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Welcome Message

The Institute for Infrastructure Engineering and Sustainable Management (IIESM),
Universiti Teknologi MARA (UiTM) has over the years been instrumental in
providing a platform for several collaboration research programmes and publica-
tions involving all Civil Engineering disciplines. IIESM has so far focused on
research with the aim to solve infrastructure and environmental engineering
problems in a more sustainable way.

IIESM in collaboration with Universitas Gadjah Mada, Indonesia; Mahatma
Gandhi University, India; and BRE Centre for Innovative Construction Materials,
UK are organizing a 3-day ‘‘International Civil and Infrastructure Engineering
Conference 2013, (InCIEC 2013)’’. The conference is supported by IEEE Malaysia
IE/IA Joint Chapter dated from 22 to 24 September 2013, in Kuching, Sarawak,
Malaysia.

It is hoped that InCIEC 2013 will be a useful platform for researchers to present
their findings in areas that are multidisciplinary and related to Civil Engineering
issues emphasising on concrete waste and earthquake engineering, flood manage-
ment and intelligence development, fluvial and river engineering dynamics,
geotechnical engineering, innovative construction materials and structures,
bioremediation and engineering, nano-materials for engineering and timber
engineering. Besides, this conference is also a platform for researchers to establish
new interfaces, compare the findings; benchmark their work; exchange views and
widen the scope and range of their research activities. The conference is also
looking forward to new peers in diverse areas of expertise.

On behalf of the organising committee we take this opportunity to express our
gratitude to all reviewers and participants for their support to ensure the success of
this event. We also would like to thank all the authors, session chairpersons and
delegates for the great support and contribution given. Last but not least, a special
thank you goes to the organising committee, which has been working hard towards
the success of this event. Without their cooperation, hard work and dedication, this
event would simply not be possible.
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We wish all participants and presenters a very pleasurable stay in Kuching, and
do enjoy the conference.

Rohana Hassan
General Chair
InCIEC 2013

Advisory Committee

Zakiah Ahmad Azmi Ibrahim
Institute for Infrastructure Engineering Faculty of Civil Engineering
and Sustainable Management (IIESM), Universiti Teknologi MARA, Malaysia
Universiti Teknologi MARA, Malaysia

Sabu Thomas Agus Kurniawan
Mahatma Ghandi University, India Universitas Gadjah Mada, Indonesia

Pete Walker Abu Bakar Abdul Majeed
BRE Centre for Innovative Construction Materials Research Management Institute (RMI)
UK Universiti Teknologi MARA, Malaysia

Mustafa Kamal Hamzah
IEEE Malaysia IE/IA Joint Chapter
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About IIESM

The Institute for Infrastructure Engineering and Sustainable Management (IIESM)
was officially approved by the Universiti Teknologi MARA, Malaysia as an
Institute on 7 January 2009. The formation of this Institute would further expedite
research and publication activities at the university. IIESM focuses on research in
all civil engineering disciplines that enlighten a broader scope in research and
engineering education. Our aim is to solve infrastructure and environmental
engineering problems in a more sustainable way and introduce new state-of-the-art
technology.

It is a merger of ten (10) research excellence centres which are:

1. Timber Engineering Research Centre (TEReC)
2. Concrete Waste Engineering and Earthquake Research Centre (CWE2C)
3. Flood Management and Intelligence Development Centre (FloodMind)
4. Fluvial and River Engineering Dynamics Centre (FRiEnD)
5. Geotechnical Forensic Research Centre (GEOFORENSIC)
6. Innovative Construction Materials and Structures Centre (ICMSC)
7. Bioremediation Research Centre (mybioREC)
8. Geotechnical Engineering and Georisk Management Centre (myGERMEC)
9. Synergistic Innovative Management Research Centre (SIMReC)

10. Transportation Systems, Infrastructure and Intelligent Transport Research
Centre (TransIIT)
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Vision

To establish the institute as a premier entity to provide leadership in the
scholarship of research and consultancy.

Mission

To be the excellence centre and an engine of growth for new knowledge to solve
future problems.

Institute for Infrastructure Engineering and Sustainable Management (IIESM)
Level 3, Block 1, Engineering Complex,
Universiti Teknologi MARA, 40450 Shah Alam, Selangor, Malaysia
Phone: ?60-3-55442780;?60-3-55211910
Fax: ?60-35521-1911
E-mail: iiesm.fka@gmail.com
Website: http://iiesm.uitm.edu.my
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Venue

Pullman Kuching is the newest addition to the 5-stars international brand in the
city. Located in the heart of Kuching on top of the hill at Jalan Mathies, Pullman
Kuching offers an astonishing panoramic view of the city and the Sarawak River.
The hotel is adjacent to a two-storey city-lifestyle shopping centre ‘‘Hills Shopping
Mall’’ and within walking distance of the commercial centre and city attractions.
Pullman Kuching features 389 spacious, contemporary rooms and offers easy
access to renowned Borneo national parks. The hotel is ideal for business guests,
offering an abundance of conferencing space, state-of-the-art facilities and
technology, plus a range of trendy restaurants and bars, and a high-end spa.
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A few paths away from the Kuching Waterfront Promenade, guests can easily
venture on foot to discover the city’s diverse selection of shops, restaurants,
temples and bazaars. Nearby attractions include Sarawak Cultural Village, Damai
Beach, Bako National Park and Semenggoh Wildlife Centre to mingle around with
the orangutans of Borneo.

Nestled in the Golden Triangle of Kuching, Pullman Kuching is just 11 km
away from Kuching International Airport and is only a 20-min drive. Taxis are
readily available.

Address: 1A Jalan Mathies, Sarawak
93100 Kuching, Malaysia
Tel. +60-82-222888
Fax. +60-82-222999
Email: H6332@accor.com
GPS: N 1° 33' 21.38'' '' E 110° 21 4.04
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Part I
Timber Engineering



Finite Element Model of Mortise
and Tenon Joint Fastened with Wood
Dowel Using Kempas Species

Haslin Idayu Amaruddin, Rohana Hassan, Norliyati Mohd Amin
and Nor Jihan Abd Malek

Abstract Finite element method (FEM) was used to model the behavior of
mortise and tenon joint with wood dowel subjected to pull-out loads. The stress-
state in the dowel was observed and the type of failure was indentified according to
European Yield Model (EYM). The experimental results from Rohana [6] were
used to validate a three-dimensional finite element model of mortise and tenon
joint. In this study, linear-elastic orthotropic material was adopted to represent the
Kempas wood behavior in FEM. The analysis was conducted by introducing
tensile loads on the top of tenon to see the behavior of the dowel. The EYM mode
of failures and load–displacement curves were then being compared between FEM
results and experimental results obtained by Rohana [6].

Keywords Finite element method � Mortise and tenon � Wood dowel � EYM �
Linear-elastic � Orthotropic material

1 Introduction

Mortise and tenon is the most common type of traditional timber joint used in
timber structures. This type of joint has been used for hundreds of years and is
recognized to be strong enough to support structural members. Mortise and tenon
is a method of jointing two pieces of members by slotting a stud or tenon that is
formed at the end of a member into a rectangular hole in the other member called
mortise. The joint is reinforced using dowel to give ductile behavior to the joint.
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The durability of timber structure is much depending on the strength of the joint
connection. Failure at any joint of the timber structure will affect the performance
of the whole structure [1]. This research is focusing on mortise and tenon joint
fastened with wood dowel using Kempas species of Malaysian timber. The method
used in the study is Finite element method (FEM) or sometimes called finite
element analysis (FEA).

There are not many papers reported on mortise and tenon joint in their studies.
Among those papers, most of them are using their local timber as their research
material. Shanks [2] investigated this type of traditional joint using oak timber.
Kang et al. [3] reported using Chinese traditional timber. On the other hand, there
are very limited researches studies on tropical timber. Rohana et al. had studied the
performance of mortise and tenon joint with Kempas and Kapur species by
experimental works [4–6]. However, laboratory works are time consuming and
expensive. FEM is essential to minimize the time and cost consume by a project.
Nevertheless, there is no FEM studies on wood connection using Malaysian timber
was published. The problem in modeling the timber using FEM is to define the
orthotropic material properties of the wood. Thus material testing is necessary as
the mechanical properties of tropical timber are not available. In this study, the
FEA of the mortise and tenon joint will be compared to the work done by Rohana
[6] to see the significant of the results.

The main aim of the study was to observe the competent of FEM analysis to
model the behavior of timber joint that is comparable to the existing experimental
data obtained by Rohana [6] using LUSAS. To attain this aim, the specific objectives
are set to model orthotropic behavior of timber made of kempas species, to simulate
the stress state along the dowel subjected to pull out loads and to identify the
European Yield Model mode of failure that represent the timber behavior.

This study was carried out to investigate the performance of mortise and tenon
joint using finite element analysis (FEA). Several parameters were highlighted as
the limitation of this research. This research only focused on mortise and tenon
joint fastened with wood dowel. The entire joint including mortise, tenon and the
dowel was using wood from kempas species. The analysis of mortise and tenon
joint under pull-out loading was carried out using LUSAS software. The finite
element model of the wood is orthotropic linear-elastic. The behavior of the timber
joint was simulated to indentify the load–displacement curve of the joint and the
stress state along the dowel to be compared to experimental results.

2 Application of Timber Structures

The introduction of engineered timber materials as well as the researches on
timber materials in the past few years had improved the modern design of timber
structures. Some countries have utilized timber structures in their construction to
help preventing pollutions. Stadthaus in Hoxton, London is one of the applications
of modern timber design. Stadthaus is a nine-storey residential apartment. This
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building had been designed using cross laminated solid timber system (CLT) that
was introduced by KLH UK Ltd. The construction of Stadthaus applied the
combination of reinforced concrete and solid timber [7].

In Malaysia, Malaysian Timber Industry Board (MTIB) has taken a step forward
by introducing the first glulam building using Malaysian timber. The building is
called Glulam Gallery and is located in Tampoi, Johor. The glulam timber was made
of Resak and Keruing of Malaysian timber. The connections were using glued-in
rods, bolted and welded to brackets and steel plates. The aim of MTIB is to promote
the utilizing of timber structures in Malaysia construction industries [8]. Con-
struction of hotels and resorts in Malaysia seems to favour the use of timber. This is
because timber structures have aesthetic values and they symbolize the Malaysian
traditions. Sunset Valley, Langkawi was constructed as a tribute to Malaysian wood.
The owner of this resort is a Dutch couple Andre and Ria. They decided to build this
resort to show their passion on wood [9]. Terrapuri and Tanjung Jara Resort in
Terengganu are also utilizing wood as their main construction materials.

Masjid kayu or its name Masjid Ulul Albab Seberang Jertih Terengganu is one
of the unique mosques in Malaysia. It was completed in August 2011. The mosque
was made of Cengal, Nyatoh and Balau wood. It was built by implementing Malay
traditional wood craft. The foundation of the mosque was constructed using in situ
reinforced concrete while the other parts of the building were using totally
Malaysian wood. The connections between members were mortise and tenon joint
system without any single nail [10].

3 Properties of Kempas Species

Kempas or its scientific name koompassia malaccensis normally grows in the
lowland and in swampy area and classified as medium heavy hardwood (MHW). It
has a density in the range of 770–1,120 kg m-3 air drying. MS 544 classified
Kempas in strength group S.G 2 together with dedaru, merbatu and mertas for
designs purpose [11]. Kempas is medium durable and it requires treatment before
use. When treated, Kempas is suitable for heavy constructional works [12]. The
information on kempas mechanical properties is also available in wood handbook
[13]. The summary on mechanical properties of Kempas from three different
sources is shown in Table 1.

