

 
Fig. 1 Schematic diagram of a pilot-scale experimental setup of UASB-DHS-A2SBR 
reactor installed in Nagaoka Sewage Treatment Center, Japan. 
 
 
2.2   Operational conditions 
 
The municipal wastewater after screening and grit removal was received from the 
combined sewer in a reservoir. 50 mg/L of sodium sulfate was added in wastewater to 
start up the sulfur-redox reaction in UASB for effective organic removal even at low 
temperature. All the systems were connected with peristaltic pumps to supply the 
influent to the respective units except UASB effluent, which was transferred to DHS by 
gravity.  
The start-up of UASB and A2SBR was done by the inoculation of the mesophilic 
digested sludge from the same sewage treatment center. The integrated system was 
operated for 600 days and the time period was categorized on the basis of ambient 
temperature of 15.1°C - 29°C as summer and 8°C - 15°C as winter. The hydraulic 
retention time (HRT) of UASB, DHS and A2SBR was 8 h, 3.2 h and 12 h respectively. 
50 mL of sodium acetate was used as carbon source in A2SBR. At the initial phase of 
A2SBR, anaerobic phase takes place where biomass uptakes carbon and releases 
phosphate into the system. It lasts up to 90 min. During anoxic phase, DHS effluent of 
50 L is fed into the reactor and stirred continuously for 200 min. After that, the stirring 
is stopped and settling phase occurs for 60 min where the tank acts as a clarifier without 
any inflow or outflow. Finally, in the idle phase the clarified supernatant is discharged 
as treated effluent for 10 min.  
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2.3    Sampling and analytical methods 
 
The performance of the whole system was monitored by the routine analysis of 24 h 
composite samples of sewage and UASB and grab samples of DHS and A2SBR. The 
analysis was carried out twice a week. The parameters like temperature, dissolved 
oxygen (DO), oxygen reduction potential (ORP) and pH were measured regularly on 
site. Samples were preserved in an ice cool box at 4°C prior to analysis. The other 
parameters such as suspended solids (SS), chemical oxygen demand (CODCr ), 
biological oxygen demand (BOD5), total kjeldahl nitrogen (TKN), total phosphorus (TP), 
nitrites, nitrates etc. were analyzed according to the standard methods (APHA, 2005). 
 
 
3.0  Results and Discussion 
 
3.1    Performance of reactor for organic removal 
 
Fig. 2 shows the time series of ambient temperature and organic treatment performance 
in terms of SS, CODCr, and BOD5 over the time period of 600 days. The wastewater 
concentrations of SS 109 ± 64 mg/L in summer and 83 ± 24 mg/L in winter were 
decreased to 14 ± 19 mg/L and 22 ± 15 mg/L after being treated in UASB-DHS. 
Similarly, UASB-DHS showed total CODCr and BOD5 concentrations of 41 ± 32 mg/L 
and 7 ± 7 mg/L in summer whereas 64 ± 35 mg/L and 15 ±10 mg/L in winter as shown 
in Table 1. 
Similarly, the corresponding average SS, CODCr and BOD5 removal efficiencies of the 
system in summer were 86%, 87% and 97% and the removals in the winter were 69%, 
78% and 88% respectively. This result revealed that this process achieved significant 
organic removal in summer than in winter. The removal rates of UASB-DHS in this 
study were slightly higher than the studies by Machdar et al. (2000), Tandukar et al. 
(2006) and Mahmoud et al. (2010) with different generations of DHS reactors. But still, 
good organic removal even at low temperature in UASB-DHS could be attributed to the 
existence of sulfate-reducing bacteria capable of decomposing organic matter in UASB 
(Takahashi et al., 2011) and large amount of active biomass retained in DHS sponges 
(Tandukar et al. 2006). Furthermore, unlike other aerobic system, DHS possess a well 
pronounced advantage i.e. needlessness of external aeration thereby contributing in less 
energy requirement which has been well documented by Tandukar et al. (2005) and 
Tanaka et al. (2012) too. 
There have been limited studies on the organic removal by A2SBR. The average SS, 
CODCr and BOD5 removals by A2SBR were 79%, 86% and 97% in summer and 83%, 86% 
and 97% in winter, respectively. When the removal efficiencies of UASB-DHS and 
UASB-DHS-A2SBR was compared no significant differences was highlighted. It was 
then confirmed that major organic removal was contributed by UASB–DHS. However, 
overall results of the final effluent from UASB-DHS-A2SBR indicated good organic 
removal efficiency than other conventional municipal wastewater treatment systems.  
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Fig. 2 – Time series of (A) ambient temperature recorded during the study, (B) SS 
removal rate, (C) Total CODCr removal rate and (D) Total BOD5 removal rate. 

 
 

Table 1- Summarized overview of process performance for organic removal 
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3.2    Effect of Contact Time and Initial Atrazine Concentration 
 
The effect of contact time and initial atrazine concentration on adsorption of atrazine on 
oil palm shell-based adsorbent and activated carbon are shown in Figures 2 and 3, 
respectively. Batch adsorption experiments were carried out for 24 h to attain 
equilibrium. Figure 2 shows that the contact time necessary for adsorption of atrazine on 
oil palm shell-based adsorbent to reach equilibrium ranged between 150 to 240 min. 
However, for adsorption of atrazine on activated carbon, longer contact time of 24 h was 
required to achieve adsorption equilibrium, as shown in Figure 3. It could be seen that 
the adsorption rate at different concentrations was rapid in the first 15 min and steadily 
decreased with time until it gradually approached a plateau. The initial rapid uptake 
could be attributed to the availability of the number of free adsorption sites on the 
adsorbent and the higher concentration gradient created at the beginning of the 
adsorption process (Alam et al., 2004). As the atrazine loading on the adsorbent 
increased, the concentration gradient reduced and gave way to a much slower uptake. 
Furthermore, the atrazine uptake, qt increased with increasing in initial atrazine 
concentration. The amount of atrazine uptake at equilibrium, qe increased from 0.168 to 
3.378 mg/g for oil palm shell-based adsorbent and from 5.392 to 30.734 mg/g for 
activated carbon, with the increase in the initial atrazine concentrations from 5 to 30 
mg/L. The initial concentration provided an important driving force to overcome all 
mass transfer resistances of the atrazine between the aqueous and solid phases. Hence, a 
higher initial concentration of atrazine would enhance the adsorption process. 
Furthermore, the adsorption of atrazine could be described by three consecutive mass 
transport steps (Alam et al., 2007). Firstly, the adsorbate transferred through the solution 
to the adsorbent exterior surface, followed by adsorbate diffusion into the pores of 
adsorbent. Finally, the adsorbate was adsorbed into the active sites at the interior of the 
adsorbent particle. Thus, activated carbon showed a much better adsorption performance 
than oil palm shell-based adsorbent, which could be attributed to the higher porosity in 
activated carbon. 
 
3.3    Performance of reactor for nutrient removal 
 
The nutrient removal efficiency of UASB-DHS was improved after the introduction of 
A2SBR. The removal efficiency of nitrogen and phosphorus of A2SBR directly 
depended on DHS effluent. A2SBR showed 52% of average phosphorus removal in both 
seasons and showed no distinct difference. However, TKN and NH4

+ removal rates (data 
not shown) in summer were 92% and 88% and during winter the removal rates dropped 
almost to half of the summer performance rates to 37% and 41% respectively. This 
could be attributed to the effect of temperature in the activity of nitrifying bacteria 
which drops sharply below 15°C as the optimum temperature for their growth is within 
the range of 15°C-30°C (Shammas et al., 1986). Meanwhile, the behavior of 
microorganism responsible for nutrient treatment was also studied for better 
understanding of this system. For this, the profiling data of day 475 was taken as shown 
in Fig. 3. The microorganisms responsible for phosphorus removal in this process were 
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mostly considered as DNPAOs since other PAOs cannot thrive under simultaneous 
anaerobic and anoxic conditions. Within 90 min of the anaerobic phase, on one hand 
there was gradual decrease in carbon concentration from 126 mg/L to 24 mg/L while on 
the other hand there was increase of phosphate concentration from 3.8 mg -P/L to 36 
mg-P/L. During this process, the CODCr uptake and phosphate release ratio was 0.8 
which was in agreement with the range suggested by Lui et al. (1997) i.e. 0.04 –1.32, 
depending on the content of phosphorus in microorganism. While in the anoxic phase, 
after the addition of nitrate rich DHS effluent, the amount of phosphate uptake and 
nitrate removal was measured. However in winter season from day 301 to day 436 when 
temperature dropped to 11°C, nitrification rate significantly decreased in DHS (Fig. 4). 
Thus, external nitrate source (NaNO3) was added in DHS effluent before feeding into 
A2SBR to ensure the nitrate requirement for anoxic phase. As the reactor was configured 
airtight, it was obvious that nitrate acted as the electron donor. Eventually, the final 
effluent showed nitrate and phosphate concentration of 7mg/L and 1 mg/L respectively. 
The results clearly exhibited phosphorus uptake with simultaneous denitrification which 
is the requisite characteristics of DNPAOs. Hence, it can unanimously be propounded 
that DNPAOs presented a good phosphate and nitrate removal in this system. Yet this 
system is highly beneficial for lowering aeration cost and reducing sludge production 
(Kuba et al., 1997). Moreover, at the initial start-up period, pH and COD/P ratio varied 
and it was noticed that both nitrogen and phosphorus removal were unstable and 
unsatisfactory as indicated in Fig. 4. On day 195, pH and COD/P were maintained to 7.4 
± 0.2 and 20 respectively, which showed phosphate concentration as low as 1 mg-P/L. 
The corresponding average removal rate of 76% with the influent concentration of 1.9 
mg-P/L to 9 mg-P/L without any external aeration. The optimum pH condition was 
maintained slightly alkaline in reference to Liu et al. (1996) who reported that an acidic 
pH has negative effect on both acetate uptake and P-release in anaerobic stage whereas 
alkaline pH tends to inhibit the uptake of acetate and stimulate P-release more than at 
acidic pH. 

             Fig. 3 Profiles of the concentrations of nitrite, nitrate, phosphate and COD 
during one cycle of A2SBR operation. 
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Similarly, with the influent concentration of 9.2 mg-N/L to 25.5 mg-N/L corresponding 
nitrogen concentrations as low as 5 mg-N/L was achieved delivering average removal 
rate of 82%. This is due to the fact that the optimum pH for the denitrification is 
between 7.0 and 8.0 (Metcalf and Eddy, 2003) and henceforth the optimum pH of 7.4 ± 
0.2 was maintained throughout the study.  
 

 
Fig. 4 Time series of nitrate and total phosphorus concentration showing effect of pH 
control in the system. 
 
 
4.0   Conclusions 
 
The overall performance of the integrated system of UASB-DHS-A2SBR demonstrated 
good organic removal rates of sulfate containing municipal wastewater having 
COD/SO4

2- average ratio of 4. The average SS, CODCr and BOD removal rates of 86%, 
87% and 97% were obtained from UASB-DHS in summer. The average winter 
performances for the same parameters were 69%, 78% and 88% respectively. The TKN 
and NH4

+ removal rates in summer were 92%, 88  % and during winter the removal rates 
dropped almost to half the summer performance rates to 37% and 41%. Under adjusting 
the pH of 7.4 ± 0.2 and COD/P of 20 at SRT of 50 days phosphorus removal as low as 1 
mg-P/L was achieved and nitrate in effluent remained less than 5 mg-N/L throughout 
the operation showing removal efficiency of 76% and 82% respectively. Thus, this trio 
combination of anaerobic, aerobic and anaerobic/anoxic systems unambiguously ensures 
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no aeration requirement, low cost, less excess sludge, less area requirement with 
efficient nutrient removal capacity. The remarkable finding of this study was that the 
final effluent was in consistency with the discharge standards of municipal wastewater. 
Therefore, this proposed system could be an innovative solution for present prevalent 
wastewater treatment problems due to effective organic and nutrient treatment especially 
in hot climatic zones. 
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Abstract: The structural modification of crystallinity of ion induced Copper (Cu) doped carbon nanofiber 
(CNF) was observed carefully by in-situ transmission electron microscopy (TEM) facilities during bias voltage 
on the CNF. The initial TEM observation of the Cu-doped CNF showing that it was consist mixture of 
amorphous carbon and very fine crystalline Cu structure which small Cu particles randomly dispersed and 
covered by amorphous carbon. The fibrous solid amorphous structures of ion induced CNF significantly 
changes to single crystalline encapsulated graphitic structure due to the Joule Heating with dramatic 
improvement of graphitization of CNFs from amorphous to crystalline. The latter structure significantly similar 
to multi-layered graphenes structure. Direct observation of in-situ TEM results will provide very useful 
information about the graphene structure formation and the critical information of solid phase reaction of 
graphene synthesis mechanism.  