4 Previous Studies on Fem of Joint

FEM is widely used in many researches to simulate stress–strain state of a complex
model under specific conditions. This method is also competent to model joint
behavior under unusual loading. It is also able to model the effect on the behavior
of the joint while changing the parameters.
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Geramitcioski and Vilos [14] studied the problem associated with the contact
between end-plate connections of a steel structure using numerical approach. The
researchers used FEM to obtain moment-rotation diagram of the end-plate con-
nection. In the end, the researchers found that FEM simulation gave better solution
for maximum loading of the end plate compared to EUROCODE 3. In addition,
Anizahyati [15] used FEM to study on corrugated web beam to column connection
with extended end-plate welded to beam. The aim was to investigate moment-
rotation response of the joint and compared it with the experimental results. She
found that the stiffness from the FEM was identical to the experimental value.

On the other hand, Sabuwala et al. [16] simulated the behavior of beam to
column connection under blasting loads. The research was carried out using
reinforced and unreinforced connection for both experimental and finite element
analysis. The results obtained were then compared. They found that reinforced
connection performed better under blast loading and the FEM was successful.

Finite element method of analysis had successfully proven the modeling of
timber connection. Many studies had been conducted to analyze timber to timber
connection using FEM. Xu et al. [17] conducted a study on timber connections
with glued-in rods as dowel. The model developed was based on FEM of contact
and non-linear behavior of material. They suggested that the gap between the
connected timbers has a small effect on the ultimate moment capacity.

Guan and Inoue [18] utilized FEM to model failure mechanism of reinforced
timber fasteners. They used bamboo plywood and carbon fiber as the local rein-
forcement. They successfully simulate the failure mechanism. The correlation
between failures mode from FEM and experimental tests are identical.

In addition, Racher and Bocquet [19] developed finite element modeling to
investigate non-linear behavior of wood beneath the fasteners and embedding
properties of the wood. They concluded that shear strength and friction coefficient
could affect the plastic behavior of timber beneath fastener. Villar et al. [20]
modeled roof trusses with traditional joint using FEM. The purpose of the mod-
eling was to perform detailed analysis of the strain–stress state of the joint. They
concluded that friction on the contacting area is important as it affects the per-
formance of the joint.

Dowelled timber connection under fire was investigated by Laplanche et al.
[21]. They used 3D-FEM to represent the thermo-mechanical analysis of the
connection. They found that the strength and stiffness reduction of dowel subjected
to tensile force parallel to grain is depending on the length of exposure.

Table 1 Summary of kempas properties

Kempas properties Moisture
content (%)

Density
(kg/m3)

Specific
gravity

MOE (MPa) MOR (MPa)

Gan et al. [12] – 945 – 18,600 122
MS 544, 2001 19 910 0.74 17,700 –
Wood handbook [13] 12 – 0.71 18,500 122
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Daudeville and Yasumura [22] in their paper analyzed the failures of bolted
wood joint. In the FEM, the wood was considered as transverse isotropic materials.
The behavior of the wood in radial and tangential was considered as the mean
value of the mechanical properties in these two directions. Linear–elastic was
adopted. In this study the dowel was considered as fit without any friction. They
found that the wood fracture was similar to experiment results. Franke and
Quenneville [23] simulated the timber behavior in FEM to study the behavior of
dowel under tension load perpendicular to the grain. They found that the FEM
model of the cracks growth was similar to the laboratory test.

Chen et al. [24] studied on the effect of parameters such as the end distance, the
material properties of the wood and the characteristic of joint element to the
behavior dowel type timber joints subjected to tensile and compression loads. The
study used plane stress analysis in 2D CASTEM FEM application. Three nodes
elements, THR13 were used to model the timber and JO12 elements to model the
contact between the dowel and the holes. From the FEM results, they observed that
the compressive and tensile stresses were inversely proportionate to the length of
end distance.

Shanks [2] used FEM to validate his experimental work. He investigated the
stress-state of timber dowel, mortise and tenon subjected to pull out of tenon. He
also observed the effect of variation in joint parameter to the stiffness. He found
that the FEM had been successfully predicted the connection stiffness and changes
of connection behavior due to the changes in parameters.

Johnn et al. [25] conducted a research on the effects off varied angle of timber
frames on the performance of mortise and tenon connection subjected to tensile
load. The yields mode of failures of the dowel, mortise and tenon members were
observed. The researcher found that mortise splitting, tenon tear out, dowel
bending and dowel shear were the obtained mode of failure. The type of dowel
failures is given in Fig. 1 where Is is crushing of mortise members, Im is crushing
of tenon, IIIs is the rupture and bend of dowel with a plastic hinge at the centre of
tenon and IV is crushing of both mortise and tenon members with two plastic hinge
formed in the dowel. The researchers concluded that the mode of failure governed
the ductility of a connection. The connection ductility decreased for small angle as
compared to 90 degrees angle.

On the other hand, Rohana did a study on mortise and tenon joint with dowel
fastener. The aim was to observe the behavior of the joint under shear, bending and
tensile. The researcher compared the performance of mortise and tenon joint with
steel, GFRP and wood dowel. The mode of failures of the joint followed EYM for
double shear as stipulated in NDS [26]. The mode of failure for double shear
connection has four types (Type Im, Is, IIIs, IV). It was obtained that wood dowel
failed under mode IV [6].

The results obtained from Rohana [6] were used as the basis of this research.
This research studied the performance of mortise and tenon joint with wood dowel
using FEM and validate the FEM findings with Rohana work. The finite element
model in this study adopted the maximum yield loads in the experimental as the
loading of the modeling. The modeling followed the tensile test conducted in the
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laboratory. The point of consideration in load displacement comparison was taken
at the tenon top similar to the laboratory test.

5 Research Methodology

This study was divided into three phases. The first phase was the identification of
wood mechanical properties such as the young modulus, shear modulus, Poisson’s
ratio, and mass density. The second stage was the development of the finite element
model of the mortise and tenon joint. Several numbers of models were formed to
obtain the most suitable meshing elements types and material properties. The third
part of the study was the analysis process of the mortise and tenon joint model. The
stress states and the failure behaviors of the dowel and the members were
investigated.

The joint dimensions were briefly described in the subsequent topic which
adopted the actual tensile test in the laboratory. To reduce computing time, only
part where the tenon fit into the mortise was drawn and it was further simplified by
introducing symmetry plane. The dimension of the mortise and tenon joint is
shown in Fig. 2. The column size is 200 9 200 mm with a rectangular mortise
hole of 41 9 100 9 150 mm. While the beam was 100 9 150 mm with
41 9 89 9 150 mm tenon at the end. The wood dowel diameter was 20.6 mm. To
simplify the modeling process, a part where the tenon fit into the mortise hole was
modeled instead of the actual size of the tested mortise and tenon joint.

5.1 Finite Element Model Using LUSAS

LUSAS is one of the application software based in United Kingdom’s that uses
finite element method in its analysis. The FEM is used to generate accurate
approximate solutions for all linear and non-linear stress, dynamic and thermal

Fig. 1 Dowel mode of failures. a Is, b Im c IIIs, d IV [25]
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problem. The LUSAS 14.7 (academic version) was used in this study. As this
version is for academic used, limitation on number of nodes and some functions
applied. Therefore, this study is bounded to those limitations.

Similar to Shanks [2], linear elastic orthotropic material was adopted to rep-
resent the joint in tensile because the connection was modeled in the elastic range
only. However, elasto-plastic material behavior may closely represent the timber
behavior as timber may have some ductility before failure. Shanks [2] also had
proven that modeling nonlinear material behavior will increase the computing time
for modeling and analysis but would give a small difference on the global
response. Therefore, the timber behavior was assumed to be linear under pull out
loading with brittle failure. The loading was the yield load taken from experi-
mental test conducted in the laboratory by Rohana [6] since only the elastic part
was modeled.

The shape of the dowel was assumed square to simplify the modeling process.
Rod dowel may require higher order meshing elements thus required more nodes.
The available LUSAS software in the Faculty of Civil Engineering, Universiti
Teknologi MARA has its limitation in numbers of nodes of the whole model.
Exceeding the limit will lead to fatal errors. Increasing number of nodes requires
longer time to analyze. Fit dowel was assumed in this study since the available
FEM application did not support contact element.

Solid model was used to imitate the actual timber joint. Bottom lines of the
model were created for the half of the joint model. The lines were then being swept
in the y direction to form surfaces. Volume geometry was defined by sweeping the
surfaces in the z-axis. The volume that represented the hole was deleted.

Defining suitable element meshing is an important part in finite element
modeling. A 3D solid continuum element was chosen and the model was meshed
using 8 nodes, hexahedral element with three degree of freedoms on each node was
known as ‘HX8M’. Xu et al. [12] and Gonzalez et al. [1] also used similar mesh in
their model. Regular mesh type was chosen. Automatic mesh tool is the best to be
used to generate the mesh by specifying the element size. The total elements
created for the dowel were 1,743 while for mortise and tenon members were 6,171
elements.

Fig. 2 Plan view of mortise
and tenon joint [4]
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Solid orthotropic material properties were set to all members. The mechanical
properties of kempas species was given by MS 544 [11] as in Table 2. In finite
element modeling, nine mechanical properties must be identified for solid ortho-
tropic material. The ratio of young modulus in the three orthotropic axis, Ex:Ey:Ez

were taken as 1:6:14 as specified in Wood handbook [13] for white oak wood
while the shear modulus, Gxy was taken as proportion of 1:12 to the young
modulus in the longitudinal direction, Ex. The Poisson’s ratio in this study was
assumed to be similar to Poisson’s ratio of white oak given in Wood handbook
which has equivalent specific gravity.

Therefore, the Ey is equal to 0.163 Ex and gives Ey as 2,885 Mpa. The Ex is
taken as 17,700 Mpa from MS 544 [11]. The value of Ez is equal to 0.072 Ex and
gives Ez as 1,274 Mpa. While the value of shear modulus (G) was also computed
from the given ratio which was Gxy is equal to 0.086 Ex and gives Gxy as
2,885 Mpa. The shear moduli in xz and yz planes were calculated with the relation
suggested by Sangree and Schafer. The relationship between the shear modulus in
the three planes was given as Gxy:Gxz:Gyz in the ratio of 10:9.4:1 [27].

Boundary conditions were applied to the model. The mortise member was fixed
in all directions where the faces continuous in the full joint. Half model was created
due to symmetry axis in yz plane. Thus symmetry boundary condition was assigned
to the surfaces. For the tenon, the translation in x and z direction was zero.

The pull-out loading was applied to the tenon top surface similar to the experi-
mental laboratory test. The loading applied as incremental of concentrated load
where the total load had been set to 8 KN. Non-linear analyses was performed to see
the behavior of the stress state by introducing load factors. The loading was then
increased to 30 KN to observe the wood dowel behavior under higher loading.

6 Finite Element Method Output

In the finite element modeling, the mortise and tenon joint was modeled in 3D to
closely represent the actual mortise and tenon joint in the laboratory. The finite
element results were displayed in color contour as presented in Fig. 3. The stress

Table 2 Finite element
model for orthotropic
material properties

Property Kempas

EL (N/mm2) Ex 17,700
ER (N/mm2) Ey 2,885
ET (N/mm2) Ez 1,274
GLR (N/mm2) Gxy 1,522
GLT (N/mm2) Gxz 1,431
GRT (N/mm2) Gyz 152
tLR txy 0.369
tLT txz 0.618
tRT tyz 0.428
Mass density (tonne) 0.93 9 10-9
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state of the dowel at any point can be determined by comparing the color contour
with the key plot. The red color represents the higher stress location. The stress
was mostly concentrated at the bearing area. The maximum stress at dowel was
1,434 N/mm2. As the loading increased, the dowel started to bend to form two
plastic hinges at the edge between the tenon surface and the mortise surface. These
areas were experiencing higher stress.

The deformed mesh illustrated the dowel behavior under tensile. The deformed
shape of the dowel was in mode IV of EYM mode of failure which was similar to
wood dowels failure behavior obtained in the laboratory. There were two plastic
hinges with associated wood crushing formed as the loads increased during the
analysis. Higher stress was observed at the plastic hinge. The deformed dowel
shows in Fig. 4.

Fig. 3 Stress concentration in the joint

Fig. 4 Total failure of wood
dowel in laboratory test (top),
deformed shape of dowel in
FEM at higher tensile load
(bottom)
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A point on the wood dowel which experienced the most stress was taken as the
reference point. The point was located on the plastic hinge area of the dowel.
Stress–strain curve was plotted at the reference point. The shape of the curve is
linear. This is because the finite element model was assumed to behave linear
elastically. This might not be true in the laboratory test. The wood dowel had some
ductility against tensile before total damage occurred as shown in the load-
deformation curve obtained in the laboratory by Rohana [6] in Fig. 5. The FEM
graph was plotted on the graph obtained in the laboratory to compare the shape of
Load–displacement curve. The shape obtained was identical to the laboratory
results where the stiffness was taken as yield at proportionate value. However, the
graph shows that FEM underestimate the stiffness of the connection.

The obtained stiffness was low might be due to several factors. The material
properties in the modelling were the approximated values taken form MS 544 and
wood handbook. The assumed materials properties did not represent the actual
wood tested in the laboratory. Meanwhile, the fit dowel assumed in the modelling
might also affect the obtained results since a fit dowel is imposible to get in the
laboratory. In the modelling, a square dowel was adopted in stead of circle dowel
as it may also influence the results.

The stiffness from finite element model is 1.6 kN/mm which is low as com-
pared to the experimental value of 3.6 KN/mm obtained by Rohana [6]. The
maximum displacement is 5.1 mm with maximum loading of 8.5 kN. The yield
load in the laboratory test was 8.1 kN. Therefore, the results obtained from the
FEM were acceptable. Figure 5 shows the comprison of load–displacement curve
from experiment and FEM.

Fig. 5 Comparison of Load displacement curve from laboratory test and FEM [6]
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7 Conclusion and Recommendation

The results from this study enhance the understanding of performance of mortise
and tenon fastened with wood dowel. The behavior of the joints was studied by
utilizing finite element model (FEM). The results from the finite element model
had been compared with the experimental results obtained by Rohana [6]. A
similar shape of load–displacement curve was found between the FEM results and
the experimental results.

However, FEM underestimate the stiffness of the connection. Therefore, further
improvement can be done for future studies. It is recommended that researchers
must conduct laboratory works to find out the mechanical properties of the tested
wood rather than relying on published data. Advanced FEM software is suggested
to cater for limitation on modeling higher order meshing types and joints element.

Finite element model had shown that it is capable of predicting the behavior of
mortise and tenon joint under tensile loads. Therefore, it is very useful to use FEM
in research to reduce cost and time and also as a method to validate the findings in
the experimental works.
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Strength Assessment of Malaysian
Timbers in Structural Size

Mohd Jamil Abdul Wahab, Mohd Zamin Jumaat
and Mohamad Omar Mohamad Khaidzir

Abstract In Malaysian timber engineering practice, mechanical tests on timbers
were conducted based on small clear timber specimens. Throughout the world, the
practice of structural size timber assessment has been long-established. Stress
values obtained from structural size timber are more accurate for allocating value
in structural design. Preliminary testing works have been initiated to establish the
mechanical properties of Malaysian timbers in structural form. Some commercial
timbers were tested using structural size bending method. Results indicated that
bending strength of structural size specimen is lower compared to small planks.

Keywords Bending � Modulus � Strength � Elasticity � Tropical

1 Introduction

The formal mechanical testing of Malaysian timbers started circa 1920s. Original
documents of the experimental results date back to year 1929 still exist and are
being kept in Timber Engineering Laboratory of Forest Research Institute
Malaysia (FRIM). The method of testing was similar to BS 373:1957 and ASTM
D143–52 [1]. The timbers were tested based on small clear specimen method in
green and fully air-dried condition. Lee et al. [2] have compiled the mechanical
test results of some commercial Malaysian timbers in Timber Trade Leaflet No.
34. However, several properties have not been estimated and some have been
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inadequately estimated, partly because the assessments were based on a small
quantity of material and partly because there is variation in mechanical properties
even in the same log. So far, in Malaysian timber engineering practice, mechanical
tests on timber were conducted based on small clear timber specimens.

These data are the basis for strength groups (SG) of Malaysian timbers which
refer to as SG1 to SG7. Besides, the values became the foundation of Malaysian
Standard Code of Practice on Structural Use of Timber [3]. From a scientist point
of view, stresses obtained from small clear specimen’s method may have been
technically convenient for the determination of timber’s mechanical properties.
However, the method cannot provide accurate values for structural engineering
applications due to the great variations in biological materials. Structural engineers
and designers need accurate and reliable values concerning the structural perfor-
mance of timber in its’ definite size.

Practically, timbers of structural sizes are very seldom free from defects. In
fact, the load may be applied for an indefinite period instead of a few minutes.
Unlike homogeneous materials, the result of timber defects on strength has been
fairly established and recognized in the basic testing rules. Fully as significant as
the presence of the defects are their size, number, and location in the piece [4].
Defects will have their greatest effect at points of maximum stress.

Stress values obtained from structural size timber are more accurate for allo-
cating value in structural design since the risk of stress ratio is eliminated. Besides,
the values will reflect more on the actual strength of the timber in use. Throughout
the world, the practice of structural size timber assessment has been long-estab-
lished. The formal stress grading system in the United States started since 1902
with tests on both small and structural size timbers [5]. The arrangement for
structural timber test varies in different parts of the world. In Australia and North
America, the measurement of deflection is at the middle point between supports,
often referred as global measurement. Whereas in Europe, the measurement is over
a gauge length between two loading points, usually referred as local measurement
[6]. Although there are several dissimilarities on the testing set up, but the test
pieces are in structural sizes.

Small specimen methods for mechanical testing of timber have resulted with
incomparable values, hence totally unjustifiable conclusions. Local and global
timber practitioners start inquiring on what are the stresses of Malaysian timbers in
their structural form. The following sections of this paper will discuss on the
stresses of some commercial timber tested in structural size.

2 Research Methodology

The assessment focuses on the determination of bending strength and modulus of
elasticity in structural size timber planks. Evaluation of stresses is made by
comparing the results with small specimen values. Timber samples were selected
from several commercial timber groups. Each sample was cut into standard
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dimensions for structural size specimen and small clear specimen. Figure 1
illustrates the cutting pattern of the specimens.

2.1 Small Clear Specimen Method

Load was applied at the middle of the plank. The test arrangement is shown in
Fig. 2. This particular configuration is referred as ‘three-point bending’ or ‘centre-
point bending’. The bending strength is presented as bending modulus of rupture
(MOR) which is the corresponding stress in the timber at a point of failure. The
MOR in three-point bending was calculated based on the equation below

MOR ¼ 3Pmaxl

2bd2
ð1Þ

where Pmax is the maximum applied load (N), l is the bending span (mm), b is the
width of the specimen (mm) and d is the depth of the specimen (mm).

Load–deflection graphs were recorded automatically through Trapezium 2
software. Loads corresponding to increments of deflection were recorded. The
modulus of elasticity (MOE) in three-point bending was calculated using the
following equation

MOE ¼ DPl3

4Ddbd3
ð2Þ

Fig. 1 Cutting pattern and nominal dimension of test specimens; A structural size specimen
(50 9 150 9 3,050 mm) and B small clear specimen of 2 inches standard (50 9 50 9 762 mm)

Fig. 2 Small clear timber specimen bending test arrangement; l bending span (711 mm),
r overhang (25 mm), d specimen thickness (50 mm) and d bending deflection (mm)
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where DP is the increment of load below the limit of proportionality (N), l is the
bending span (mm), Dd is the increment of deflection corresponding the load
(mm), b is the width of the specimen (mm) and d is the depth of the specimen
(mm).

2.2 Structural Size Timber Method

Test configuration for specimen in structural sizes is referred to as ‘four-point
bending’. Arrangement for four-point bending test is illustrated in Fig. 3. The test
piece was symmetrically loaded at two points over a span of 18 times the thickness
(D). The test piece was simply supported on each side with an overhang of not less
than half the thickness of the specimen. The distance between the two loading
points was equal to the distance between one loading point and the nearest support.
Small steel plates were inserted between the piece and the loading points to
minimize the local indentation. Load was applied at constant loading-head
movement adjusted so that the maximum load is reached within 5 ± 2 min.

Before testing, a critical section was determined in each piece of timber. The
critical section was positioned at the centre of the mid span, between the inner load
points. The tension edge of the piece was selected at random. The corresponding
MOE in four-point bending was calculated from the following equation

MOEstructural ¼
DFðL3�3La2 þ 2a3Þ

4DdBD3
ð3Þ

where L is the bending span (mm), a is the distance between a loading point and
the nearest support (mm), B is the width of the plank (mm), D is the thickness of
the plank (mm), DF is the increment of load (N) and Dd is the increment of
deformation corresponding to DF (mm).

Structural size bending strength was determined by bending the timber speci-
mens to failure. The MOR in four-point bending was calculated from the following
equation

Fig. 3 Arrangement for structural size bending test; L bending span (18 9 D mm), r overhang
(CD/2 mm), D specimen thickness (mm), a distance between a loading point and the nearest
support (L/3 mm) and d bending deflection (mm)
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MORstructural ¼
Fmaxa

2W
ð4Þ

where Fmax is the maximum load (N), a is the distance between an inner load point
and the nearest support (mm) and W is the section modulus (mm3).

3 Results and Discussion

3.1 Stress Analyses

To date, four sample groups of Malaysian hardwood were tested. However, due to
limited project funding and timber availability, the number of specimens was not
the same. The analysis is more likely to demonstrate the effect of plank’s
dimension on the strength and stiffness. Readers should bear in mind that the
current strength and stiffness values of Malaysian timbers are based on small plank
assessments, thus the results will explain the actuality in mechanical properties of
structural timber. Test pieces from each sample were tested for both structural size
and small planks. Initially, a sample of 33 planks of mixed hardwoods was tested
in three different sizes each. The results are shown in Table 1. The moisture
content (MC) of the test pieces was also calculated.

Generally, the bending strength of structural size planks is lower compared to
the smaller one. The difference is apparent even between small planks of 2 cm and
2 in. Smaller plank resulted with less influence of defects, such as knots and cross
grain. At the same time, it was impractical to totally avoid defect from structural
size plank. Defective planks were previously proven to affect the strength of
timber. On the other hand, the MOE value is higher for larger planks. However the
differences are less significant than the MOR values.

To determine whether the result is the same regardless of density, three specific
groups of timber were evaluated. Penaga, kulim and sesendok are timbers in SG1,
SG3 and SG7 respectively. Samples of 40 penaga, 90 kulim and 33 sesendok were
tested for small and structural size method. Table 2 shows the respective average
results of MOR and MOE. For each sample, the results indicated that MOR of
structural size specimen is lower compared to small planks. However, the differ-
ences were uneven and did not compare well for a fixed ratio. The distributions of
structural data are scattered. Then again, structural size MOE values are higher
compared to small planks. Thus these patterns are similar for all timber despite the
consequences of the SG. The MOR and MOE comparisons of the three timber
groups between two different plank sizes are shown in Figs. 4, 5 and 6.

Defects and wood grain deviation reduce the strength distinctly. For tropical
timber, the deviation is difficult to distinguish. In actual visual grading practice,
even the grain angle is not easy to be determined [7]. In fact, a clear and straight-
grained plank may be expected to demonstrate slight variability in mechanical
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Fig. 4 Distribution of MOR and MOE results of penaga timber between structural and small
planks

Fig. 5 Distribution of MOR and MOE results of kulim timber between structural and small
planks
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properties along the length [8]. Ironically, even when all factors known to influ-
ence the strength of timber have been considered, the strength value will still differ
10–15 % than another [9] (Fig. 7).