 

Keywords: In-situ TEM observation, ion irradiation method, carbon nanofibers, joule heating. 

 

1.0 Introduction 

 

The carbon nanomaterials such as carbon nanotubes (CNTs) (Iijima, 1991) , CNFs 
(Tanemura et al., 2006) and graphene (Geim et al., 2007) have attracted a significant interest 
as an efficient electron emitters due to their potential application in the future flat panel 
displays, electron beam instruments, x-ray sources etc (Wang et al., 2001; de Jonge et al., 
2005, Cheng et al., 2006; Tan et al., 2004) . There are several advantages of the carbon 
nanomaterials based electron emitter such as very high aspect, sharp tip, chemical inertness 
etc. leading to restrain the applied voltage to emit electrons even at very low vacuum pressure 
(Rinzler et al., 1995). In general, CNTs and graphene are usually synthesized at high 
temperature growth process (Pan et al., 1998; Ren et al., 1998; Tanemura et al., 2001). On 
the contrary, ion induced CNFs can be fabricated at low temperature even at room 
temperature. Recent progresses have shown that ion induced CNFs can be directly fabricated 
on a transparent polymer surface (Ghosh et al., 2010) and copper plate (Ghosh et al., 2011) 
also. Due to exceptional amorphous properties of CNFs, the fabrication of CNFs usually does 
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not need details information of temperature and annealing process. Graphene have similar 
synthesis method like CNTs which usually require high temperature process. The growth 
mechanism of CNTs and graphene still involve in details explanation in order to obtain 
perfectly desired properties of CNTs and graphene. The observation of graphitic structure of 
CNTs and graphene can be only performed under powerful microscope such as TEM and 
scanning transmission electrons microscope (STEM). However, the growth formation layer 
by layer of CNTs and graphene can be only observed by in situ TEM facilities that require 
external piezo devices equipped in the special TEM holder. In the previous work, we have 
discussed the formation of CNT from CNF using in situ facilities during field emission 
process. We believed that the graphitic formation could be controlled by in situ TEM 
facilities. Hence, in this work we challenged the direct observation of graphenes layers 
formation from Copper (Cu) incorporated CNF using in situ TEM facilities.  

 

2.0 Experimental Setup 

 

 

 We used a Kaufmann-type ion gun (Iontech. Inc. Ltd., model 3-1500-100FC) for 
growing CNFs. Samples employed were commercially available Copper foils having size 5 
mm × 10 mm × 100 μm and, and the edge of the foils were irradiated with argon ion (Ar+) 
ions at room temperature. The growth mechanism of ion-induced CNFs was explained 
elsewhere in detail (Tanemura et al., 2004). For the Cu incorporated CNFs growth, an 
additional graphite plate, having size 15 mm × 10 mm × 1 mm, as a C supply was placed 
horizontally adjacent to the Cu foil and they were co-irradiated with Ar+ at 45° from the 
normal to the surface for 45 minutes at room temperature (Figure 1). The oblique Ar+ 
bombardment is known to be more suitable for the growth of ion induced CNFs than normal 
incidence (Tanemura et al., 2005). The diameter and ion beam energy employed for this 
experiment were 6 cm and 1 keV, respectively. The basal and working pressures were 1.5 × 
10-5 and 2.0 × 10-2 Pa, respectively.  

After sputtering, the morphology of the Cu incorporated CNFs grown on the edge of 
the Cu foils was carefully observed by scanning electron microscope [SEM (JEOL JSM-

Figure 1. Schematic diagram of sample setup and the SEM image of the morphology of Fe-doped 
CNFs at the Cu foil edge after Ar+ ion bombardment. The inset shows the marked area where 
CNFs were mostly grown. 
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5600)] and the crystallinity of the sample was examined by TEM (JEOL JEM-2010). We 
used a TEM sample holder (JEOL; EM – Z02154T) with a piezo-controlled tungsten (W) 
nanoprobe coated with gold (Au) to apply a bias voltage on the single composite CNF 
samples. The Cu foil was cut into 2 mm width and directly mounted on the TEM sample 
holder without any other post treatment.  

 

3.0 Results and Discussion 

 

Figure 1 (b) shows the SEM image of Cu incorporated CNFs after ion irradiation. It 
should be noted that only single CNFs grew on respective cones and no CNFs grew without 
cone bases. The CNF was vibrating due to the charge effect from the TEM electron beam. 
During structure observation, we overcome this problem by contacting the nanoprobe with 
the CNF’s tip. Figure 2(a-c) show the TEM images of Cu incorporated CNFs. The Cu 
incorporated CNFs was approximately 1 μm in length and 200 nm in diameter (Figure 2(a)). 
The inset image shows the selected area electron diffraction (SAED) pattern of the Cu 
incorporated CNF. From the SEAD pattern results it shows that Cu incorporated CNF consist 
of dominant diffraction spots of C 120, C 010, Cu 111 and Cu 220. Figures 2(b) shows the 
fibrous structures of the Cu incorporated CNF in high magnification at the fiber part 
revealing that dispersion of several polycrystalline nanostructures in the amorphous carbon 
matrix. Further investigation of dark field images from SEAD pattern indicated that Cu 
particles dispersed randomly in the amorphous carbon structure. 

 

Figure 2. (a) TEM image of the intact structure of Cu incorporated CNF before bias 
voltage. (Inset show the selected area diffraction pattern). (b) The high magnification of 
TEM images of the fiber show the polycrystalline structure dispersed in amorphous 
carbon. (c) The dark field image shows the distribution of Cu particles in the carbon 
amorphous structure.  
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To investigate the structures transformations of Cu incorporated CNFs by bias 
voltage; we performed low applied bias voltage at 200 mV flow on metal incorporated CNF 
with additional 200 kΩ external resistor. The external resistor helps to reduce the shock damage 
at the CNF tip during applied bias voltage, hence proper structural transformation observable. 
The sample was observed at × 30k magnification in TEM. The gold (Au) coated tungsten (W) 
nanoprobe was slowly controlled by piezo driver to touch the Cu incorporated CNF tip. This 
also help to stabilize the CNF tip during the image capture process. The pressure in the 
specimen chamber was about 10-5 Pa during the applied bias. The structural transformation was 
captured using the CCD device and recorded using the computer software. The Cu incorporated 
CNF was transformed instantaneously after the applied bias voltage. 

Figure 3 (a) The TEM image of Cu incorporated CNF after bias voltage. (b) The SAED pattern area 
that marked in figure 3(a) shows the crystalline structure of Cu 111. (c) The bright field image from 
the SAED results which clearly indicating metal crystalline (dark region) covered by graphitic layers 
formation (bright region) and (d) showing the dark field image from the SAED result that clearly 
shows area of the crystalline diffraction point from figure 3(b). 
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Figure 3(a-d) shows the Cu incorporated CNF structure after the applied bias voltage. 

The Cu incorporated CNF significantly transformed into single crystalline particles 
encapsulated by graphitic layers after applied bias voltage due to the induced joule heating. 
The Cu nanoparticles from the fiber part of Cu incorporated CNF was agglomerated into huge 
sphere-like particles whilst amorphous carbon transformed into graphitic layers surrounding 
the agglomerated Cu particles (Figure 3(a)). This statement proven by the SAED pattern of 
round shape particle that clearly showed diffraction spots were single crystal of Cu 111 in 
figure 3(b). For further investigation, the bright field of the latter particle was taken using the 
SEAD spot clearly indicating that the graphitic formation covering the crystalline structure in 
figure 3(c). Finally, we can reconfirm that the crystalline area of the Cu 111 diffraction spot in 
figure 3(b) from the dark field image in figure 3(d). From figure 3(a-d) we understand that 
induced joule heating cause the Cu nanoparticles that randomly dispersed in the fibrous 
structure agglomerated and forming into large single crystalline structure of Cu 111. Both 
SAED pattern and dark field images also reconfirm that this result are not influence from the 
neighboring CNF part.  
 

Figure 4 (a-f) The graphitic layer formation formed at the outer crystalline structure of Cu from the 
high magnification TEM. Most of the graphitic layers are around 10 – 13 nm.  

114



 
Figure 4(a-f) shows the high magnification TEM of the graphitic layers formation 

from figure 3(a). From these result we understand that most of the graphitic layers are around 
10 – 13 nm. However, there a few sample shows very thin layers of graphene in less than two 
layers. Figure 4 (d) shows very fine formation of 10 layers graphitic structure. Figure 5 showing 
the distance profile result that indicating the layers thickness were around 0.34 nm. This 
distance value is similar to graphene thickness which we can confirm the formation of bright 
region in the TEM is graphitic layers formation. The distance profile also shows that the 
thickness formation were same for each layers which confirm there was no other carbide 
formation in the bright region.  

In order to understand the effect of the Joule heating from the bias voltage we need to 
estimate the temperature rising during the applied voltage. According to Vincent et al. (2002), 
the temperature rising of 1-D object during current flow can be estimated using a resistive 
heating model. For a 1-D object like CNF, the temperature distribution equation is expressed 
as follows:  

2

0( ) ( ) ( ) (1)
2L
RLIT K T K T K

Aκ
∆ = − =

 

where R is the metal resistivity of CNTs/CNFs (3.85 × 10-5 Ω.m), Қ is the thermal 
conductivity (20 W/mK), A = πr2, the cross sectional area of a CNF and I is the current flow. 
In our present experiment, the length and radius of CNF`s tip was found to be 1000 and 
around 10 nm, respectively. The current flow was up to 1 μA. The current would flow along 
the CNF from the tip part through outer surface and hence most of the structural change 
would occur from the outer layers (Wang et al., 2002). If the outer layer thickness is assumed 
to be 0.34 nm (corresponding to 1 layer thickness of graphene), the temperature of the outer 
layer during the applied bias voltage estimated from the above Equation (1) has been reached 
to 4.92 × 10+2 K, which would be satisfy for the recrystallization temperature of CNF 
structure. So, generation of Joule heating during applied bias would be responsible for the 
structural change of the Cu incorporated CNF.  

 

4.0 Conclusions 

Figure 5 shows the distance profile result from figure 4 (e) indicating the bright region formation 
having thickness around 0.34 nm.  
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In summary, significant structural transformation of a Cu incorporated CNF 
fabricated on Cu foil was observed using in situ TEM facilities. After the applied bias 
voltage, the dramatic change in the Cu incorporated CNF structure from fibrous amorphous 
and/or very fine crystallites to single crystal encapsulated graphitic structure was observed. 
The randomly dispersed Cu nanoparticles was agglomerated and formed into single 
crystalline structure whilst amorphous carbon transformed into graphitic structure and 
covering the single crystalline particle. Joule heating would be responsible for the structural 
change of the Cu incorporated CNF. 

 

5.0 Acknowledgement  

 

 The authors would like to acknowledge the financial support from the Malaysian 
Ministry Education and Universiti Teknologi Malaysia under GUP grant 
(Q.J130000.2546.12H54) and Higher Institution Centre of Excellent (HiCoE) grant. A part of 
the research work also has been done in Nagoya Institute of Technology. 
 
References 

 

Cheng, Y.; Zhang, J.; Lee, Y. Z.; Gao, B.; Dike, S.; Lin, W.; Lu, J. P.; Zhou, O. 2004, 
Development of a carbon nanotube based microfocus x-ray tube with single focusing 
electrode, ReV. Sci. Instrum., 75, 3264. 

de Jonge, N.; Lamy, Y.; Schoots, K.; Oosterkamp, T. H. 2002, High brightness electron 
beam from a multi-walled carbon nanotube., Nature 420, 393. 

de Jonge, N.; Allioux, M.; Oostveen, J. T.; Teo, K. B.; Milne, W. I. 2005, Low Noise and 
Stable Emission from Carbon Nanotube Electron Sources. Phys. ReV. Lett. 94, 
186807. 

Geim, A. K. and Novoselov, K. S. 2007, The rise of graphene, Nature Materials, 6, 183 – 
191. 

Ghosh, P.; Zamri, M. Y.; Satoh, S.; Subramanian, M.; Hayashi, A.; Hayashi, Y.; Tanemura, 
M. 2010, Transparent and Flexible Field Electron Emitters Based on Conical 
Nanocarbon Structures. J. Am. Chem. Soc. 132, 4034 

Ghosh, P.; Zamri, M. Y.; Ghosh, D.; Hayashi, A.; Hayashi, Y.; Tanemura, M., 2011, Direct 
fabrication of aligned metal composite carbon nanofibers on copper substrate at 
room temperature and their field emission property, Chem. Comm. 47, 4820–4822. 

Iijima, S. 1991 Helical microtubules of graphitic carbon Nature, 354, 56. 
Pan, Z. W.; Xie, S. S.; Chang, B. H.; Wang, C. Y.; Lu, L.; Liu, W.; Zhou, W. Y.; Li, W. Z. , 

1998, Very long carbon nanotubes Nature, 394, 631. 
Ren, Z. F.; Huang, Z. P.; Xu, J. W.; Wang, J. H.; Bush, P.; Siegal, M. P.; Provencio, P. N. 

1998, Synthesis of large arrays of well-aligned carbon nanotubes on glass, Science, 
282, 1105. 

Rinzler, G.; Hafner, J. H.; Nikolaev, P.; Lou, L.; Kim, S. G.; Tomanek, D.; Nordlander, P.; 
Colbert, D. T.; Smalley, R. E. 1995, Unraveling Nanotubes: Field Emission from An 
Atomic Wire Science, 269, 1550 

116



Tan, T. T.; Sim, H. S.; Lau, S. P.; Yang, H. Y.; Tanemura, M.; Tanaka, J. 2006, X-ray 
generation using carbon-nanofiber-based flexible field emitters, Appl. Phys. Lett. 88, 
103105. 

Tanemura, M.; Okita, T.; Tanaka, J.; Kitazawa, M.; Itoh, K.; Miao, L.; Tanemura, S.; Lau, S. 
P.; Yang, H. Y.; Huang, L. 2006 Room-Temperature Growth and Applications of 
Carbon Nanofibers: A Review, IEEE Trans. Nanotechnol. 5, 587.  

Tanemura, M.; Iwata, K.; Takahashi, K.; Fujimoto, Y.; Okuyama, F.; Sugie, H.; Filip, V. 
2001, Growth of aligned carbon nanotubes by plasma-enhanced chemical vapor 
deposition: Optimization of growth parameters, J. Appl. Phys. 90, 1529. 

Tanemura, M.; Okita, T.; Yamauchi, H.; Tanemura, S.; Morishima, R. 2004, Room-
Temperature Growth of a Carbon Nanofiber on the Tip of Conical Carbon 
Protrusions, Appl. Phys. Lett. 84, 3831. 

Tanemura, M.; Tanaka, J.; Itoh, K.; Fujimoto, Y.; Agawa, Y.; Miao, L.; Tanemura, S. 2005, 
Field Electron Emission from Sputter-Induced Carbon Nanofibers Grown at Room 
Temperature, Appl. Phys. Lett. 86, 113107. 

Vincent, P.; Purcell, S. T.; Journet, C.; Binh, V. T. 2002, Modelization of resistive heating of 
carbon nanotubes during field emission, Phys. Rev. B 66, 075406. 

Wang, Q. H.; Yan, M.; Chang, R. P. H. . 2001, Flat panel display prototype using gated 
carbon nanotube field emitters, Appl. Phys. Lett78, 1294. 

Wang, Z. L.; Gao, R. P.; de Heer, W. A.; Poncharal, P. 2002, In situ imaging of field 
emission from individual carbon nanotubes and their structural damage. Appl. Phys. 
Lett. 80 , 5, 856. 

117



Proceedings of the 2nd International Symposium on Expertise of Engineering Design 

STEADY STATE CHARACTERISTICS OF NPC INVERTER WITH

VOLTAGE BOOSTER  

Eiichi Sakasegawa 1*, Shota Waki1 & Kichiro Yamamoto2

1 Department of Electrical and Electronics Engineering, National Institute of Technology, 
Kagoshima College, 1460-1 Shinko, Hayato, Kirishima, Kagoshima 899-5193, Japan 

2 Department of Electrical and Electronics Engineering, Kagoshima University, 1-21-40, 
Korimoto, Kagoshima 890-0065, Japan 

*Corresponding Author: sakasegw@kagoshima-ct.ac.jp

Abstract: This paper studies on steady state characteristics of neutral-point-clamped (NPC) 

inverter with voltage booster. The voltage booster controls not only DC link voltage but also 

neutral-point-potential. In this paper, the steady state characteristics of neutral-point-potential 

control is represented by both simulated and experimental results. A permanent magnet (PM) 

motor is used as a load. Furthermore, it is shown that the simulated results agree well with the 

experimental results.

Keywords: Neutral-point-potential, NPC inverter, Voltage booster, PM motor, Compensation 

1.0 Introduction 

In recent years, automotive manufacturers have released their Electric Vehicle (EV) and 

its market is increasing year by year. Conventional 2-level inverter with voltage booster 

is a major system for motor drive system of EV or Hybrid EV (Mizutani et al., 2015; 

Yamamoto et al., 2011). The reason of using the voltage booster is to obtain higher voltage 

than back-emf generated by the PM rotor magnets in high speed range (Morimoto et al., 

2010). As a new technology, NPC inverter with voltage booster has been proposed for 

motor drive system of EV (Furuta et al., 2010) and wind power generation system 

(Yaramasu et al., 2014). The NPC inverter is widely used in industry or railway vehicle 

field. It has many advantages such as high capacity, low current distortion and high 

voltage in comparison with 2-level inverter (Nabae, Takahashi, Akagi,1981). On the other 

hand, the NPC inverter has a feature that the neutral-point-potential is fluctuated because 

of asymmetry of PWM waveform and individual difference of capacitors and switching 

devices. That may cause unbalance of the two capacitor voltages in the NPC inverter, and 

excessive voltage may break down switching devices (Ogasawara, Sawada, Akagi,1993). 

Therefore, it is very important to control the neutral-point-potential. The NPC inverter 

with voltage booster has a remarkable advantage that the voltage booster is able to control 
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not only DC link voltage but also neutral-point-potential. That makes NPC inverter free 

in terms of neutral-point-potential control and gives high control performance to the NPC 

inverter. This paper shows steady state characteristics of NPC inverter with voltage 

booster. It is shown that the simulated results agree well with the experimental results. 

2.0  A NPC inverter system with voltage booster 

Figure1 and Figure 2 show circuit configuration of the NPC inverter with voltage booster 

and block diagram of control system, respectively. Table 1 represents motor parameters 

used for simulation and experiments. This circuit topology originally has an ability to 

regenerate the electric energy. In this paper, however, the regenerative operation is not 

investigated. Therefore, DC supply with diode-bridge is used for the experiments. Surface 

permanent magnet synchronous motor (SPM) is used as a load. Output voltage of the NPC 

inverter is regulated by speed and current PI controller. There are many PWM methods 

for the NPC inverter, we decided to use the unipolar PWM method as a simple and easy 

method. The resistor 5Ω connected in series with the inductor suppresses the peak of the 

inductor current. Furthermore, a feedforward control is implemented for the suppression. 
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Figure 1. Circuit configuration of NPC inverter with voltage booster. 

Figure 2. Block diagram of control system. 
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   Table 1: Motor parameters 

Motor rated output 120 W

Motor rated voltage 100 V

Motor rated speed 2500 rpm

Motor rated torque 0.47 N-m

Motor rated current 2 A

Stator resistance 2　Ω

Field flux 0.0457　Wb

Armature inductance 4　mH

Pole number   p 8

Moment of inertia 0.00055　Kg-m
2
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3.0 Control method of the system 

3.1   Princple of DC link voltage and neutral-point-potential control 

Figure 3 represents operating modes of the voltage booster. In this paper, we defined the  

voltage booster for NPC inverter as NPC voltage booster. SPM is connected to the NPC  

inverter although it is not seen in the Figure 3. Figure 3(a) illustrates MODE1 in which 

S2, S3 are ON and S1, S4 are OFF. In MODE1, magnetic energy is stored in the inductor. 

Figure 3(b) illustrates MODE2 in which S1, S4 are ON and S2, S3 are OFF. In MODE2, 

the inductor supplies the magnetic energy to the load, and boosts the DC link voltage. By 

cycling the two modes of MODE1 and MODE2, the NPC voltage booster operates as well 

as the conventional voltage booster. Figure 3(c) illustrates MODE3 in which S1, S3 are 

ON and S2, S4 are OFF. In MODE3, the inductor supplies the stored magnetic energy only 

to the upper capacitor Cp. Then, only upper capacitor voltage vcp is boosted. Figure 3(d) 

illustrates MODE4 in which S2, S4 are ON and S1, S3 are OFF. Contrary to MODE3, in 

MODE4, the inductor supplies the stored magnetic energy only to the lower capacitor Cn. 

Then, only lower capacitor voltage vcn is boosted. By selecting the MODE3 and MODE4 

in accordance with the neutral-point-potential, each capacitor voltage can be controlled 

independently. The control method for DC link voltage can be explained as follows. For 

Figure3. Operating modes of voltage booster. 

(a) S2，S3:ON，S1，S4:OFF.  (b) S1，S4:ON，S2，S3:OFF.  

 (c) S1，S3:ON，S2，S4:OFF.  (d) S2，S4:ON，S1，S3:OFF. 
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the DC link voltage control, the duty factors for switching devices S2 and S3 are defined 

as Dp and Dn, respectively. MODE1 and MODE2 are used for boosting the DC link voltage 

when the neutral-point-potential is kept at 0V. At the situation, Dp equals Dn. Then, the 

DC link voltage is expressed as follows: 

𝑉𝑑𝑐 = 𝐸 (1 − 𝐷𝑝)⁄  ......................................  (1)

Equation (1) coincides with that of the conventional voltage booster. On the other hand, 

when the neutral-point-potential is not 0V, MODE3 or MODE4 is used for compensating 

the neutral-point-potential variation.  Figure 4 shows the principle of the PWM generation 

for controlling the neutral-point-potential with subharmonic modulation, and the situation 

is vcp > vcn. The Ts indicates the switching period. The duty factors should satisfy following 

condition to equalize each capacitor voltage. The condition is Dp > Dn. Then, ON-time of 

the S2, DpTs, becomes longer than that of the S3, DnTs. In other words, MODE4 appears 

during the time D’Ts which is the time difference between DpTs and DnTs. In MODE4, the 

Cp discharges the electric energy to the load. On the other hand, The Cn charges the electric 

energy from the inductor. In this way, an unbalance between vcp and vcn are corrected. In 

the case of vcp < vcn, the duty factors should satisfy Dp < Dn in a similar way. 

The fundamental equation of neutral-point-potential is given as follows: 

 dtiCv nn )/1( .......................................... (2)

where in represents neutral-point-current and C indicates Cp or Cn in Figure 3. Therefore, 

the capacitor voltage variations per switching period, ⊿ vcp and ⊿ vcn , are expressed as 
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   Figure 4. Principle of neutral-point potential control. 
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follows: 

spdcLcp CfDIIΔv /)1)((   ...........................  (3)

sndcLcn CfDIIΔv /)1)((   ............................  (4)

where fs represents the switching frequency. Both equations (3) and (4) show that it is 

possible to control each capacitor voltage independently by regulating the duties of the 

devices Dp and Dn, respectively. Using equations (1), (3) and (4), the system is able to 

control both the DC link voltage and the neutral-point-potential. 