A number of factors have to be considered in testing large size timbers. Defects
will have their greatest effect when at points of maximum stress. In a beam tested
under centre loading, the maximum stress in bending occurs at the centre. Defects
would have their maximum effect at the centre of the length on the bottom face and
also on the lower edges of the vertical faces of the beam. If the defects were
located toward the neutral axis and toward the ends, their effect would diminish.

Fig. 6 Distribution of MOR and MOE results of sesendok timber between structural and small
planks

Fig. 7 The crossed-gain
failure of structural size test
piece was noticeable
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Under third-point load, defects would have the maximum effect in the lower
surface and edges anywhere between the loads.

The bearings at the load points require special attention in order to prevent
indentation or premature compression failure both along and across the grain. This
is taken care of by distributing the load through bearing plates and curved blocks.
Another major source of error in edgewise large size bending will be linked to the
initial twist of the timber piece. Twisted plank resulted in buckling during test.
However, it was observed that buckling error can be eliminated by placing thin
plate in gap between twisted plank and support. Vertical roller supports on both
side of the test piece will improve the assistance.

It is, certainly, well known that the MC in timber has a tremendous effect on the
strength of timber pieces. Above 25 % MC, the strength of timber does not alter,
but as timber dries its strength increases. The exact MC below which there is an
increase of strength is known as the ‘‘fibre saturation point’’ and it is not the same
for every species [9]. In structural sizes, however, the development of defects
tends to offset any increase in fibre strength that may take place as a result of a
reduction in MC. Furthermore, tropical hardwood timbers, even after air seasoning
for 1–2 years, are only partially dry. The outer shell may be somewhat near an air-
dried condition, but the moisture content increases from this point to a practically
green condition at the centre. This unequal distribution of moisture content causes
a progressive failure and appears to be one of the large factors that prevent so
called air-dried timbers from showing any higher strength than green timbers.
After many years of seasoning, structural timbers will assume a more nearly
uniform moisture content throughout, and, with the exception of additional
weakening due to defects, would be expected to increase in strength.

In other words, it is highly essential that none of the details, such as average
moisture content, moisture distribution, and size, number, and location of defects,
be overlooked or slighted in any way if results of any significant value are to be
obtained. Careful analysis should also be made of the data to see that none of the
factors that affect the strength of structural timbers have been overlooked or
misinterpreted.

3.2 Recent Research and Development

One very important and pertinent issue in the marketplace is the extension of the
CE mark to cover timber destined for structural use. The letters ‘‘CE’’ are the
abbreviation of French phrase ‘‘Conformité Européene’’ which literally means
‘‘European Conformity’’. CE-marking is a manufacturer’s declaration that the
product complies with the essential requirements of health, safety and environ-
mental protection legislation. All timbers for any structural use in Europe (EU-25
plus Iceland, Liechtenstein, Norway and Switzerland), regardless of origin, had to
be marked CE as referred in the European standard EN 14081 and classified
according to mechanical criterion in structural form. Unfortunately, the assessment
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of this strength prerequisite has not been carried out for most tropical species,
including Malaysian timber species.

A national committee on strength grouping of timber has been discussing
concerning the drawbacks for the execution of structural size assessment. The
laboratories involve should be concerned on the capacity of staff and facility
available. Testing structural size heavy hardwoods timbers anticipates the labo-
ratory to be equipped with a principal testing machine not less than 300 kN of
loading capacity. Generally, staff responsible for conducting the tests should
possess a high level of understanding of the theory and procedure of the structural
size test indicated by their qualification and experience. The governmental orga-
nizations such as Malaysian Timber Industrial Board (MTIB) and Malaysian
Timber Council (MTC) should be aware of the high expenses needed to procure
the samples required to execute the test. Millions of Ringgit has to be invested to
fund the testing of over hundred of marketable timber species in large sizes. With
more than 3,000 species of Malaysian timbers, it is almost impossible to conduct
the structural size test for each species. Eventually the amount of tested planks plus
remnants which are not reusable for structural application is just like creating extra
damages to the timber businesses. Not to overlook the risk of unavailable timber
species owing to the statistics of what is still available in the forests. Above and
beyond, the time frame to accomplish the assessment would be unpredictable.

It appeared that in structural form timber does not perform as well as it turns out in
small specimens. Nevertheless, these deceptive values have been referred for timber
construction practice for decades went before. Thus preliminary testing works have
been initiated to establish the relationship between small timber specimen and
structural size properties that leads to the more precise mechanical strength values.
A compliment should be given to University of Malaya for funding the groundwork
project in structural size testing of Malaysian timbers which started at the end of
2009. Current project on structural size timber testing of Malaysian timber is being
sponsored by Ministry of Science and Technology of Malaysian Government.

Strength and stiffness values of timber planks of different dimensions should be
measured with extra concern compared to homogeneous materials. Solely use of
strength values obtained from small plank test for classification and design of
timber structures is not practically ideal. From these considerations it appears that
for a better mechanical criterion of timber planks, testing method that measures as
closely as possible in-service performance is required. Although the intended
values may not be very accurate due to the characteristic of biological material, but
is nonetheless necessary to be performed.

4 Conclusion

In general, the experimental results indicated that bending strength of larger plank
is lower compared to the smaller one. In term of modulus of elasticity, larger plank
is generally exhibits higher value compared to small plank. For academic
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comparison, test method using small specimens still remains valid in character-
ising the mechanical properties of timber. However, by itself, the test specimen is
not representative of actual plank being used in the construction practice.
Unfortunately, this method became the basis for the structural stresses of
Malaysian timbers for many years. Tests on timber of structural size give more
precise and reliable values concerning the actual service condition of timber in
construction. However, the drawback of cost and duration of time needed to
execute large plank assessment of Malaysian timbers is extremely immeasurable.
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Dowel-Bearing Strength Properties
of Two Tropical Hardwoods

Rohana Hassan, Azmi Ibrahim, Zakiah Ahmad and Marina Yusoff

Abstract Bearing strength of wood is one of the properties that are use to estimate
the lateral connection of wood design strength based on the European Yield Model
(EYM), National Design Specification [NDS 2005 in National design specification
for wood construction american forest and paper association (AFPA), Washington
D.C, 2005] theory. This study investigated the characterisation of load to grain
directions and two dowel sizes in two high-density Malaysian hardwood species;
Kempas (koompassia Malaccensis) and Kapur (Dryobalanop spp.). Experimental
work as stipulated in ASTM 5764-9a [American Standard Testing Method
(ASTM) D 5764-95a in ), Standard test method for evaluating dowel-bearing
strength of wood and wood-based products, 2007] was adopted. Result shows that
according to the species, the lower strength group of species attributes to higher
bearing strength of wood. It was also found that the bearing strength of parallel to
the grain is higher than the perpendicular to the grain. In terms of dowel diameter,
the bearing strength perpendicular and parallel to the grain decreased slightly as
the dowel diameter increased regardless of the timber species. The EYM equations
were found viable and sufficient in predicting the dowel-bearing strength of bigger
dowel diameter for Kempas but not for the smaller dowel diameter. Contradict to
Kempas species; the EYM equations were viable for the smaller dowel diameter
and not for the bigger dowel diameter for Kapur. Thus, in the case of the insuf-
ficient predictions, three modified equations based on EYM, were proposed
according to the specific gravity, density, species, dowel diameter and loading
directions respectively.
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Keywords Kempas (Koompassia malaccensis) � Kapur (Dryobalanop spp.) �
European yield model (EYM) equations

1 Introduction

Currently, very limited studies about Malaysian tropical timber are published and
reported especially on the experimental work using structural size timber and
jointing system. Few papers are found discussed on bending and shear behavior of
mortise and tenon connection [3–5], however these publications are still lacking of
dowel-bearing strength information. The dowel-bearing behaviour is defines as the
load-deformation behaviour of wood or wood-based products laterally loaded by a
fastener where the fastener does not bend during loading [2]. Dowel-bearing
strength is one of the properties of wood that affects the design value capacity (Z)
of a nails, bolt or lag bolt. Few research literatures termed this property as
embedment strength. Bearing strength is an important parameter to determine
EYM.

ASTM is based on full-hole or the half-hole test. According to Awaludin et al. [6],
in half-hole test method; the dowel uniformly loaded along its length, producing a
uniform stress distribution through the projected bearing area. All ends of dowels are
free to rotate, bearing stress under the dowel is considered to be uniformly distrib-
uted and the dowels fit tightly as possible in the hole.

Bearing strength tests in this study were performed in accordance with
(ASTM)—D5764-9a [2] that is using half-hole test method. This method allows
full exposure of the specimens during testing, thus detail observations on the
specimens during the test such as appearance of cracks or any failure pattern shall
be observed. This failure pattern cannot be observed if the full-hole test is use.

2 Literature Review

Many previous researches relate the dowel-bearing strength to the fastener or the
wood characteristics. The fastener’s characteristics are such as dowel diameter and
dowel type (nails, bolts or screws) [7]. Dowel-bearing strength in relations to the
wood characteristic are such as moisture content [8, 9] grain directions [10],
density [11, 12]; specific gravity [13] and wood species [10]. Dowel-bearing
strength was also being studied for the engineered wood materials such as glue
laminated [14, 15] laminated veneer lumber [16] and plastic wood composite [17].
Embedment strength for parallel and perpendicular to the grain loading has been
related to the bolt diameter and specific gravity by Wilkinson [13] using empirical
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equation (Eqs. 1 and 2). These equations were derived based on the 5 % offset
load rather than capacity and is applied in the current NDS 2005 [1] after a few
modifications.

Fe== ¼ 11;200G ð1Þ

Fe? ¼ 6;100G1:45d�0:5 ð2Þ

where Fe? is the bearing strength in the perpendicular grain direction in psi unit,
Fe// is the bearing strength in parallel grain direction in psi unit, d fastener diameter
in inch and G is specific gravity based on ovendry weight.

Though the bearings strength can be easily evaluated from the empirical
equations given by the previous studies and current standards, however, this
bearing strength were developed from softwood species [6, 10–12]. As claimed by
Awaludin [6], the calculated bearing strength might be questionable because the
equations were developed mainly from the test data of softwood species. Thus
further investigations of bearing strength for the tropical species is very much
needed in order to specifically verify the applicability of the existing standards to
the use of tropical species.

Existing data of dowel-bearing strength tested on tropical timber is very much
limited. Pioneers in determining the bearing strength of wood base in Malaysia
was started by Mohd Zamin Jumaat and his group of researchers in 2006 and 2008
[11, 12]. Their intention was to compile data of local timber since no study were
previously conducted locally which emphasize in this area. Five other Malaysian
species from different joint group according to MS 544 were tested. The species
are Balau (Shorea spp.) (group J1), Kempas (Koompassia malaccensis) (group J2),
Mempening (Quercus spp.) (group J3), Mengkulang (Heritiera spp.) (group J4)
and Pulai (Alstonia spp.) (group J5). All specimens were compressed in parallel to
grain direction with 0.31, 0.39 and 0.47 in. diameter dowel.

From the study, it was concluded that density is a major factor that influence the
bearing strength characteristics. Bearing strength was also found almost constant
regardless of dowel diameter except for the timber with greater densities. The
bearing strength decreased slightly as the dowel diameter increased. This study
were also found similar to Hilson et al. [18], Rammer [10] and Sawata and
Yasumura [19]. Another record on bearing strength of Balau species with a limited
number of tests were published by Awaludin et al. [6]. Only Awaludin et al. [6]
tested on the bearing strength of hardwood species compressed on different angle
which include the parallel and the perpendicular to the grain. They commented
that the average bearing strength parallel to the grain was 7.25 % lower that the
prediction given in EC 5, 2008. The bearing strength perpendicular to the grain
evaluated based on bearing load at initial cracking was substantially different from
any predictions given by previous studies or design standard.
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3 Tests Methods

All bearing strength specimens were prepared from the cut of the mortise and
tenon joints after the full scale joints were tested. The specimens were cut in the
form of parallel and perpendicular to the grain. The method approached in this
study to determine the bearing strength of wood embedded with steel is according
to the ASTM-D5764-95a [2].