3.2   Verification of the control methods by simulation and experiment 

We carried out the simulation of the motor drive system to confirm the effectiveness of 

the control methods investigated in previous section 3.1. We used an Electronic ciucuit 

simulation software package PSIM for simulation. The DC link voltage reference is 

decided so that the voltage is proportional to the motor speed, and  the voltage matches 

the rated value of the motor voltage when the motor speed is rated value. Figure 5(a) 

represents the simulated results at rated speed and rated load. It can be seen that the DC 

link voltage is controlled to constant value 141V, and neutral-point-potential is kept at 

nearly 0V. Next, we carried out experiment of the motor drive system in the same 

condition to the simulation. We used a digital control system PE-expert3 from Myway-

plus in experiment. Figure 5(b) shows the experimental results. It can be seen that the 

simulated results agree well with the experimental results. It can be presumed that the 

experimental waveform of phase current iu contains the distortion due to cogging torque 

of the PM motor. 
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Figure 5. Steady state characteristics of neutral-point-potential control. 
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4.0  Conclusions 

This paper has investigated the control method for the DC link voltage and the neutral-

point-potential of the NPC inverter with voltage booster. The steady state characteristics 

of the system have been demonstraed by both simulation and experiment. The simulated 

results agree well with the experimental results. The results both of simulation and 

experiment have demonstrated that the NPC voltage booster is able to control not only 

DC link voltage but also neutral-point-potential. Furthermore, effectiveness of the control 

method has been confirmed. This system is expected for application of motor drive system 

for high voltage class EV. 
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Abstract: Wireless Sensor Network (WSN) in sports arena start to become popular as athletes and 
coaches realize the need of technology to obtain accurate measurement system that can be used to 
monitor the performance of athletes during tournaments as well as training session. Swimming is 
one of the most popular sport in the Olympic level. The major elements for monitoring swimmers’ 
performance are stroke rate and time taken for each stroke. For that reason, this paper proposes 
electronic system to monitor swimmers’ stroke rate and time taken per stroke wirelessly. There are 
three stages involve in this work which are developing sensor node, developing server node and 
developing monitoring application. Sensor node will send the raw data to the server node. Then, 
the server node process the data and store them in database. Finally, the process data which is the 
final results will be displayed on a simple web page Graphical User Interface (GUI). The GUI will 
display two graphs of stroke rate in real time which are stroke rate vs. time and time vs. stroke. As 
a result, coaches and swimmers will be able to view the stroke rate in real-time from poolside thus 
can use the available information to improve the swimmers’ performance. 
 
Keywords: Wireless Sensor Network (WSN), stroke rate, performance, Graphical User Interface 
(GUI), real-time 
 
 
1.0  Introduction  
 
Competitive swimming is one of the most popular sport at international level with events 
in freestyle, backstroke, butterfly and breaststroke. Swimming is an action oriented sport 
and just like others, implicate the sporadic application of force in which motion will be 
produced (Craig and Pendergast, 1979). When a great swimmer moving quickly through 
the water they seem so smooth and powerful. This is contributed by certain factors such 
as good rhythm and consistency. Rhythm can be improved by correct coaching and 
technique improvement. One of an important element in rhythm is called stroke rate.  
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Stroke rate is how many strokes a swimmer do per second counting both arms. By 
monitoring a swimmer stroke rate, swimmer overall performance can be improved (Craig 
and Pendergast, 1979). Presently, stroke rate is calculated manually by coach at the side 
of the pool by using a stopwatch. This can be difficult to do and not accurate. This project 
will tackle the overall lack in wireless automated training system for swimmer training 
regime by implementing wireless sensor network system.  
 
Wireless Sensor Network (WSN) is attracted much attention in electronics engineering 
fields as its potential to create an impact on our society through its application. WSN able 
to act as a bridge between physical and virtual world. WSN is a type of network that 
capitalizes several sensor nodes which install in a certain area of activity. The sensor node 
should have integrated functions of calculating, sensing and wireless transmission (Choi 
et al., 2010). Furthermore, WSN consists of spatially spread nodes armed with sensing 
devices to monitor and quantify attributes of the physical environment at different locales 
(Sandeep et al., 2015). WSN required centralized nodes or master node that will act a 
server which will receive all information from other sensing nodes. Numerous research 
has been used Raspberry Pi in developing WSN where Raspberry Pi a cheap, credit card-
sized, minicomputer (Gupta et al., 2015). Among many of its application, WSN in sports 
field starts to become popular as athletes and coaches realize the need of electronics 
system to create a more accurate measurement system also to analyze the performance of 
athletes during tournaments but more importantly during a training session. By applying 
WSN in swimmer training environment, it will greatly improve swimmers’ performance. 
Recently, the new Internet of Things (IoT) is being introduced everywhere. IoT is a system 
that links the real world and cyberspace via physical things that embed with several forms 
of smart sensors (Kraijak and Tuwanut, 2015). 
 
There are a lot of swimming aspects can be considered in improving swimmers’ 
performance however some aspects are very hard to improve such as stamina which 
requires hard and consistent training. Fortunately, some other aspects such as stroke rate 
are easier to improve by proper help from a coach and this project will look into it make 
this process easier. Last but not least is to do data transferring wirelessly in real-time. This 
is a revolutionize way of a monitoring system that makes available by WSN technology. 
Currently, lack of product with the usage of WSN in swimming sport is an issue. 
Therefore, monitoring swimmers’ performance wirelessly is proposed. 
 
2.0   Proposed Work 
 
2.1  Overall Framework 
 
The proposed work is divided into three stages which are developing sensor node, 
developing sensor network and developing monitoring application. The first two stages 
involve hardware development whilst the third stage is only software development. The 
constraint in the first stage is a size. The hardware should be as small as possible because 
it is a wearable device. The second part of the hardware is server node and its size can be 
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variable according to the type of device use which in this case in Raspberry Pi 2. Figure 
1.0 shows an overall framework of this work.  
 

Sensor Node 
 

Server Node 
 

Monitoring 
Applications 

 
Figure 1.0: Overall framework 

 
In developing sensor node, it consists of microcontroller, sensor and transceiver. The 
sensors involve are accelerometer and gyroscope. Sensor node will be placed on 
swimmers’ hand. This device responsible for sensing swimmers’ stroke and time. The 
sensor that will be used is MPU-6050, where it will pass raw data to the microcontroller, 
Arduino Pro Mini (Pro Mini) and it will process the data. After that, microcontroller will 
pass it to a transceiver (nRF24L01+) for wireless data transmission toward server node. 
Next, the server node that uses Raspberry Pi 2 as its core will collect transmission data 
from the nRF24L01+ transceiver and process the data before it stores all information in 
the database.  
 
The last part is software development which is monitoring application. The database 
handler used is MySQL. Afterward, Apache Web Server will be used to handle Hypertext 
Transfer Protocol (HTTP) request. Last but not least Hypertext Preprocessor (PHP) 
scripted will play role in creating Graphical User Interface (GUI) for end-user. In this 
work, GUI is intended to be the view from http://localhost either using Raspberry Pi 2 
browser or another laptop connect to it.  
 
Figure 1.1 shows an overview of general program flowchart that will be running on both 
sensor-node and server node. The sensor node focal function is to read data from the 
sensor and send it wirelessly while the server node key role is to receive the data, process 
it and store in the database. 
 
2.2  Designing Sensor Node  
 
An issue that need to consider is the size of the sensor. Pro Mini voltage output only give 
5 V (Chen et al., 2009) can be considered. However, both sensor and transceiver operate 
only take roughly 3.3 V input voltage. Hence, a voltage drop is required but instead of 
using voltage regulator which is bulky, another simpler solution will be used that is using 
General Purpose Plastic Rectifier to drop voltage. In this project 1N4001 diode will be 
used because it gives 1.1 V voltage drop (Bellar et al., 1992), thus two of it will be used 
and resulted voltage is 2.8 V which is suitable for both sensor and transceiver.  
 
One last part to be added is a switch that will be a program so if its value it’s HIGH, the 
sensor will read data and if its value is LOW sensor will not read data and no transmission 
will be made. This switch will be label as Active Switch and its purpose is to make data 
reading more effective so when the device is in turn on the state but not in use, Active 
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Button can be used to shut down data reading. A 9V battery is used to power up the Pro 
Mini since Pro Mini can be supplied from 5-12 V on its raw input voltage pin (Chen et 
al., 2009). In developing the sensor node, require devices are as follow: 
 

(i) Arduino Pro Mini x 1  
(ii) nRf24L01+ x 1  
(iii) MPU-6050 x 1  
(iv) 1N4001 diode x 2  
(v) Slide switch x 1  
(vi) 10k Ohm resistor x 1  

 
The final circuit design is presented in Figure 1.1. It is noted a 10k Ohm resistor is fixed 
between slide switch and Pro Mini’s GND pin.   
 

 
 

Figure 1.1: Final circuit design for sensor-node 
 
2.2.1  Designing Sensor Node Program  
 
This subtopic will present software design of Pro Mini. Software design is a task to 
convert consumer requirement into the embedded system so equipment works as user 
requirement. As mention before, sensor node main function is to read raw data, process it 
and pass through the transceiver to server node with Active Switch control sensor node 
function. The finalize flowchart of the program for sensor node is shown in Figure 1.2. 
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Figure 1.2: Sensor-node flowchart 
 
2.3  Designing Server Node 
 
The server node is the core element of this system, it will receive data, process it, record 
it in the database and also responsible for publishing the data to end-user. Hence, the 
choice of microcontroller or computer for this node this incredibly vital. For this work, 
Raspberry Pi 2 is chosen as server node computer. Next, another transceiver which is 
another nRF24L01+ is also required to receive data from sensor node. Figure 1.3 depicts 
the connection between Raspberry Pi 2 and nRF24L01+ as a server node.  
 

 
Figure 1.3: Raspberry Pi and nRF24L01+ connection 
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2.3.1  Designing Server Node Program  
 
The server node is the core of this system thus it has the most complex program sequence 
for this project. There are two parts for the server node program as in Figure 1.4 which 
the first is data reading, process and storing which will be written in Python 3 and second 
part is a program for publishing data as GUI which will be written using PHP script. Both 
of the programming parts will be explained more in the next section. 
 

 
 

Figure 1.4: First part of the server node flowchart 
 

2.4  Apache, MySQL, PHP and phpMyAdmin Installation 
 
For the part of server node software development is transporting data into the database, 
manage the database and publish all information to end-user. There are three fundamental 
part for this stage, which is Apache as webserver, MySQL as a database manager and 
Hypertext Preprocessor (PHP) as a programming language to publish data in a web 
browser (Nixon, 2012).  
 
Apache is one of the most famous web server (O’reilly, 2005). A web server is a system 
that process request through Hyper Text Transfer Protocol (HTTP) (Montulli, 2000).  
When a browser request a page, it goes to a web-server which is Apache, then Apache 
will pass the request to PHP and PHP will process the content, pass it to Apache and 
Apache will pass the content to the web browser. MySQL is an open-source database 
management system. A database can be briefly expressed as a repository for information. 
MySQL features a good level of security to its user (Zoratti, 2006). Database plays a very 
crucial role in this project as it is essential to store all recorded data such as stroke rate 
and time somewhere that can be accessed later. In this work, MySQL will be used to 
create and manage the database.  
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PHP is a scripting language, vigorously typed with no static type inspection or variable 
declarations, and is reinforced by an environment of hundreds of pre-defined, prepared to 
use libraries, modules and functions. Development in such an affluent environment is at 
a quicker pace; there is no requirement to compile, no need for complex build files, and 
PHP code can be interlaced directly with Hypertext Markup Language (HTML) code 
making it very easy to develop custom websites and web development frameworks 
(Kyriakakis et al., 2016). PHP can easily fetch information from MySQL database. Thus, 
the web content for GUI will be written using PHP. Last to be mentioned is phpMyAdmin. 
It is a free-source instrument to easily handle and deal with MySQL database using the 
browser and it is written in PHP. 
 
2.5  JpGraph Installation  
 
For the purpose of presenting data through graph on GUI part, an add-on library needs to 
be added for adding the PHP ability to process and present a graph. JpGraph is a free-
source library that allows PHP to process and display graphical object. Follow the 
following steps to add JpGraph library:  
 

(i) On a PC, go to “http://jpgraph.net/download/” then, click 
“jpgraph3.5.0b1.tar.gz” to download the file.  

(ii) Unpack the file using a program such as “7-Zip”, again, unpack the 
subsequent “.tar” file using 7-Zip. 

(iii) The result will produce a folder named “jpgraph-3.5.0b1”.  Rename the folder 
into “jpgragph”.  

(iv) Next, copy the folder into Raspberry Pi 2 using USB Flash Drive.  Paste the 
folder into “/var/www/html/swim” directory.  “/swim” directory will have to 
be made beforehand.  

 
All this step will conclude JpGraph library installation on Raspberry Pi 2. 
 
3.0  Results and Discussion 
 
This section composes of obtained result and discussion from this project. A detailed 
explanation of hardware and software building process will be presented. 
 
3.1 Sensor-node Prototype  
 
Figure 1.5 and 1.6 show the final prototype of the development sensor node. It is a small, 
light and wearable device. To turn on the device, the 9V battery is required. Figure 1.7 
shows Active Button. As discussed, the button is designed to control data reading from 
MPU-6050. 
 

130



 

 
Figure 1.5: Sensor node prototype 

 
Figure 1.6: Side view of the prototype 

 

 
Figure 1.7: Active Button 

 
As a summary, after turning on the device and set Active button state as true, the device 
will read data from MPU-6050, process it and send processed data to server node through 
the nRF24L01+ transmitter. Testing will be conducted again to ensure the device is fully 
working. If data can be read on the server node, we conclude that sensor node is working 
flawlessly. 
 
3.2  Sensor Data Reading 
 
The first part of the result that needs to be confirmed is MPU-6050 data. Without any 
adjusting, it will give raw data from accelerometer and gyroscope separately. Data read 
by the microcontroller from MPU-6050 sensor are viewed from Arduino IDE serial 
monitor from a PC. First raw data is viewed as shown in Figure 1.8. Then the processed 
data which is YPR code is uploaded and is viewed from the serial monitor as shown in 
Figure 1.9. Since Uno able to read YPR data, the MPU-6050 data reading stage is 
successful.   
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Figure 1.8: MPU-6050 raw data 

 
Figure 1.9: MPU-6050 YPR data 

 
3.3  Stroke Rate Calculation  
 
To calculate and measure stroke, an axis needs to be chosen as a reference, it can either 
YPR x, y or z-axis, in this prototype x-axis is chosen as a reference. To model a stroke 
sample, each time a-axis change its sign this constitute as half a stroke been done. 
Therefore, for the program to record a single stroke, x-axis sign need to change two times.  
The program will loop infinitely continue to record how many strokes has been done, 
which will be referred as stroke count until the system is turn off. Stroke rate is made up 
from two components which stroke count that has been discussed above and the other one 
is a time in term of a minute which Equation 1.0 shows stroke rate equation. Since the 
data from sensor node were sent at exactly 0.2-second interval the program will increment 
0.2 seconds for each loop. Consequently, the program is able to accurately both monitor 
time and stroke count. The result is shown in Figure 1.10. With this outcome, stroke rate 
can be calculated using Equation 1.0. 
 

𝑆𝑆𝑡𝑡𝑟𝑟𝑜𝑜𝑘𝑘𝑒𝑒 𝑟𝑟𝑎𝑎𝑡𝑡𝑒𝑒 = 𝑠𝑠𝑡𝑡𝑟𝑟𝑜𝑜𝑘𝑘𝑒𝑒 𝑐𝑐𝑜𝑜𝑢𝑢𝑛𝑛𝑡𝑡/𝑚𝑚𝑖𝑖n  Equation 1.0 
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Figure 1.10: Stroke count, time (s) and stroke rate (stroke count/min) data 

 
3.4  Time per Stroke Calculation  
 
Another element in swimming performance that this system will monitor is time per stroke. 
Time per stroke is how many seconds it took for a swimmer to complete one stroke cycle. 
Figure 1.11 presented the resulted information.  
 

 
Figure 1.11: Stroke rate and time per stroke data 
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To do this, a new time variable, “time2” need to be introduced to the program on server 
node. This is because unlike “time” which will keep incrementing each time the 
programming run a loop, “time2” will be reset each time a new stroke count is recorded. 
Therefore, each time for each stroke will be recorded precisely. 
 
3.4  Graphical User Interface  
 
The final part of this work will address on GUI. The user interface is the only method 
through which a user can converse with certain software (Bajwa and Chaudhary, 2006).  
This will allow users such as coach or swimmer himself to view swimming performance 
data in real-time during training or after training session had ended. The GUI will be 
created to be viewed on the web browser and executed using PHP scripted. Then GUI can 
be viewed on Raspberry Pi 2’s browser address “localhost/swim”. GUI also can be the 
view from another laptop connecting to Raspberry Pi network via Ethernet cable. To do 
this, connect a laptop and Raspberry Pi 2 and then go to Terminal on Raspberry Pi 2 the 
type “hostname –I”, it will respond with an address for example “192.168.137.12”. Next, 
go to web browser and type the address such as “192.168.137.12/swim”. After that the 
browser should be able to access the system GUI. The GUI will display Stroke Rate data, 
Time per Stroke data and Stroke Rate vs. Time data are shown in Figure 1.12, Figure 1.13 
and Figure 1.14. 
 

 
Figure 1.12: Main GUI 
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Figure 1.13: Time per stroke graph 

 

 
Figure 1.14: Stroke rate vs. time graph 

 
The result obtained is very useful for a swimmer, as shown in Figure 1.12, the system 
calculates swimmer stroke rate for the current time as it will allow others such as coach 
see and analyze. Figure 1.13 shows swimmer stroke rate per time as swimmer continue to 
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swim as all the data had been recorded. After the swimming session has ended, a swimmer 
can review his performance by looking at the graph. This allows swimmer or coach to 
review the consistency of swimmer stroke rate. From this data, swimmer can decide what 
to do, to improve such as improving stamina. Figure 1.14, on the other hand, provide 
swimmer data on time they took per stroke, they allow the user to see the consistency of 
each stroke taken. In ideal form, a swimmer wants to have a flat graph which is 
consistency time for every stroke. Thus, from all the presented data, swimmer and coach 
able to monitor swimming performance to a good extent. 
 
4.0  Conclusions 
 
Swimming performance monitoring system entail three major parts. The first part is 
sensor node which integrated Arduino microcontroller, a sensor and transceiver. The 
subsequent part is server node which made of Raspberry Pi 2 minicomputer and a 
transceiver to receive data and process it. The final part is data publisher component which 
are a web server (Apache), database manager (MySQL) and publishes language PHP 
which is all integrated to publish necessary information to end-user through a web browser. 
The final result depicts the stroke count and stroke rate on GUI. The obtained result is 
useful to the coaches and swimmers to analyze the performance during training session 
or tournament. 
 
5.0 Acknowledgements 
 
The authors would like to thank all those who contributed toward making this research 
successful. The authors wish to express their gratitude to National Institute of Technology 
Kagoshima College for the sponsorship, Universiti Teknologi Malaysia for the financial 
support and Advanced Technology Telecommunication (ATT) Research Group for the 
advice of this work. (Vot number Q.J130000.2723.02K37). 

 
References 
 
Bajwa, I. S., and Chaudhary, M. A. (2006). A Language Engineering System for 

Graphical User Interface Design (LESGUID): A Rule based Approach. 
Paper presented at the Information and Communication Technologies, 
2006. ICTTA'06. 2nd, 3582-3586. 

Bellar, M., Watanabe, E., and Mesquita, A. (1992). Analysis of the dynamic and 
steady-state performance of Cockcroft-Walton cascade rectifiers. IEEE 
transactions on power electronics, 7(3), 526-534. 

Chen, W., Nguyen, S. T., Coops, R., Oetomo, S. B., and Feijs, L. (2009). Wireless 
transmission design for health monitoring at neonatal intensive care units. 
Paper presented at the Applied Sciences in Biomedical and 

136



 

Communication Technologies, 2009. ISABEL 2009. 2nd International 
Symposium on, 1-6. 

Choi, Y.-S., Jeon, Y.-J., and Park, S.-H. (2010). A study on sensor nodes 
attestation protocol in a Wireless Sensor Network. Paper presented at the 
Advanced Communication Technology (ICACT), 2010 The 12th 
International Conference on, 574-579. 

Craig, A., and Pendergast, D. R. (1979). Relationships of stroke rate, distance per 
stroke, and velocity in competitive swimming. Med Sci Sports Exerc, 11(3), 
278-283. 

Gupta, M. S. D., Patchava, V., and Menezes, V. (2015). Healthcare based on IoT 
using Raspberry Pi. Paper presented at the Green Computing and Internet 
of Things (ICGCIoT), 2015 International Conference on, 796-799. 

Kraijak, S., and Tuwanut, P. (2015). A survey on IoT architectures, protocols, 
applications, security, privacy, real-world implementation and future 
trends. Paper presented at the Wireless Communications, Networking and 
Mobile Computing (WiCOM 2015), 11th International Conference on, 1-
6. 

Kyriakakis, P., Chatzigeorgiou, A., Ampatzoglou, A., and Xinogalos, S. (2016). 
Evolution of method invocation and object instantiation patterns in a PHP 
ecosystem. 

Montulli, L. (2000). Persistant client state in a hypertext transfer protocol based 
client-server system: Google Patents. 

Nixon, R. (2012). Learning PHP, MySQL, JavaScript, and CSS: A step-by-step 
guide to creating dynamic websites: " O'Reilly Media, Inc.". 

O’reilly, T. (2005). What is web 2.0. 
Sandeep, V., Gopal, K. L., Naveen, S., Amudhan, A., and Kumar, L. (2015). 

Globally accessible machine automation using Raspberry pi based on 
Internet of Things. Paper presented at the Advances in Computing, 
Communications and Informatics (ICACCI), 2015 International 
Conference on, 1144-1147. 

Zoratti, I. (2006). MYSQL security best practices. Paper presented at the Crime 
and Security, 2006. The Institution of Engineering and Technology 
Conference on, 183-198. 

 

137



Proceedings of the 2nd International Symposium on Expertise of Engineering Design 
 

 

 
 

  
 

THE EFFECTS OF DIFFERENCE METHODS OF BABYWEARING ON 
THE HUMAN POSTURE 

 
Asha Hasnimy Mohd Hashim1*, Halijah Ibrahim1, Zainal Abidin 

Zainuddin1, Diyana Zulaika Abd Ghani1 & Tiang Siew Ping1 

 
1 Department of Educational Foundation and Social Science, Faculty of Education, Universiti 

Teknologi Malaysia, 81310 Skudai, Johor, Malaysia.   
 

*Corresponding Author: asha@utm.my 
 

 
Abstract: Babywearing is the action or method of carrying an infant close against one’s body in 
in a sling or another form of baby carrier. Although cultural differences is seen in babywearing 
style around the world, the purpose still the same. The present study investigates the effects of 
different method of babywearing in terms of babywearer’s posture while walking. The 
participants (N = 20), aged between 20–35 years old (M=24.85, SD=2.13) were exposed to three 
conditions: babywearing without any carrier, babywearing with a soft-structured carrier, and 
babywearing with a wrap. The babywearer’s posture was analysed after the participants walked 
on a treadmill for 1.6 km while carrying a 5-kg and 60-cm doll in the mentioned conditions. The 
babywearer’s posture during walking were recorded and analysed. The statistical results show 
that the independent variable had significant effect on babywearer’s posture (p < 0.05) especially 
in trunk and head. This implies that babywearing using soft-structured carrier and wrap able to 
reduce the forward lean posture thusable to improve the efficiancy of walking posture. 
 
Keywords: Babywearing, posture, walking 
 
 
1.0  Introduction  
 
Babywearing is a method of holding or carrying baby close to individual body using 
carrying aids such as a long cloth, structured made of baby carrier like a bagpack and 
many more. In the industrialized world, babywearing has gained popularity in recent 
decades, partly under the influence of advocates of attachment parenting. The rationale 
underpinning the popularity of this mode of babywearing can vary from factors such as 
convinence to more complex psychosocial issues related to “mother-child bonding”.  
 
Studies shows that most parents or caregivers in throughout the world carry their baby 
with them for more than 50% of the day (Schön and Silvén, 2007). For example in 
African countries 96% of the time hold their baby (age of 3-4 months), 87% of the time 
when the baby turn 9-10 months and the duration of time decreased to 70% when baby 
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about to walk under age of 1 year old (Schön and Silvén, 2007). In many societies, 
children are carried until they are weaned, able to walk and keep up on their own, or the 
mother has another child. (Aryes, 1973, Kramer, 1998, Schön and Silvén, 2007 and 
Wall-Scheffler, 2007, Wu et. Al., 2016). 
 
There are four main methods for carrying babies have been developed: front carry, back 
carry, side sling and no tools. The chosen babywearing carrier aids and techniques that 
were used depending on individual self-comfort based on this modes. For example the 
front wrap is using a long cloth that is tied around the carrier’s body, thus forming a 
pouch to containing the child and activities and this most seen warm climates society 
South-east Asia (Wu, Huang and Wang, 2016). While the back position seems most 
widespread in Africa, Guatemala, Mexico and Nepal (Singh, 2009). The other mode of 
baby carry used cross-culturally is the side sling which is carried on the mother’s hips 
and is suppored by a sling or shawl which most seen in Indonesian, Kung in Botswana 
and North East Zaire (.Blois, 2007). While those three modes of carrying are able to free 
the babywearer’s hand for performing the task, the no tools carrying position is slightly 
more difficult. The child is carry on the babywearer’s hip, back or even shoulders (if the 
child able to control their head and spine). This type of carrying required the use of 
babywearer’s arms to support and stabilize the child’s body. 
  