The dowel-bearing strength tests were performed on Kempas and Kapur wood
block using steel dowels in accordance to ASTM D5764-95a [2], ‘‘Standard test
method for evaluating dowel-bearing strength of wood and wood based compos-
ites’’. Wooden block specimens were prepared in the sizes of 1.61 by 3.74 by
4.92 in. Twenty replicates were prepared for 0.18 and 0.49 in. dowel diameter. In
order to prepare the half-hole, two wooden blocks were clamped together with
sufficient pressure to maintain contact between faces (Fig. 1a). Lead hole was then
drilled in between the two pieces with hole larger than the dowel diameter. Clamps
were then removed and the dowel was then inserted in the half hole. Both pieces
were used for testing (Fig. 1b). The pre-boring holes were bored in tight-fitting to
the dowels sizes according to the same way as would in the practice. The half-hole
wooden block specimen is illustrated in Fig. 1c.

The testing assembly consisted of a rectangular wooden block with half-hole
placed on the flat base on Universal Testing Machine (UTM) and a load head made
of steel plate that pressed the dowel into the specimen. A picture of the dowel-
bearing test setup is shown in Fig. 2.

The tests were run on a UTM hydraulic testing machine with a 224,808.9 lbs
capacity load cell. A constant displacement rate of 0.04 in./min was used, and the
tests were run until the load head touches the block or when the displacement
remains constant. The resistance load was recorded from the load cell, and dis-
placements were acquired from the external Linear Variable Differential Trans-
former (LVDT).

4 Results and Discussions

Bearing strength capacity was limited to the investigation of the load to the grain
directions (perpendicular and parallel to the grain), timber species and dowel
diameter. All specimens were in the particular range and group of specific gravity
and moisture contents to replicate the actual timber properties. Bearing strength
capacities were determine from 5 % offset load. The ultimate load was also taken
for further comparison and analysis of the bearing strength behavior. The ultimate
load is when the load head touched the block specimens or the load of each bearing
stress before the block split or cracks. At this point the dowel material is con-
sidered bearing in full.
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Figure 3 depicted that the bearing strength parallel to grain shown a linear
increased up to the yielding of wood and was continuously increase its strength
and displacement up to fracture. This also means that the steel dowel deforming
the base material in the vicinity of the hole equally initially, reach its ultimate load
capacity until further crushing on hole or cracks of block specimens and its
stiffness degraded. However, the displacement of the parallel to grain to reach its
ultimate was only about 0.2 in. whereas in perpendicular to grain, the displace-
ment was extended up to 0.5 in. to reach its ultimate. It was also depicted that the
bearing strength of parallel to grain was higher than the perpendicular to grain.

Figure 4 shows the relations of the dowel-bearing strength of Kempas and
Kapur in perpendicular and parallel to grain direction for both 0.81 and 0.49 in.
diameter dowel. It was obvious that all the mean values decreased when the dowel
diameter increased. However, the bearing strength parallel to the grain decreased
slightly as the dowel diameter increased regardless of the timber species. Whilst

Load , P

Dowel

Specimen 

block

4d  50

4d  50

Thickness, 2d  38

Fig. 2 Half- hole test
configuration according to
ASTM—D5764

(a) (b) (c)

Fig. 1 Preparation of half-hole wooden block specimen for bearing test: (a) drilling of
specimens, (b) two pieces of specimens and (c) specimen block ready for test
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bearing strength of Kempas species substantially decreased as the dowel diameter
increased. This characteristic shows that the harder of the base materials, the
higher differences occurs in the bearing strength of wood on the effects of dowel
diameter. This finding was found similar to Whale et al [20], Whale and Smith
[21], Rammer [22], Miller [23] and Chui et al. [24]; which commented that the
dowel diameter does influence the bearing strength of wood. This result also
supports Gattesco [25] statement that the bearing strength is considerably influ-
enced by the loading direction (perpendicular or parallel to the grain) and also the
failure behavior during testing.

4.1 Theoretical Analysis

Results of experimental were also compared to the theoretical analysis in relations
of specific gravity, density and dowel diameter. These equations are the NDS 2005
[1, Eqs. 3.11 and 3.12]. From the experimental tests, the mean value of density for
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Kempas is 908 lbs/in3 lb and Kapur is 771 lbs/in3 lb whereas the specific gravity
for Kempas species is 0.91 and for Kapur 0.68. These mean values are applied in
the subsequence theoretical calculations. Details of the bearing strength compar-
isons between the experimental and theoretical are shown in Table 1.

Comparison of the theoretical analysis to the experimental was made according
to species since there are significant differences between the bearing strength
values of Kempas and Kapur species.

In comparison to NDS 2005 [1] for Kempas species, the bearing strength
theoretical equation proved to be viable in predicting the experimental values of
both perpendicular to grain (under predicted 4.49 %) and parallel to grain (over
predicted 7.05 %) for 0.81 diameter dowel. NDS 2005 [1] has also accurately
predicted the bearing strength perpendicular to grain (under estimated only by
3.64 %) for Kempas with 0.49 diameter dowel. However the NDS 2005 [1] has not
accurately predicted parallel to grain (under estimated by 30.79 %) of Kempas
species. This result also shows that bearing strength values between experimental
and theoretical for the parallel to grain is very much different. From Sect. 3.2 in
Chap. 5 discussions, it does shows that the dowel-bearing strength is affected by
the dowel diameter. The NDS 2005 [1] theoretical under estimates values is
possibly due the effect of dowel diameter which has not been encountered in the
parallel to grain theoretical equation. The accuracy of the theoretical equations in
parallel to grain may also be affected by the density of the timber species since the
density of Kempas (between 1.09 and 1.59 lbs/in3) and Kapur (0.82–1.16 lbs/in3)
is high compared to the common European species (0.50–1.0 lbs/in3; [26]).

For Kapur species; the NDS 2005 [1] bearing strength theoretical equation was
found not accurately predicted the experimental values of both perpendicular to
grain (over predicted by 12.68 %) and parallel to grain (over predicted by
33.47 %) for 0.81 diameter dowel. However, for 0.49 diameter dowel, the NDS
2005 [1] has successfully predicted the bearing strength perpendicular to grain
(over estimated only by 1.73 %) and parallel to grain (under estimated only by
4.31 %) of Kapur species. This shows that, NDS 2005 [1] is viable in predicting
the Kempas species (strength group 2) with larger dowel diameter and for Kapur
species (strength group 4) with smaller dowel diameter in both perpendicular and
parallel to grain.

Table 1 Experimental versus theoretical bearing strength

Species Descriptions Bearing strength, Fe (psi)

Dowel diameter 0.81 in. 0.49 in.

Grain direction Perpendicular Parallel Perpendicular Parallel

Kempas Experimental 6,185.28 9,520.96 7887.92 14726.11
EYM (NDS 2005) 5,907.85 10192.00 7600.49 10192.00

Kapur Experimental 3438.56 5706.32 4896.96 7959.28
EYM (NDS 2005) 3874.59 7616.00 4981.61 7616.00
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4.2 Modified NDS 2005: Bearing Strength Equation

Since the EYM equations for Kempas were found sufficient for 0.81 in. diameter
dowel, therefore the modified formula for bearing strength of Kempas is only for
0.49 in. diameter. The suggested formula with 0 % differences to the experimental
works in relations to the specific gravity from this study is proposed as Eq. 3.

Fe== ¼ 16182:54G ð3Þ

For Kapur species, since the NDS 2005 [1] has successfully predicted the
smaller diameter (0.49 in. diameter) dowel, therefore the modifications are only for
the bigger diameter (0.81 in. diameter) dowel. The modified NDS 2005 [1] for
perpendicular and parallel to the grain for the 0.81 in. diameter dowel are the
Eqs. 4 and 5.

Fe? ¼ 5398:23G1:45d�0:5 ð4Þ

Fe== ¼ 8391:65G ð5Þ

5 Conclusions

Dowel-bearing strength of wood for Kempas and Kapur were investigated. Sig-
nificant different between the bearing strength of Kempas and Kapur species were
noticed. According to species, the lower strength group of species attributes to
higher bearing strength of wood. It was also noticed that the bearing strength of
parallel to grain was higher than the perpendicular to grain. In terms of dowel
diameter, the bearing strength perpendicular and parallel to the grain decreased
slightly as the dowel diameter increased regardless of the timber species. The
EYM equations were found viable and sufficient in predicting the dowel-bearing
strength of bigger dowel diameter for Kempas but not for the smaller dowel
diameter. Contradict to Kempas species; the EYM equations were viable for the
smaller dowel diameter and not for the bigger dowel diameter for Kapur. Thus, in
the case of the insufficient predictions, three modified equations based on EYM,
NDS 2005 [1] were proposed according to the specific gravity, density, species,
dowel diameter and loading directions respectively.
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Stiffness Modelling of Non-metallic
Timber Connections with Pultruded
Dowels

Daniël Brandon, Andrew Thomson, Martin Ansell, Julie Bregulla,
Richard Harris and Peter Walker

Abstract Previous studies have shown that double shear timber connections with
glass fibre reinforced polymer dowels are a viable alternative to metallic timber
connections. Different models have been proposed for predicting the load capacity
of the connection. A model which accurately predicts stiffness for connections of
this type is, however, not yet published. This paper discusses a two dimensional
linear finite element model that predicts the slip modulus of non-metallic timber
connections made with pultruded dowels. The model is compared to experimental
results and it is concluded that the two dimensional model is accurate.

Keywords Non-metallic � Timber connection � Densified veneer wood � GFRP �
Pultruded rod

1 Introduction

Recent studies [1–4] showed that double shear timber connections with glass fibre
reinforced polymer (GFRP) dowels are a viable alternative for metallic connec-
tions. The advantages of this non-metallic connection type lie in the potential for
reduced thermal bridging, reduced weight, enhanced fire resistance and enhanced
corrosion resistance.
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In the most recent study, densified veneer wood (DVW) was introduced as a
flitch plate material in the connection [1]. DVW consists of cross layered beech
veneer which is compressed at high temperatures and has more isotropic, stronger
and stiffer material properties than timber. The connection is exemplified in Fig. 1.

The study presented in this paper is part of an on-going study to visco-elastic
creep and fire performance of the non-metallic connection. A structural time
independent model at room temperature will in the on-going study be used as a
basis for the temperature and time dependent models. However, a model that
accurately predicts the stiffness of the connection has not yet been published. This
paper presents a model that predicts this stiffness. The model consists of beams
and springs similar to models presented in [5, 6]. These models use beam elements
and bi-linear springs and are suitable for describing the behaviour of metallic
connections. In contrast to metal dowels, fibre reinforced dowels show large shear
deformations [1] and a model predicting the slip modulus of the non-metallic
connection should include this shear deformation. Experimental results from tests
by Thomson [1, 2] are used to validate the model.

2 Background

Finite element models able to predict the embedment of dowels in timber have
been published in different forms. Three dimensional models are very hard to
make accurate, because the embedded timber cracks and its fibres buckle at low
loads as can be seen in Fig. 2. The figure shows optical microscope images of the
fibres before a load is applied (left) and after a load of 0.4 times the embedment
strength is applied (right). Not including fibre buckling generally leads to an
overestimation of the stiffness. One solution of this problem was proposed by
Hong and Barrett [7]. The authors implemented a volume of material around the
dowel that has reduced material properties. These properties were determined with
embedment tests. The value of the three dimensional model, however, becomes
questionable when the properties are obtained from a one dimensional foundation
modulus. Another solution was offered by Xu et al. [8]. They implemented a
modified yield criterion to take account of the tensile splitting and shear failure of

Fig. 1 Example of a non-
metallic timber connection
with GFRP dowels
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the timber around the dowel. Results of this model showed good agreement with
experimental results. Implementing a user defined yield criterion in finite element
software, however, requires a high level of expertise.

Two dimensional models using plane elements in which the dowel geometry is
a circle e.g. [9], cannot take account of the thickness of a timber connection. The
deformations of the dowel are then neglected. These models also face the same
problems as the three dimensional models.

Published two dimensional finite element models using only one dimensional
elements consist of beams and bi-linear springs, representing the dowel and timber
respectively [5, 6]. These models are developed to describe the behaviour of
timber connections with metallic fasteners. To describe the behaviour of the GFRP
dowels, shear deformation becomes a significant factor. The non-linearity of the
springs, however, becomes less important since the GFRP dowel will not yield as
much as a steel dowel.

3 Two Dimensional Linear Analysis

The difficulties of modelling local fracture of embedded timber in connections in
three dimensional finite element analysis, can be avoided with a two dimensional
model that simplifies the timber embedment. The timber material is then simply
modelled as a spring with a stiffness equal to the embedment stiffness. Suitable
standard embedment tests are described in ASTM D5764 [10] and EN383 [11].
Both will obtain similar results as Santos et al. [12] showed with a large number of
tests that no significant difference could be found in the foundation moduli
obtained with both tests. The two dimensional finite element analysis should also
include the embedment of the DVW and the flexural and shear deformation of the
GFRP dowel.

The model is shown in Fig. 3 and consists of springs representing the DVW
(shown with thicker lines), springs representing the timber and beams representing
the GFRP dowel. The stiffness of the springs is equal to the embedment stiffness of

Fig. 2 Timber fibres under
the dowel before (left) and
after (right) loading
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the material. This material is either timber or DVW. The element mesh of the
beams is finer near the shear plane since the beam rotations are the highest in that
location.

3.1 Material Properties

The material properties to be implemented were measured experimentally. The
timber embedment tests were performed according to ASTM D5764 [10] with
Douglas fir glulam. This test was chosen over the one described in EN383 [11]
because of the ease of loading. The average moisture content of the timber was
13.1 % and the average dry density was 533 kg/m3. Test results of these
embedment tests are shown in Table 1.

The test shown in Fig. 4 was used to determine the DVW embedment including
the embedment of the GFRP. The test setup was presented earlier by Church and
Tew [13]. A 12 mm GFRP rod with a length of 50 mm was compressed in
between two DVW plates. These plates had dimensions of 100 by 50 by 10 mm.
The DVW used in this research was made of cross wise layered beech veneer and
had a density of approximately 1,300 kg/m3. Leijten [14] presented a linear
relationship between the density and the embedment stiffness of DVW. This
relationship can be used to adjust the GFRP-DVW embedment stiffness, in case
DVW of other densities is used. The pultruded GFRP rods used in this study
consist of S-glass fibres with a polyester resin. In the tested system, two DVW
plates were embedded with a GFRP dowel. The GFRP-DVW bearing stiffness
corresponding to only one DVW plate was therefore twice the measured stiffness.

Fig. 3 Section of tested
connection (above) and
corresponding two
dimensional model (below)
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From five tests, the resulting mean embedment stiffness of the total system was
2.00 kN/mm2 and the stiffness corresponding to one DVW plate is therefore 4.00
kN/mm2 (Table 1).

The shear modulus and shear strength of the GFRP rod are measured with
torsion tests. The setup is shown in Fig. 5. The torque and the rotation can be
obtained with this test. With these data the shear modulus and the shear strength
are determined [15]. Since the steel clamps are not infinitely stiff, the effective
tested length of the dowel is equal to the distance between the clamps plus an
additional clamping length. This additional length is determined by testing rods of
two different lengths.

3.2 Analysis

The present model is made using Matlab v7.11.0, but can be made with other
computational software. A global stiffness matrix [K] is built up with element
stiffness matrices of springs and beams. Different beam theories are considered and

Table 1 Experimental results of material property tests

Test results

No. of tests Mean Units COV (%)

Embedment stiffness parallel to the grain 5 125 9 101 N/mm2 13.4
Embedment stiffness perpendicular to the grain 5 321 N/mm2 12.1
GFRP-DVW embedment stiffness 5 400 9 101 N/mm2 11.0
GFRP shear modulus 4 274 9 101 N/mm2 8.4
GFRP shear strength 4 33.7 N/mm2 4.3

Fig. 4 Setup of DVW-GFRP
embedment test
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compared. The general relationship between the displacement vector d and the
force vector F is:

½K�fdg ¼ fFg: ð1Þ

3.3 Spring Elements

Linear spring elements are used. The stiffness matrix for the spring elements can
be found in general finite element text books [16]:

KS ¼
K �K
�K K

� �
ð2Þ

where K is the stiffness of the spring. This element has two nodes with one degree
of freedom (axial translation), hence the 2 by 2 matrix.

3.4 Bernoulli Beam Element

The classic beam theory or the Bernoulli beam theory is generally known by
engineers. This theory assumes that plane cross sections of a beam stay plane and
perpendicular to the midline of the beam, as can be seen in Fig. 6a. It can thus be
said that the slope of the midline is equal to the rotation of the cross section:

dw=dx ¼ u ð3Þ

Fig. 5 Setup of GFRP
torsion test
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The element stiffness matrix of this theory can among other methods be derived
from beam equations by using the direct stiffness approach and can be found in the
general literature [17]. The beam element has two nodes with two degrees of
freedom: rotation and lateral translation.

3.5 Timoshenko Beam Element

In the Timoshenko beam theory it is assumed that plane cross sections remain
plane, but not necessarily perpendicular to the midline. The rotation of the plane
around the midline is caused by a shear stress which is constant over the height of
the beam (Fig. 6b). The shear stresses in a beam are however known to be zero at
the top and bottom of the beam. Many studies have been published on the cal-
culation of a shear correction factor (k) that compensates for this assumption. The
calculation of this factor is, however, not straightforward and more than one
possible value for the shear correction factor can be found. In the Timoshenko
beam theory, the slope of the midline minus the rotation caused by shear strain (c)
is equal to the rotation of the cross section [18]:

dw=dx� c=k ¼ u ð4Þ

The element stiffness matrix of this theory can be derived from the beam
equations [18] using the direct stiffness approach.

3.6 Higher Order Beam Element

The cross section of a beam under shear load does in reality not remain plane,
because the shear stresses on top and bottom of the beam are zero. At the top and
the bottom of the beams the shear strain (c) is zero as well, meaning that that the
cross section remains perpendicular to the top and bottom of the beam. The shear
stresses of the cross section are highest in the middle and the section therefore

(a) (b) (c)

Fig. 6 Beam theories. a Euler-Bernoulli beam theory. b Timoshenko beam theory. c Higher
order beam theory
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rotates more at that location (Fig. 6c). Higher order beam theories describe this
warping of the section.

Different higher order beam theories have been published that show only small
variations in results [19, 20]. Ghugal and Shimpi [21] review many of these beam
theories. The stiffness matrix derived by Eisenberger [22] from the equilibrium
equations given by Heyliger and Reddy [19] has been used in this study. Eisen-
berger’s element stiffness matrix has three degrees of freedom per node. Next to
the lateral displacement and the rotation, nodes in this stiffness matrix contain a
third degree of freedom describing the rotation of the section at the midline.

4 Experimental Work

A series of simple connection tests have been carried out with different dowel sizes
(Fig. 7). The dowel diameters were 16, 12 and 8 mm respectively. Five tests were
performed for each dowel size. The tested connections all had a side member
thickness of 48 mm.

Thomson [1, 2] tested double shear connections with GFRP dowels and a DVW
flitch plate. The materials used for these connection tests are similar to the
materials used in this study. He performed tests parallel and perpendicular to grain,
from which the setups are shown in Fig. 8. Different edge and end distances of the
dowels were assessed and tests with one to three dowels were performed. Results
taken from these tests are compared with the finite element model.

Fig. 7 GFRP-DVW
connection test setup
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5 Results and Discussion

Figure 9 shows the load slip curves obtained from the GFRP-DVW connection
tests shown in Fig. 7. It can be seen that the dowel diameter has a significant
influence on the load capacity of the connection, and a less significant influence on
the initial stiffness of the connection. This can be explained by the fact that an
increase of dowel size does not lead to the same relative increase of the embed-
ment stiffness. It can also be seen that the first part of the curve is approximately
linear regardless of the dowel size. This indicates that this part can be modelled
linearly. The linear part ends sharply indicating that the first failure mechanism
takes place at that point. It also can be noticed that this point appears at a con-
sistent load for every tested dowel size.

Figures 10 and 11 show the predicted dowel deflections at a load of 1 kN for
connections loaded perpendicular to grain and parallel to grain respectively. The

Fig. 8 Test setup perpendicular (left) and parallel (right) to grain [1, 2]
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connection test results
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results corresponding to the Timoshenko beam elements are determined using a
shear correction factor equal to 0.88. The experimentally gained average deflection
of the dowel in the shear plane is gained by excluding the estimated embedment of
the DVW from Thomson’s [1, 2] test results. For this, the average deflection of all
tested dowels (30 dowels loaded perpendicular to grain and 95 dowels parallel to
grain) are determined. Hereby, it is assumed that all connectors in one connection
carry the same load. This will give only a slight underestimation of the average
stiffness, since the maximum number of dowels per tested connection is three. In
Figs. 10 and 11 it can be seen that the dowel deflections described by the Bernoulli
beam theory, do not coincide well with the experimental results, indicating that the
shear deformations play a significant role in the connection behaviour. It can also
be seen that the dowel deflections described by the Timoshenko beam theory and
the higher order beam theory both coincide well with the experimental results for
predictions perpendicular to the grain. The prediction for parallel to grain
deflection, however, is better with the higher order beam theory.

Thomson [1] concluded from his tests (Fig. 8) that the formation of partial
shear plug in the timber was the first visible failure in parallel to grain loaded
specimens. He concluded that this failure must have been caused by large defor-
mations of the dowel, which are due to shear failure. In the load slip curves of
Fig. 12 the moment of shear failure in the dowel can be located at the transition
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between the linear first part and the semi-ductile second part of the curve. The
small variation in load of these points indicates a high consistency in material
properties. The figure shows the results of Thomson [1, 2] as typical load–dis-
placement plots for each tested group. The predictions given with the model using
the higher order beam theory (HBT) are also shown in Fig. 12.

6 Conclusion

A two dimensional finite element analysis predicting the stiffness and strength of
non-metallic timber connections with GFRP dowels and a DVW flitch plate was
performed. The model consists of linear springs that represent the timber and
beams that represent the GFRP dowels. Properties of these springs and beams were
gained experimentally. Different beam theories were implemented in the analysis
and compared. The analysis was validated by comparing results to experimental
results presented by Thomson [1, 2].

Results presented in this paper are findings of an on-going research project. The
goal of the project is to predict the creep behaviour and the fire performance of
GFRP-DVW connections. The most important findings can be summarized as
follows:

• The connection shows strong linear behaviour until the first failure mechanism
occurs.

• This behaviour can be adequately modelled with a linear finite element model.
• The classic (Bernoulli) beam theory is not suitable for predicting the load-slip

behaviour of the connection, because it lacks the ability to account for shear
deformation.