Ergonomic load carrying evaluations are often found in backpacking. Study by Al-
Khabbaz, Shimada and Hasegawa (2008) found that rectus femoris muscle activities 
increased progressively as the backpack load increase and trunk inclined backward with 
an increased backpack load. They also suggested that 20% body weight (BW) backpack 
or higher cause the most significant muscular and postural changes and should be 
avoided. A significant change was found in left erector spine muscles in 20% BW, but 
no significant heart rate was found (Baeur and Freivalds, 2009). Significant postural 
adaptations such as head forward bending and lumbar lordosis have been reported. 
When comparing the front pack and backpack, the backpack conditions demonstrated an 
increased forward head position, significant neck motion and hip flexion during 
walking; whereas, front pack conditions showed increased spinal extension and lumbar 
lordosis (Fiolkowski et al. 2006; Bettany-Saltikov and Cole 2012). Similar results were 
found when comparing front- and back-worn harness baby carriers (Kim and Yun 2013). 
As a result, the front pack allows the wearer to maintain a more upright posture and was 
recommended for load carrying.  
 
In child development, the Center of Disease Control and Prevention (CDC, USA) 
reported that children around four months old would be able to hold a steady upright 
head position. Deppa and Allen (2014) indicated the concerns about baby suffocation 
using sling carrier when the baby is less than 4-month old. At around 6 months old, the 
child begins to sit without support, and around 12 months old, would be able to walk by 
holding onto furniture. Thus, it is reasonable to consider that children between 4 and 12 
months would be the ages at which a babywearing aids would be most frequently used.  
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2.0   Materials and Methods 
 
 
2.1 Participants 
 

The present study involved 20 young female adults, aged between 20–35 years 
(M = 24.85, SD = 2.13). All of them were single and have no experience in 
babywearing. All the participants were healthy during the study and were free from any 
musculoskeletal injuries or diseases. 

 
2.2 Methods 

 
All the participants were exposed to three conditions: (1) babywearing without 

any carrier, (2) babywearing with a soft-structured carrier, and (3) babywearing with a 
wrap. The babywearing without any carrier is a condition in which the participants 
needed to hold the baby barehanded. Both the wrap and the soft-structured carrier were 
made from the same cloth material–Bebe Sachi Zen (diamond weaved). The difference 
between these two conditions is that the wrap was made of a long cloth (5.2 m) that can 
be used to tie the baby towards the babywearer’s body using a front-cross carry 
technique, whereas the soft-structured carrier was a buckle carrier that resembled a 
backpack and was made by Snuggbaby Studio, Malaysia. In the three conditions, the 
baby was positioned facing towards each participant and carried near the participant’s 
front torso (Figure 1). The baby was a 5-kg weighted doll that measured 60 cm in 
height (Touch-Needs, UK). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)                                                 (b)                                                 (c) 
Figure 1: Babywearing conditions: (a) Babywearing without any carrier (WO) (b) Babywearing 

with soft structure carrier (SSC) (c) Babywearing with a wrap (W) 
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All the participants needed to walk on a treadmill for 1.6 km at their own pace in three 
days. On the first day, the participants were required to babywear with no carrier; on the 
second day, with a soft-structured carrier; and on the third day, with a wrap. The 
measurements were taken three days apart before the participants continued to walk in 
different babywearing conditions. The participant postures were obtained by using a IDS 
high speed camera (Imaging Development System GmBh, Obersulm, Germany) that 
was placed 3 meter away from participant in the sagittal plane. A reflective was attached 
to subjects body parts i.e., head, shoulder, hip knee and ankle. The data were analysed 
between absolute angles of the intial heel contact (heel strike) throughout the 1.6km 
walk using free online software Kinovea version 0.8.15 (https://www.kinovea.org) and 
Statistical Package for Social Science (SPSS) software version 16.0.  
 
3.0  Results and Discussion 
 
3.1    Results of different method of babywearing to human posture 
 
The data obtained were analysed and presented in the following tables: 
 

Table 1: Mean ± SD score for measured variables 
 

 Without carrier (WO) 
(Mean ±SD) 

Soft structure carrier 
(SSC) 

(Mean ±SD) 

Wrap (W) 
(Mean ±SD) 

Head 4.92 ± 0.40 1.20 ± 0.47 1.22 ± 0.42 
Body 4.03 ± 0.55 0.67 ± 0.39 0.72 ±0.20 
Hips 24.65 ± 1.90 24.45 ± 2.03 24.36± 2.10 
Knee 9.52 ± 1.45 9.55 ± 1.89 9.56 ± 2.23 
Ankle 22.12 ± 1.15 22.01 ± 1.89 22.00 ± 178 

 
Table 2: Differences regarding the posture between three babywearing conditions 

 
 (I) (J) Sig 
Head WO SSC 0.000 

WO W 0.000 
SSC W 0.992 

Body WO SSC 0.000 
WO W 0.000 
SSC W 0.853 

Hips WO SSC *** 
WO W *** 
SSC W *** 

Knee WO SSC *** 
WO W *** 
SSC W *** 

Ankle WO SSC *** 
*** Indicates no differences between those conditions in measured musculoskeletal area 
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Considering small sizes of our samples, we opted to use two parameter statistical test in 
order to compare the participant’s posture of three conditions throughout the test. The 
results show that the independent variable had significant effect participant’s posture (p 
< 0.05). The post-hoc analysis consistent with our hypothesis, it revealed that the three 
babywearing conditions were significant different one from another in the way we 
expected. By using babywearing aids, it able to maintain the angle of posture in head 
and body compared to without carrier. 
 
3.2 Effect on head and body angle 
 
Consistent with the previous studies, this study may provide further potential evidence 
regarding the angle of head and body with different conditions of babywearing. Results 
show participants who carry the doll without carrier tends to flex more of their head and 
body compared to babywearing aids. This is due to instability and uncertained centre of 
gravity from the load that been carried in arm. Whittle, (2002) mentioned that individual 
need to lean forward and flex the head to lower the center of gravity and maintain the 
body stability. Knapik et. al. (1996) study shows that the increament of body leaning 
forward while carry a front load due to three factors; fatigue, increased of loading and 
stability. By carrying the load using both arms, individual unable to maintan the stability 
while walking due to absence of arm swing compared to babywearing aids where boths 
arms were free. Thus it will contribute to instability of posture (Bruijn et. al., 2008; 
Pontzer et . al., 2009). In order to maintain the stability, individual need to change the 
posture by flexing the head and lean the body forward to maintan the posture (Filaire et. 
al., 2001; Grabowski et. al., 2004; Whitcome et.al., 2007).  
 
These findings are considered important because they advocate further studies on the 
usefulness of appropriate babywearing in performing daily activities, considering the 
fact that none of the previous research can be used to test the hypothesis. The way the 
participants described their experience may represent a clue as to the appropriate 
babywearing that might induce a comfort state which, as in the case of using a soft-
structured carrier or wrap, could play an important role in individual posture. In support 
of this assumption, it is important to mention that the association between comfort, 
perceived exertion and posture to babywearing has also been highlighted by other 
authors (Chao, Hsiao & Mao, 2014; 2016), and that our results did not reveal any 
significant differences between using a soft-structured carrier and using a wrap with 
regard to level of perceived exertion. This suggests that these two babywearing methods 
could produce similar effects on self-comfort and on the reduction of bad posture. 
 
3.3  Hips, knee and ankle angle 
 
The present study did not shows an significant differences between three condition of 
babywearing in terms of hips, knee and ankle angle while walking. Watson et. al. (2011) 
reported there are no changes in lower limb kinematic when carry a load at upper body. 
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The load that less than 30% of body weight will not make any changes to hips, knees 
and ankle angle (Sing and Kho, 2009; Devroey et. al., 2007). 
 
 
4.0   Conclusions 
 
These findings are considered important because they advocate further studies on the 
usefulness of appropriate babywearing in performing daily activities, considering the 
fact that none of the previous research can be used to test the hypothesis. The way the 
participants described their experience may represent a clue as to the appropriate 
babywearing that might induce a comfort state which, as in the case of using a soft-
structured carrier or wrap, could play an important role in individual posture. In support 
of this assumption, it is important to mention that the association between comfort, 
perceived exertion and posture to babywearing has also been highlighted by other 
authors (Chao, Hsiao & Mao, 2014; 2016), and that our results did not reveal any 
significant differences between using a soft-structured carrier and using a wrap with 
regard to angle of measured posture. This suggests that these two babywearing methods 
could produce similar effects on self-comfort and on the reduction of bad posture while 
carrying a baby. 
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Abstract: An image processing pipeline is an algorithm consisting of known primitive image 
processes for approximation of desired advanced functions. In general, the pipelines are designed 
by human experts in accordance with their domain knowledge and heuristics; however, it is 
essentially a pair of combinatorial optimization that finds an optimal arrangement of the 
primitive processes and numerical optimization of inner parameters in the primitive filters, 
requiring a considerable effort even for the experts. Therefore, this paper proposes an automatic 
design method of image processing pipelines that have graph structure using evolutionary 
computation (EC). Although the graph-structured pipeline approximates complicated image 
processing, EC tends to produce pipelines that have simple structure. Therefore, the proposed 
method iterates automatic graph-structured pipeline design and combines the obtained pipelines 
in a hierarchical structure so that the whole pipeline performed favorably. Experiments showed 
the proposed method could design better image processing pipeline than previous work. 
 
Keywords: Image processing pipeline design, genetic algorithm, evolutionary computation, 
graph-structured filter, hierarchical structure 
 
 
1  Introduction  
 
Image processing and recognition techniques have been used in various fields. In 
general, a desired image processing algorithm is designed by combining known 
primitive image processes and such algorithm is called an image processing pipeline (or 
image processing chain, filter, etc.) . However designing an image processing pipeline is 
essentially a pair of combinatorial optimization that finds an optimal arrangement of the 
primitive processes and numerical optimization of inner parameters in the primitive 
filters, requiring considerable effort even for human experts. 
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Some methods have been proposeds for improving and automating image processing 
pipelines. Amongst them, Evolutionary Computation (EC) (Back et al., 1997; Fogel, 
2006) based approaches are promising that designs pipelines from scratch without 
doman knowledge; only pairs of input a desired output images (goal images) are needed, 
i.e., learning-based approach. EC-based methods approximates unknown image 
processing by an arrangemnt of known primitive image processing modules, and 
optimizes the arrangement so that its output images equals or as similar as possible the 
given desired output images. 
 
The EC-based pipeline design methods are categorized by its structype types: list 
(Nagao and Masunaga, 1996; Rajua et al., 2015), tree (Aoki and Nagao, 1999; Maezono 
et al., 2006), and graph (Shirakawa and Nagao, 2007; Minami et al., 2015; Ono et al., 
2016). The simplest one is list structure that simply applies known primitive image 
filters to an input image in turn. Tree structured pipeline allows using multiple inputs, 
e.g., color channels such as RGB and HSB. Genetic Algorithm (GA) (Goldberg, 1989) 
and Genetic Programming (G) (Koza, 1992)  are mainly used to optimize list- and tree-
structure, respectively. Graph-strucutred one reuses part of the pipeline by constructing 
a loop. The graph structure potentially has high flexibility; however, the graph-based 
method sometimes produces only lusterless filters that have too simple structure to 
produce images with sufficient quality especially when using many training images. 
 
Therefore, this paper proposes an image processing filter design method that iteratively 
designs garph-structured pipeline in a hierarchical manner. That is, turning the the 
graph-based method’s drawback of tending to generate simple structured filters to good 
account, the proposed method performs Genetic Algorithm (GA) based searches 
recursively and allows upper (later) search to use the designed partial filters in lower 
(earlier) searches as components to build a filter having sufficient performance. 
Experimental results have shown that the proposed method could design better image 
processing pipeline than that desgined by one GA-based search. 
 
 
2   The proposed method 
 
2.1  Basic Idea 
 
This study presents an evolutionary design method for image processing pipeines. The 
proposed method is designed based on following ideas: 
 
Graph-structured pipeline: the proposed method designs an image processing pipeline 
that have graph structure in which nodes correspond to known primitive filters and 
edges represent processing order. The graph structure essentially involves list and tree 
structures and allows representing feedback and loop structures. The proposed method 
designs the structure using GA rather than GP, preventing the bloat problem that 
solution size increases as the search progresses (Maezono et al., 2006). A derived image 
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processing pipeline is human-readable and helps human experts to obtain new domain 
knowledge. 
 