• The higher order beam element published by Eisenberger [22] gave the most
accurate results in both perpendicular and parallel to grain analysis.
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• Both the Timoshenko beam and the higher beam gave accurate predictions.
• By comparing the experimental results with the results of the model it can be

concluded that despite the simplicity of the model the model accurately predicts
the connection stiffness.
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Mechanical Properties of Cement
Composites Incorporating Oil Palm
Stem Fiber

Dianah Mazlan and A. S. M. Abdul Awal

Abstract With the increasing building activities in both developed and devel-
oping countries, there has been a growing concern to convert the agricultural and
industrial waste to a construction material. Researches since decades ago have
shown that the addition of fibers into the cement matrix enhanced the physical and
mechanical behavior of mortar and concrete. This paper discusses the properties
and usage of oil palm stem fiber as discrete reinforcing material in cement matrix.
Cement mortar mixes containing 1–4 % fiber were made to investigate work-
ability, water absorption and strength of the matrix. Test specimen comprising of
cube, cylinder and beam were cast and tested for compressive, tensile and flexural
strength respectively following ASTM standards. Laboratory test results reveal
that the workability of cement mortar decreases with the increase of oil palm stem
fiber. The water absorption capacity on the other hand was found to increase with
the increasing amount of fiber content. Regarding strength, the compressive
strength has been found to increase up to certain limit of 3 % fiber content, beyond
which the strength decreased gradually. The tensile and flexural strength of the
mortar matrix, however, showed a positive response in terms of fiber content.
Results obtained and the observations made in the study suggest that oil palm stem
fiber can effectively be used in producing lightweight construction materials.
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1 Introduction

Extensive research and development work in understanding and application of
fiber concrete materials are still taking place all over the world. These activities
include, amongst other things, the development of new, stronger fibers, better fiber
reinforced composites and new substitutes for products which have some disad-
vantages. The idea of reinforcing relatively brittle materials with fibers has been
known and practiced since ancient times. Mud huts constructed from baked clay
reinforced with straw, and masonry mortar reinforced with animal hair, are
primitive examples of the use of fiber reinforced materials in construction that date
well back into history [1].

Natural fibers, as a substitute for human made fibers in composites component,
have gained interest in last decade. During this century other fibers such as jute,
sisal, coconut, ramie, banana, flax, hemp etc. have been used in cement-based
products because of their better stiffness per unit weight and lower impact on
environment [2]. Among the most promising of such materials are cellulose fibers.
These are produced mechanically or chemically, either from wood or other vege-
table fiber sources. The dimensions of individual fibers vary considerably from type
to type and depend on the origin of the fiber source and method of preparation [3].

The oil palm is a tall-stemmed tree which belongs to palm family Palmes. The
countries in the equatorial belt that cultivates oil palm are Benin Republic,
Colombia, Ecuador, Nigeria, Zaire, Malaysia and Indonesia of which Malaysia is
the largest producer of palm oil and palm oil products. It has been estimated that
the total solid waste generated by this industry in some 200 palm oil mills in the
country has amounted to about 10 million tons a year [4, 5].

Oil palm trees are usually felled after the age of 25 years, either due to their
decreasing yield or because they have grown too tall which makes harvesting very
difficult. For the disposal of oil palm stems, they are normally left to rot or are
burnt in the field. However, freshly felled stems with their high moisture content
cannot be easily burnt in the field. Leaving the stems in the field without further
processing will physically hinder the process of planting new crops as the stern can
take about 5 years to decompose completely [6].

As a normal practice, oil palm fibers are used for fuel combustion for generation
of steam boiler for oil production process. Due to abundances, some of the fibers
are discarded and thrown away. However, this by-product has been found to have a
good potential in cement based composites [7]. Considering the availability and
the potential benefits of the palm stem, research works have been initiated at the
Universiti Teknologi Malaysia in exploring the full benefits of this waste material
in construction. This paper highlights some fresh and hardened properties of
cement mortar incorporating oil palm stem fiber as reinforcing material.
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2 Materials and Test Method

2.1 Collection and Preparation of Oil Palm Stem Fiber

The oil palm stem has some sort of unique arrangement of fiber unlike other type
of tree trunk. This makes the oil palm stem been chosen as a new reinforcing
material. The processes of oil palm stem extraction begin after the oil palm tree is
cut into a small piece of log. The process continues where every fiber strands in oil
palm stem is extracted out and cut into desired length to around 20–30 mm.
However, natural fiber cannot be used directly because of poor compatibility
between fiber and matrix and due to high moisture sorption [8]. Chemical treat-
ments are, therefore, considered in modifying the surface properties of fibers.

In this study the fibers were soaked in hot salty water for about 15 min to
remove all kinds of dirt and to prevent any microbial deterioration thereby
improving the quality of fibers. Finally, the fibers were oven dried for 24 h at a
temperature of about 45 8C as to make sure that there is no water in the fiber.
Figure 1 shows the treated and cut oil palm stem fibers that are ready to be mixed
with mortar. It is generally understood that the bond between a mortar and fiber
with rough surface will be stronger than that of the smooth surface. Interestingly,
the existence of rough surface of palm fiber as illustrated in Fig. 2 would be a
contributing factor in the development of bond strength of mortar matrix.

2.2 Preparation of Mortar and Test Details

The mortar mix was designed and prepared following ASTM C1329-05 [9] which
is type N strength mortar. The proportion of cement:sand:water used in this study
is 1:2.75:0.6. The fiber content used in this study ranged from 1 to 4 % by weight
of cement. A total of 75 cubes, 45 cylindrical and 45 prismatic specimens were
cast and tested at the age of 3, 7, 28 and 90 days. Flow table test, following ASTM
C1437-07 [10] standard was carried out to measure the workability of mortar. In
order to investigate water absorption of specimens, the test was conducted fol-
lowing ASTM C1403-06 [11]. For compressive strength of mortar, uniaxial
compression test was carried out on 50 mm cube specimen following ASTM
C109/C109M-11a [12]. The splitting tensile test was performed on the standard
test cylinders measuring 50 9 100 mm conforming ASTM C496/C496M-04 [13].
The flexural strength test was, however, conducted on 40 9 40 9 160 mm beams
under third-point loading following the ASTM C348-08 [14]. All specimens were
cured by wrapping the samples by polyethylene sheets in order to prevent loss of
moisture from the specimens.
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3 Result and Discussion

3.1 Workability of Mortar Matrix

In this study flow table test was used to determine the workability of mortar. The
flow values of mortar mixes having various amounts of fibers are illustrated in
Table 1. Data presented in the figure reveals that workability in terms of flow
gradually decreased with the increase in fiber content. This is to note that all the
values ranged between 6 and 12 %, which are within the limiting values (4–11 %)
for mortar with good flow level, as stipulated in ASTM1437-07. According to
Rehsi [15], the fresh mortar matrix shows a certain amount of stiffening and
reduction in workability when chopped fibers are added to it. The fiber may
interlock and form balls if too long fiber is used. Unlike metallic fibers, the length
of the chopped natural fibers added does not influence the additional water

Fig. 1 Cut and treated oil
palm stem fiber

Fig. 2 SEM of oil palm stem
fiber showing rough surface
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requirement to any significant extent. Water-soluble constituent in the fibers cause
retardation in the setting and hydration of the cement. Consequently, the strength
of the fiber reinforced mortar is likely to affect.

3.2 Properties of Hardened Mortar Matrix

3.2.1 Density and Water Absorption

In Table 2, it can be seen that higher the fiber content in the mortar mix higher was
the water absorption rate of the specimens. The specimens having high fiber-
cement ratio showed higher percentage of moisture content and water absorption
than those of low fiber-cement ratios due to the high fiber content. As shown in
Table 2, the density and water absorption of control specimen i.e. with 0 % fiber
were 2,160 kg/m3 and 6.97 % respectively. The corresponding values, for exam-
ple, for the specimens with 3 % fiber were 2097 kg/m3 and 12.19 %. The water
absorption rate of the specimens are higher not only because of the water
absorption of natural fiber itself, but also due to the fact that the water–cement
ratio employed in the mix ratio was slightly higher which created more void than
usual. Moreover, it can be noticed that the inclusion of oil palm stem fiber in the
mortar mixes decreased the hardened density due to the lower specific gravity of
fiber that ultimately reduce the overall density of mortar, as summarized in
Table 2.

Table 1 Effect of fiber
content on workability of
mortar

Fiber percentage (%) Flow table (mm) Flow level (%)

0 114 11.76
1 113 10.78
2 111 8.84
3 110 8.17
4 108 6.21

Table 2 Physical properties
of cement mortar with
various fiber content

Fiber content,
by weight of
cement (%)

Density (kg/m3) Water
absorption (%)

0 2,160 6.97
1 2,139 9.83
2 2,117 10.25
3 2,097 12.19
4 2,078 13.54
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3.2.2 Compressive Strength

Figure 3 summarizes the compressive strength data of mortar at the age of 3, 7, 28
and 90 days. Obviously, longer the curing period higher was the compressive
strength development in all mixes. Strength data shown in the figure, however,
reveal that mortar specimens containing oil palm fiber were relatively weaker at
early ages. With time, an increase in the development of strength has been noticed
particularly for the mortar specimens with up to 3 % fiber. A similar observation
has been made by Awal et al. [16] who found that the strength of fiber reinforced
mortar increase linearly with the increase in fiber volume up to a certain limit.

Although the compressive strength of fiber reinforced mortar was much affected
by the presence of fiber, the failure mode, however, exhibited a considerable
change from fragile to a ductile state. Due to bridging effect of the fiber, the cube
specimens did not crush into pieces rather held their integrity up to the end of the
test. At typical failure mode of the 50 mm cube specimen under compressive
strength test is illustrated in Fig. 4.
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3.2.3 Splitting Tensile Strength

The tensile strength of mortar containing oil palm stem fiber was carried out at the
age of 3, 7 and 28 days. It has been found that like compressive strength, the
tensile strength of mortar specimens increased with increasing amount of fiber.
Figure 5 shows that at all age the splitting tensile strength of mortar containing oil
palm stem fiber was higher than that of control mixture. However, unlike in
compression, there has been a sharp development of strength in tension with the
increase in the fiber content of the specimens. The increase of strength may be due
to uniformly distribution of fibers throughout the cement matrix. Ismail and
Hashim [17] demonstrated that, with uniformly distribution of fiber the stress is
said to be transferred in complex way that it fails after higher loading is applied.

It is interesting to note that like other fibers, the oil palm stem fibers appeared to
control the cracking of mortar and alter the post cracking behavior. The oil palm
stem fibers seem to provide a load redistribution mechanism after initial cracking.
The fiber can also be considered as an absorber that absorbs stress when loading is
applied on the sample. Unlike in normal mortar, it was difficult to separate the
fractured specimens because of the bridging effect that kept the two mortar parts
together as shown in Fig. 6.

3.2.4 Flexural Strength

Figure 7 illustrates the flexural behavior of mortar containing oil palm stem fiber
in three different ages of 3, 7 and 28 days. The higher the percentage of oil palm
stem fiber added, better was the performance of flexural strength. Although the
flexural strength kept increasing with the increase of fiber content, the develop-
ment of strength was prominent for to up a certain limit of 3 % fiber content. The
addition of 4 % fiber in the mortar matrix was not found effective because it tends
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to give lower value of flexural strength due to excess amount of fiber that con-
tributes to weaker bonding between the particles resulting in a weaker mortar
matrix.

An important aspect that can be outlined from the experimental results is the
ductility and tenacity of mortar containing oil palm stem fiber. This phenomenon
could be due to the higher deformability and energy absorption of the mortar
during the failure. Wang and Belarbi [18] typified the flexural behavior of normal
mortar failure to be more brittle and explosive in nature. Unlike in normal mortar,
the beams containing oil palm stem fiber failed in ductile ways which the load
dropped more smoothly and gently.

Bridging fiber

Fig. 6 A typical fractured
specimen under tensile load
showing the oil palm fibers
acting as bridging agent
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4 Conclusion

The experimental works carried out in this research draw some conclusions. These
are:

• The inclusion of oil palm stem fiber affected the workability of mortar. It has
been found that the workability of mortar mixes decreased with the increase of
fiber content.

• Palm oil stem fiber has been found to improve the overall strength of mortar to a
certain limit. This improvement has been shown to be prominent in case of
splitting tensile and flexural strength as compared to that of compressive
strength. Generally, higher the l/d ratio and fiber content, higher was the strength
development.