Hierarchical approach: graph-structured filters desinged by the i-th level search by GA, 
which are called as functional filters, are used in the same way as primitive filters in the 
(i+1)-th level search. In every search level, GA is performed several times so that 
designed filters compensate for each other. Therefore, the hierarchical approach allows 
the proposed method to design compensatory filters for each other and to combine them 
to build a better filter. 
 
 
2.2  Chromosome Representation 
 
The output of the proposed method is a image processing filter involving graph-
structured pipeline. To find a solution with GA, the genotype and phenotype of a 
solution are represented as in Figure 1 on the basis of a previos work (Minami et al., 
2015; Ono et al., 2016). A chromosome consists of a sequence of pairs involving two 
types of genes: a primitive filter identification number and a list of input arcs, as shown 
in Figure 1(a). A pair of genes is necessary in a genotype to compose a node and arcs 
connected to the node in a graph. 
 
A phenotype is a graph that consists of nodes corresponding to primitive filters and arcs 
between nodes. Each primitive filter modifies an image obtained from a previous node 
connected to an incoming arc, and it sends its output image to the next nodes through 
outgoing arcs. 
 

 
(a) Genotype 

 

 
(b) Phenotype 

Figure 1: Chromosome representation (Ono et al., 2016). 
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Unlike list- and tree-structured image filters, a graph-structured image processing 
pipeline requires a timescale to produce a consistent output image. In each step, all 
nodes apply their own filter to an input image and output the result to other filters. The 
filter graph stops when the number of steps reaches Tstep, a parameter that was defined 
beforehand, and it outputs an image of an output filter node. 
 
Tables 1 through 3 list the primitive filters used in this study. The filters are categorized 
into the following three groups according to the default number of input arcs: primitive 
filters without input arcs, with one input arc, and with two input arcs. Primitive filters 
without input arcs output the color componets of an input image, such as red, green, blue, 
hue, saturation, etc. Primitive filters with one input arc are simple, commonly used 
impage processing filters such as edge enhancement, binarization, etc. Primitive filters 
with two input arcs produce an output image with a specified operator such as 
subtraction, addition, average etc.  
 
A node can have more input arcs than its primitive filters’s number of default arcs; for 
instance, a node with a smoothing filter can have more than one input arc, and a node 
with an average filter can have more than two input arcs. In such cases, input arcs are 
prioritized in the reverse chronological order of input image update. In the opposite case, 
when a primitive filter whose defaur is two arcs has only one input arc, it simply outputs 
the input image, unchanged. Also, a node that have no input or no output arcs is ignored.  
 
Some of the primitive filters have internal parameters, e.g., a binarization threshold, 
multiplier value, and addition value. Such internal parameters are initialized with a 
default value and are subsequently modified by mutation in GA processes. 
 
A gene corresponding to a primitive filter node is represented as a set of integer values 
representing a primitive filter identification number and an internal filter parameter and 
a gene corresponding to an arc list is represente as a variable length list of interger 
values. 
 
In the first level search, filters without input arc are put into a choromosome one by one, 
and the nodes involving them are locked, i.e., their primitive filter IDs cannot be 
changed during the search. Then, in the second level search and later, the filters 
generated by the previous level GAs are also put into the chromosome and their IDs are 
also not changed. Note that the ID fixation does not mean all the filters are necessarily 
used because some of them are not used when they does not have their output edge. 
 
Objective function of this task is calculated by an averaged pixel-wise correspondance 
rate between given goal images and output images by an individual I as follows: 
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Table 1: Primitive filters without input arcs. 
ID Filter name Inner parameter 

(default and range) 
 ID Filter name Inner parameter 

(default and range) 
S0 Red components − S5 Brightnesscomponents − 
S1 Green components −  S50 HLS Brightness − 
S2 Blue components −  S51 Lab Luminance  − 
S3 Hue components −  S52 Lab a* components − 
S4 Saturation components −  S53 Lab b* components − 

 
 

Table 2: Primitive filters with an input arc. 
ID Filter name Inner parameter 

(default and range) 
   Inner parameter 

(default and range) 
f101 Edge emphasize − f122 Min in neighbor − 
f102 Smoothing −  f123 Max in neighbor − 
f103 Edge extraction −  f150 Opening 3 (1-10) 
f104 Embossing Top −  f151 Closing 3 (1-10) 
f105 Embossing TopRight −  f152 Tophat 3 (1-10) 
f106 Embossing Right −  f153 Blackhat 3 (1-10) 
f107 Embossing BottomRight −  f154 Gradient 3 (1-10) 
f108 Embossing Bottom −  f156 Gaussian 3 (3-51) 
f109 Embossing BottomLeft −  f157 Sobel − 
f110 Embossing Left −  f158 ScharrX − 
f111 Embossing TopLeft −  f159 ScharrY − 
f112 Binarization 128 (0-256)  f160 Laplacian − 
f113 Binarization 64 (0-256)  f161 Canny − 
f114 Binarization 192 (0-256)  f163 SURF − 
f115 Inverse −  f169 Zero wt threshold 128 (0-255) 
f116 Maximization 128 (0-256)  f170 Noise reduction − 
f117 Minimization 128 (0-256)  f180 Fixed value 128 (0-255) 
f118 Multiplication 1.5 (1-5)  f181 Convolution 0 (0-5) 
f119 Multiplication 0.5 (0.1-0.9)  f190 Binarization Otsu − 
f120 Addition 25 (0-255)  f191 Guided filter 2 (1-3) 
f121 Subtraction 25 (0-255)  f192 Normalize − 

 
 

Table 3: Primitive filters with two input arcs. 
ID Filter name Inner parameter 

(default and range) 
 ID Filter name Inner parameter 

(default and range) 
f201 Abs of subtraction − f206 Lower  − 
f202 Subtraction −  f250 And − 
f203 Sum −  f251 Or − 
f204 Avarage −  f252 Exclusive or − 
f205 Higher  −     
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 (2)  

 
where Nti is the number of training images, and Wk are Hk are image width and height, 
and Ok, Tk, and wk are given goal image, output image by individual I, and weight image 
whose pixel intensity represents the importance of the region in the goal image. 
 
 
2.3  Process Flow 
 
2.3.1  Pipeline Design Using Genetic Algorithm 
 
Although the chromosome in the proposed method comprises a sequence of node 
information consisting of primitive filter ID, input edges, and inner parameter, general 
process flow of GA can be applied as shown in Fig. 2. First, an initial population is 
generated randomly. Then, individuals in the population are evaluated. To calculate the 
fitness function shown in Sec. 2.2, phenotype, i.e., an image processing pipeline, is 
implemented and applied to a given image sets. According to the obtained fitness values 
genetic operators such as selection, crossover, and mutation are performed to reproduce 
individuals in the next generation.  
 
 
2.3.2  Hierarchization 
 
The proposed method iteratively applies GA-based search shown in Sec. 2.3.1 to build 
an approximated image propcessing pipeline rather than simply applying the search just 

 
Figure 2: Process flow in each GA-based search. 

 

Generate initial 
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Selection
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once like previous work (Minami et al., 2015; Ono et al., 2016). Algorithm 1 describes 
the hierarchical framework of the proposed method.  
 

Algorithm 1. Pseudo-code of the proposed algorithm.  
1: while level ≤ levelmax do: 
2:     generate a filter using GA with the original training image set  
3:     for filters = 1 to Nsup do: 
4:         if filters = 1 then: 
5:             Make a derived training image set whose goal image is the difference  

between the original goal image and the output image of GA in line 2. 
6:         else:  
7:             Make a derived training image set whose goal image is the difference  

between the original goal image and the output image of GA in line 8. 
8:         Generate a filter using GA with the derived training image set. 

 
An image processing filter designed by one GA-based search is called a functional filter. 
In the n-th level, functional filters generated from the first to (𝑛𝑛 − 1)-th levels are used 
in the same way as the predetermined primitive filters, which are shown in Table 1, i.e., 
the functional filters are incorporated as a node when designing a new functional filter.  
 
Also, in each level, GA-based search is performed more than one times to build 
functional filters that compensate with each other while varying goal images of a 
training image dataset, i.e., difference image between the original goal image and the 
output image produced by the filter designed in previous GA-based search. 
 
In this study, functional filters derived in the earlier levels are used in the same way as 
the primitive filters without imput edge as shown in Figure 3, though the funcitonal  
filters can be used as primitive filters with an input edge. This is for the sake of 
simplification and improving computation speed; when evaluating solution candidates 
involving the functional filter, there is no need to apply the functional filter to the 
training image, i.e., its output image can be reused. Therefore, the computational cost of 
GA-based search in the second or later level is the same as the search in the first level, 
though the image processing pipeline becomes bigger and more complicated as the level 
increases. 
 
In the first level, the first GA-based search in line 2 of Algorithm 1 corresponds to the 
search in previous work (Minami et al., 2015; Ono et al., 2016). In this study, Nsup is 
fixed to three, and the second and third GA-based searches aim at designing functional 
filters that eliminates misdetected regions by the functional filter designed by the first 
GA and that detect regions that cannot be extracted by the filter, respectively. Then, a 
goal image in a training dataset for the second GA is made by subtracting the region in 
the original goal image from that in the output of the functional filter by the first GA, 
and a goal image for the third GA is made by subtracting the region in the output of the 
first filter from that in the original goal. The weight image for the second GA is 
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generated so that the weight of the target region in the derived goal image become high, 
that of the region in the original goal moderately high, and the weight of the background 
almost zero, respectively. The weight image for the third GA is generated so that the 
weight of the detected region by the first GA becomes zero and the weight of the 
different region high, respectively. 
 
In the second level, the three functional filters designed by the first level are used. If the 
two compensative functional filters would work properly, the first GA in the second 
level could  produce a desirable filter that recognizes the target region with high 
accuracy. Actually, there often remains a gap between the given goal image and the 
output of the designed filter. In that case, the second and third GAs in the second level 
are peformed in the same way as those in the first level. The iteration stops when the 
output quality reaches some predetermined threshold or after levelmax times. 
 
 
3   Evaluation 
 
3.1  Experimental Design 
 
To validate the effectiveness of the proposed method, experiments were conducted with 
the image dataset of “Segmentation of neuronal structures in EM stacks” in IEEE 
International Symposium on Biomedical Imaging (ISBI2012)1 (Arganda-Carreras et al., 
2015). This dataset involves a full stack of EM slices (30 images with resolution of 
512×512 pixels for 2×2 microns) and the goal images are binarized so that white for the 
pixels of segmented objects and black for the rest of pixels which correspond mostly to 
membranes, as shown in Figure 4(b).  
 
To see the possibility whether the proposed method can improve its performance by 
iterating GA-based search in the hierarchical manner, all images are used for tranining 
rather than evaluating generaization performance by cross validation. Control 

                                                 
1 http://brainiac2.mit.edu/isbi_challenge/home 

 
Figure 3: Example hierarchical filter. 
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parameters in GA were configured as follows. Minimal Generation Gap (MGG) was 
used as a generation alternation model (Satoh et al., 1996). Population size, crossover 
rate, mutation rate were set to 50, 0.52, and 0.03, respectively. The choromosome length, 
which corresponds to the number of primitive filters used in a functional filter, and  the 
number of steps Tstep in each functional filter were set to 20 and 15, respectively. The 
GA-based search was iterated until level four, i.e., 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑚𝑚𝑚𝑚𝑥𝑥 = 4, and, in each level 
from the first  to the third, GA was performed three times, i.e., 𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠 = 3. 
 
 
3.2 Experimental Result 
 
Figure 4(c) and (d) show the output images by the functional filter F1-1 designed by the 
first GA in the first level, which corresponds to previous work (Minami et al., 2015; 
Ono et al., 2016), and the output images of the filter F4-1 designed by the GA in the 
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(a) Input images (b) Given goal images (c) Outputs of the 1st level 
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(d) Outputs of the 4th level 
(proposed method) 

Figure 4: Example outputs of the filters designed by the proposed method. 
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fourth level, which corresponds to the proposed hierarchical method, respectively. 
Although menbranes were basically extracted in the both results, the output of the 
previous work clearly involves nucleuses that should not be extracted whereas the 
output of the proposed method roughly eliminated them.  
 
Figures 5 and 6 shows the whole filter structure designed by the proposed method. The 
first GA in the first level, which produced the images shown in Figure 4(c), successfully 
recognized membranes but inappropriately extracts nucleuses. The fucntional filter F1-2 
desgiend by the second GA in the first level adequately compensated eliminating the 
nucleus regions in some of training images, and also eliminated noises nearby 
menbranes by applying closing process. In the second level, the first GA search 
combined the two functional filters F1-1 and F1-2 obtained by the first and second GA 
in the first level, and the first GA in the thrid level also combined the three functional 
filters F1-1, F1-2, and F2-1. As the iteration level increases, the generated filter gradually 
improved its output.   

 
Figure 5: Designed image processing filter (1st and 2nd levels). 
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4 Conclusions 
 
This paper proposes an image processing filter design method that combines known 
primitive filters to build a graph-structured image processing pipeline. The proposed 
method takes a hierarchical approach to improve the filter’s performance, i.e., iteratively 
applying GA-based search and desgined functinal filters are used in the later search in 
the same way as the given primitive filters. It is also the advantage that the generated 
pipeline can be easily converted into a C++ language code, i.e., directly editable and 
executable format. 
 
Experimental results showed that the proposed method could design the filter that 
produced better output image by iterating GA than the output of the filter designed by 
one GA-based search, which corresponds to previous work. Although the results showed 
the proposed hierarchical approach achieved small improvement, it is still in its infancy 
and has much room to improve.  

 
Figure 6: Designed image processing filter (3rd and 4th levels). 

 

Gaussian
smoothing

(7)

Closing
(1) OrBinarize

(197)

F1-1

F2-1

OrAdd
(25)

F2-2

Sub
(46)

Sum

Inverse

OrBinarize
(44) Or

Gaussian
smoothing

(49)

F1-1

Convolution
(cheker 5x5)

Closing
(1)

F2-3

Binarize
(242)

Convolution
(stripe 3x3)

Max from 
2 inputs

Convolution
(checker 3x3)

Binarize
(176)

Binarize
(248)

F1-3

Convolution
(stripe 5x5)

Binarize
(1)

F1-1

Div
(1)

F2-1

SumErosion

F3-3

Binarize
(96)

Binarize
(140)

F3-1

Gaussian
smoothing

(7)

Min from
1 input

(60)

OutputInput

Input

Output

Output

Output

3rd level 4th level

F3-1

F3-2

F3-3

F4-1

156



 

 
In future, we plan to add more primitive filters; segment-wise processes would improve 
the output image quality and help to simplify filter structure.  
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Abstract: In this study, Dielectric Barrier Discharge Non-thermal Plasma technique (DBD-NTP) 

is used to deposit SiC films on the silica Multimode optical fiber at 10-30 seconds of deposition 

time. FTIR and FE-SEM equipped with EDS were used to characterize the deposited SiC films. 

It is found the thickness of deposited films on silica fibers is about 90 to 260 nm after 10-30 

seconds of deposition. The homogeneous and uniform SiC film was obtained for the samples 

coated by 10 seconds of deposition time. The results indicate the DBD-NTP could be an 

appropriate technique for coating of optical fiber with SiC films. 

Keywords: Dielectric Barrier Discharge, Non Thermal Plasma, SiC film, Multimode Fiber 

1.0 Introduction 

Silicon carbide (SiC) is considered as a promising material for the fabrication of high-

temperature pressure sensors, owing to its mechanical robustness and chemical inertness 

at elevated temperatures. In addition, the electrical characteristics of SiC reveal a wide 

band gap, a low leakage current, and a high-breakdown electric field that making it was 

a better candidate for high-temperature electronic applications than silicon 
1,2

.  Simple 

and low-cost technique such as Dielectric Barrier Discharge-Non Thermal Plasma 

(DBD-NTP) represents a unique alternative for the synthesis of SiC. To the best of our 

knowledge, SiC growth on the optical fiber via DBD-NTP method has not been 

explored extensively. Thus, DBD-NTP method used to deposit of SiC films on the 

unclad section of the optical fiber in this study.  
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2.0 Materials and Methods 

The deposition of SiC was carried out in a custom-built Dielectric Barrier Discharge 

Non-thermal Plasma system (DBD-NTP). The SiC was deposited from a mixture of 

between the Tetraethylorthosilicate (TEOS) vapor and Methane gas (CH4). The 

schematic diagram of the experimental set-up is shown in Figure 1. The setup consists 

of a gas delivery system, plasma reactor and electrical measurement system. In the DBD 

reactor, the discharged plasma was generated in a cylindrical glass tube with an inner 

diameter of 10 mm and length of 150 mm. A graphene layer was wrapped on the outer 

surface of the glass tube and acts as the outer electrode, whereas a galvanized steel wire 

coated with zinc layer was used as the inner electrode (ground electrode). Both 

electrodes were connected to an AC high voltage source (PVM/DDR Plasma Dielectric 

Barrier Corona Driver, AC voltage 0-40 kV and frequency 20-70 kHz variable). The 

high voltage and current probes were used to measure applied voltage and current. The 

probes connected to a PC based Oscilloscope (PicoScope, ADC-216, Pico Technology) 

to record voltage and current reading and display on the PC. Microstructure, thickness 

and chemical composition of deposited films were investigated using FE-SEM (JEOL 

JSM 6380LA) equipped by EDX. A Fourier Transform Infrared Spectrometer (FTIR, 

SHIMADZU-IRAffinity-1S), was used to analyze the chemical bonding as well as to 

determine of the composition of multimode optical fiber (MMF) before and after 

deposition of SiC films. 

Figure 1: A schematic diagram of the experimental setup of SiC deposition on the MMF in DBD-

NTP. 

3.0 Results and Discussion 

Figure 2(a) displays the typical EDX spectra of MMF system without and with the SiC 

films. By 10 sec of deposition, the film which formed on the MMF is mainly composed 

of Si, C and O, as well as the corresponding atomic percentage (at.%) are 31.1%, 13.3% 
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and 55.6%, respectively. However, the EDX spectra without SiC film composed of Si 

and O only.  

Figure 2: (a) EDX spectra scanned and (b) FTIR absorbance spectra on the MMF sensor at 10 sec 

of deposition 

It can infer that the deposited layer on the MMF sensor is SiC. The presence of O in the 

surface of samples can be caused by the surface contamination which occured during the 

preparation of sample using a non vacuum technique. By 10 sec of deposition, a higher 

amount of C (13.3at.%) was obtained on the sample compared to those of after 20 and 

30 sec of deposition time. Figure 2(b) indicates FTIR spectra of MMF with and without 

SiC film. The peak at 798 cm
-1

 corresponds to the stretching mode of the SiC bond 
3,4

. 

The spectrum around 1000 cm
-1

 represents the stretching mode of the C-O bond. 

However, the weak peaks at 1366–1740 cm
-1

 referred to wagging, rocking and bending 

motions of type CH2 and CH3, which have the same tendency. The peaks that appeared 

at 2150–2300 cm
-1

 referred to stretching vibrations of Si-H bond 
3,5,6

. 

Figure 3: FE-SEM images of the SiC layer produced by DBD-NTP method, (a) MMF sensor 

without the SiC layer, MMF sensor with the SiC layer (b) after 10 seconds (c) 20 sec and (d) 

30sec of deposition. 

Figure 3 shows the FE-SEM images of the MMF sensors before and after SiC deposition. 

As can be seen, the formation of SiC films consisting spherical particles on the surface 

of optical fiber sensors is proved. A homogenous and uniform SiC film with ~95 nm of 

thickness is formed after 10 sec of deposition. By increasing of deposition time from 10 

to 30 seconds the thickness of SiC increased to ~250 nm and the homogeneity of SiC 
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layer and particle size of nano-spheres decreased as some agglomerates observed on the 

samples deposited for 20 and 30 seconds. 

4.0  Conclusions 

1) EDX analysis indicate the formation of SiC film on the optical fibers using DBD-

NTP technique 

2) According to the FE-SEM images, the SiC formed on the optical fibers has uniform

and homogenous microstructure consisting nano-spheres 

3) FTIR results confirm chemical bonding energy of SiC on the surface of optical fibers

after 10 sec of deposition 

4) DBD-NTP is an appropriate technique for SiC coating optical fibers
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Study on the Flight Acceleration Measurement for 
Flyer Acceleration Using the Intense-pulsed Electron Beam

Introduction
High-density ablation plasma is produced when we irradiate the Intense-pulsed Electron Beam to a solid target. A solid

target is accelerated as a flyer by the reaction pressure which produced ablation plasma. The purpose of our study is
evaluate the reaction pressure using this flyer acceleration. We designed the flyer velocity measuring device using the
laser fence method. We tried to measure the flight acceleration of a sheet metal in small vacuum chamber.

Takuma ITO /  Kenji KASHINE (National Institute of Technology, Kagoshima College)

Method of Flyer Acceleration
When irradiate the charged particle like the
intense-pulsed ion beam or electron beam to
a solid target, high temperature and high-
density ablation plasma is produced and
expands. Using this expands reaction
pressure of the ablation plasma, we can
accelerate a target with high-speed.

Conclusion
We designed a velocity measurement system for using our study.
We tried to measure the sheet-film flyer velocity using the simulated accelerator.
Future Plan 

We'll measure the flyer velocity which has more higher velocity. Also, we'll find the problems
of our measurement system and estimate the flight acceleration of the flyer.
We'll use our velocity measurement system in the Pulsed Power Generator "ETIGO-II“ which
can generate the pulsed electron beam. (Nagaoka University of Technology)

Evaluation of the Velocity Measurement System
For evaluate check the performance of our measurement system, the

trial experiment was carried out. In this trial experiment, a sheet metal
flyer was accelerated by the electromagnetic force. We can evaluate the
flyer velocity and it’s flight acceleration by the time lag of each
photodiode signal that flyer cuts a laser light.

Fig.1 Schematic of producing the ablation 
plasma and the flyer acceleration 

Fig.6 Photograph of ETIGO-II

Method of Flyer Velocity Measurement 
The laser fence method was carried out to measure the flyer velocity.
For flyer position sensing, a narrow laser light and a detecting
photodiode were used. We can evaluate the flyer velocity and it’s flight
acceleration by the time lag of each photodiode signal that flyer cuts a
laser light.

Fig.2 Outline of the velocity measurement method 

Flyer : aluminum ( 10 mm 10 mm t0.1 mm )

Design of the Detector using 
Optical fiber

For evades a large electromagnetic noise
produced by the ablation plasma, we use the
optical fiber and fiber collimators. The fiber
collimator can be a light filter which only
path through the laser light.

Fig.3 Photograph of the detector used in our study

Fig.4 Outline of a flyer acceleration by the 
electro-magnetic force

Fig.5 Waveforms of detectors (in air)

  
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Discovery of the Power of Microorganisms 
- Bioresource engineering Laboratory, Nagaoka University of Technology - 
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Stuff Research Themes
· Analysis of the membrane protein involved in cellulase induction

· Comparative genomic analysis of T. reesei mutant

· Study on cellulase gene regulation system in T. reesei 

· Morphological analysis of T. reesei 

· Molecular breeding and analysis of oleaginous yeast

· Analysis of carotenoid production mechanism in R. toruloides

· Structure and function relationship of S46 peptidase

Wood Degrader Oleaginous Yeast Medical terget 

Filamentous fungi Trichoderma reesei 

Strongest cellulase producer 
How does it recognize 
extracellular cellulose? 

What stimulate gene expression 

Transcription regulation mechanism 
· Function of regulator
· Promoter structure 
· Transcriptome

How do high protein production 
capacity is utilized? 

What is the evolution 
in mutants 

Proteins 
(Cellulases) 

Cellulose 
mRNA Secretion 

Relationship between morphology 
and cellulase production 

Cellulose recognition 
· Transporter
· Sensor protein 

Genome information 
· Comparative
  genome analysis 

Protein production 
· Control of enzyme ratio
· production of valuable protein

Morphology 
· organelle function
· cell wall structure 

· The best protein factory among microorganism
· 80% of secreted proteins are carbohydrate hydrolase

Oleaginous yeast Rhodosporidium toruloides 

Producer of edible lipid and carotenoids 

· Produced lipids occupy 70% of cell
· Carotenoid producer

Lipid body 
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mRNA 
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· Creation of mutants
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· Lipid accumulation
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Target of drug design 

Bacteria specific enzyme S46 peptidase 
· Important for the growth of pathogenic bacteria
· 3D structure was revealed in our laboratory
for the first time in the world.

Substrate recognition mechanism 
· Mutational analysis

How does recogise substrate? 

How dose work 
 in the cell? 

Conformation  
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