• The results obtained and the observations made in the preliminary study suggest
that the palm stem fiber has good potential as a reinforcing material. Long-term
research work including deformation behavior and durability aspects, however,
has been put forward for future study to obtain better understanding of this
material in mortar and concrete mixes.
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Factor of Safety for Dowelled-Double
Shear Kempas and Kapur Connections

Rohana Hassan, Azmi Ibrahim, Zakiah Ahmad
and Mohd. Nizam Shakimon

Abstract Load-carrying capacity, strength and stiffness properties are critical
properties in determining the factor of safety for structural timber joint designs.
The capability of joint in form of double shear is the guided method and based
guidelines information in analyzing other modern and traditional joints design.
The dowelled timber-to-timber strength capacity were used in this study to
determine the performance and capability of the EYM theoretical equations to
predict the load-carrying of mortise and tenon joints when it is dowelled with steel,
GFRP or wood dowel. When the factor of safety is taken as the average of both
species, the higher safety factor values is presented. The safety factor for joints
dowelled with steel, GFRP and wood with references to the 5 % offset load is 2.7,
2.8 and 1.8 and ultimate values to the predicted values is 2.8, 2.9 and 2.5
respectively. As a conclusion, even though the safety factors is confirmed
acceptable and the EYM is evidently suitable for predicting the GFRP and steel
dowelled joints but not that accurate to predict the wood dowelled joint. In the case
of wood dowels, though EYM are adequate to soundly predict the failure mode of
the joints with wood dowel to an acceptable accuracy, modifications to the EYM
equations are evidently necessary to predict the load-carrying capacity with a
sufficient margin of safety for the design purposes.
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1 Introduction

Factor of safety in a timber connection is a value used to consider and allow for a
safety factor during design. In engineering terms, a factor of safety is the ratio of
the ultimate stress during working to the actual or allowable applied stress in
service. The actual applied stress has to be much smaller than the ultimate stress to
have a sufficient safety factor [1].

The value of the ultimate stress comes from the ultimate load to which a
member is subjected to an actual working load that it can withstand. This result
may be gathered from experimental or physical tests. The applied stress is the
maximum allowable stress that the member is allowed to carry in terms of design
capacity during the services of the member. This value may be gathered from the
analytical models taking the actual values as the guidance.

According to Sarkar [1], the factor of safety depends on many other factors such
as the homogeneity of the materials used and the accuracy with which stresses in
members can be evaluated. Sarkar [1] also suggested that for most engineering
structures, a factor of safety between 2 and 6 is suitable. While Madsen [2]
mentioned that the design capacities of joints with laterally loaded nails designed
by North American engineers are based on working stress using a factor of safety
of 1.3 for members loaded in bending, tensile and compression.

2 Literature Review

2.1 Factor of Safety

For wood dowelled mortise and tenon joints loaded in tensile, a factor of safety of
3.0 from an average of 3 numbers of specimens in a group is recommended by
Kessel and Augustin [3]. The factor of safety recommended by Kessel and
Augustin [3] was based on the ratio of ultimate strength from the experimental to
the predicted/allowable load carrying capacity values. Schmidt and Daniels [4]
recommended a factor of safety of 2.0 for mortise and tenon joints using the 5 %
exclusion value of the 5 % offset strength.

Miller [5] determined the factor of safety for mortise and tenon joints loaded in
shear using a ratio of a correlation equation produced at yield load introduced from
his study to the existing EYM, NDS 2005 [6] formulas (Table 1). The factor of
safety produced by Miller [5] for the wood dowelled mortise and tenon joints
loaded in shear is 2.2.where;
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k1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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e

p
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1þ ReÞ þ
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k3 ¼ �1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1þ ReÞ

Re
þ 2fybð2þ ReÞD2

3Feml2s

s

Re ¼
Fem

Fes

Rt ¼
lm

ls

Fem dowel-bearing strength of the main member, psi.
Fes dowel-bearing strength of the side member, psi.
Z deference design value for fastener in double shear (Z taken as the smallest

value from four yield limit equation) lbf.

Kh ¼ 1þ h
360

D fastener diameter, in.
lm thickness of the timber middle member, in.

Table 1 EYM for double shear timber-to-timber equations according to NDS, 2005

Failure mode Characteristic load-carrying capacity, Z Failure mode
DlmFem

4Kh
Im

2DlsFes
4Kh

Is

2k3DlsFem
3:2ð2þReÞKh

IIIs

2D2

3:2Kh

ffiffiffiffiffiffiffiffiffiffiffiffi
2FemFyb

3ð1þReÞ

q
IV
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ls smaller of the thickness of the timber side member or the penetration depth,
in.

Fem dowel-bearing strength of main (centre) member, psi.

Fe== for load parallel to the grain
Fe? for load perpendicular to the grain
Feh for load at angle to the grain h

8<
:

see Hankinson formulað Þ

Fes dowel-bearing strength of side member, psi.

Fe== for load parallel to the grain

Fe? for load perpendicular to the grain

Feh for load at angle to the grain h

8><
>:

see Hankinson formulað Þ

Fyb bending yield strength of fastener, psi.

where;

• Yield Mode I = Wood crushing in either the main member or side members.
Dowel stiffness is greater than wood strength.

• Yield Mode II = Wood crushing of both main and side member. Dowel stiff-
ness is greater than wood strength.

• Yield Mode IIIm = Dowel yield in bending at one plastic hinge point per shear
plane and associated wood crushing of main member.

• Yield Mode IIIs = Dowel yield in bending at one plastic hinge point per shear
plane and associated wood crushing of side members.

• Yield Mode IV = Dowel yield in bending at two plastic hinge points per shear
plane and associated wood crushing.

2.2 GFRP as a Dowel Material

Steel is a common material as a dowel fastener used in strengthening or fastening
the structural timber member compared to wood dowel and glass fibre reinforced
polymer (GFRP). Nowadays, GFRP has also being used and studied for structural
purposes. Its used as a dowel replacement for timber connection has been reported
by few researchers such as Pedersen [7], Drake [8] and Thomson [9]. From the
previos finding, it was found that the strength of these connections are governed by
GFRP shear failure. Their studies has also relates to the EYM theory and found
that EYM is not suitable to accurately predict the capacity of timber connections
with GFRP dowels since the EYM does not take shear failure into account. In the
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present paper, direct applications of the EYM has been used in calculation. It is
based on the basis theory of the EYM which the shear failure of the dowels was
not taken into consideration in adopting the EYM theory.

This study has used the concept of factor of safety in relations to the allowable
design strength to 5 % offset load and the ultimate load as a comparison to prove
the reliability of the EYM in predicting the joint connected with GFRP dowel. The
similar method was also determined for joint connected with wood dowel for
comparison purposes.

3 Methodology

3.1 Double Shear Strength Properties

In this study, the double shear strength tests were done to determine the load carrying
capacity of the double shear joint function to determine the factor of safety for the
connections. The timber joints were fastened with steel, GFRP and wood dowel.

3.2 Sample Preparations

The specimens for the double shear were prepared in accordance with the ASTM
D 5652-95 (reapproved 2007) [10]. Thirty (30) total numbers of double shear
joints were prepared. The timber species for the base material (i.e. main and side)
were of Kempas and Kapur species. For Kempas joints, 5 joints were fastened with
steel, 6 joints fastened with GFRP dowel and 5 joints fastened with wood dowels
(made of Kempas species). Whilst for Kapur joints, 5 joints were fastened with
steel, 5 joints fastened with GFRP dowels and 4 fastened with wood dowels (made
of Kapur species). Each timber specimen used was assured as clear from any
defect and essentially clear and straight-grained. The double shear joint were
formed using 3 pieces of timber block denoted as A, B and C and arranged as
shown in Fig. 1.

The side members (block A and C) were cut three times wider than the main
member (block B). Prior to the testing, a joint was drilled at each ends of the 3
pieces of specimens (member A, B and C) for the end grip-hole. The 3 pieces were
then clamped together with sufficient pressure to maintain contact between faces.
Lead hole was then drilled in between the three pieces with hole slightly larger
than the dowel diameter. This size of hole is drilled base on the available on shelve
hand- driller diameter closer to the size of dowel. All dowel diameters were as
closed as possible to the available on shelve 0.81 in diameter of GFRP. A gap
within 0.08 in was allowed between the dowel and the pre-drill hole based on the
common construction practice.
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Clamps were then removed and the dowel was then inserted in the hole. The
middle member was then clamped at the testing machine using the u-shape steel
blocks followed by the clamping of the side members at both ends also by the
u-shape steel blocks. The middle of the side members was filled with a wood block
to avoid the side movement of members during testing. The fixed parameters of
this connection are the sizes of the main and side members of the double shear
joint and the dowel diameters.

The dimensions of middle specimens are 1.61 in. 9 5.91 in. 9 8.46 in. and side
members 1.61 in. 9 5.91 in. 9 17.72 in. Three types of dowels were prepared from

Fig. 1 Specifications of the main and side members for perpendicular to the grain specimens

Fig. 2 End distance of side
member in perpendicular
grain direction at a minimum
distance-1.5D [9]
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steel, GFRP and wood were cut into the same 4.96 in. length. Fig. 2 depicts the
geometry of the specimens and the minimum end distance applied in this study.

All air-dry test specimens were stored at 20 ± 3 �C and 65 ± 2 % relative
humidity prior to testing. Materials for moisture content, density and specific
gravity were cut after the test and were prepared accordingly.

3.3 Test Method

These test methods in ASTM D 5652-95 (reapproved 2007) [10] cover procedures
for evaluating the strength and stiffness of single-bolted connections in wood or
wood based products when subjected to static loading. The experiment for the joint
dowelled with GFRP and wood were referred to the same standard as the double
shear test standard for steel as the standard for GFRP and wood is not yet avail-
able. The joint were consists of three members dowelled with one dowel either
steel, GFRP or wood dowel (Fig. 3).

Fig. 3 Configuration of double shear connections loaded in tensile
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Two Linear Variable Displacement Transducers (LVDTs) were mounted at
both side members. Load was applied to each joint using a hand operated hydraulic
pump and were griped at the bottom of the specimens. The applied loading was
captured using a load cell and all data logged to a computer. Since these studies
were conducted to investigate the validity of the model at yield and the perfor-
mance outcomes from the different dowel material, all connections were run up to
total failure. The total failure is when the double shear connections are totally
disconnected either caused by the failure in dowel, side member or main member
failure. Testing were loaded and continued until a fracture occurred that was
accompanied by a substantial non-recoverable drop-off in load. Ultimate shear
strength and yield load were then recorded. The rate of the test were varies
according to the type of dowels, since the failure rates of these material is different.
The rate applied for this study is 0.01 inch/min when dowelled with steel or GFRP
and 0.03 inch/min when dowelled using wood. All tests reached their maximum
loading within 5 and 20 min as required by ASTM D 5652-95 standards [10].

4 Result and Discussion

Table 2 summarised the experimental and load carrying capacity, Z and the failure
modes. Based on results in Table 2, the minimum Z values were accepted as the
estimated failure load-carrying capacity for the joint. For joints made of Kempas
species, it was found that the minimum estimated load-carrying capacity of double
shear members strengthened with steel and GFRP computed from NDS 2005 [6] is
similar; that is with 3,115.71 lbf. capacity in failure mode Im.

Wood dowel estimated a lower strength value that is 2,426.70 lbf. with failure
load corresponding to mode IIIs. It was found that the theoretical values have
under predicted the experimental for steel dowelled joints by 30.83 %, GFRP
dowelled joints by 39.52 % and wood dowelled joints by 11.29 %. However, the
gap between the predictions and the experimental is as expected since this value is
meant for the safety factor. A more detailed analysis and discussion of the factor of
safety of the double shear joints is covered in the later sections. For the joints
manufactured with Kapur species, the similar behavior and pattern of failure to the
joints made of Kempas was noticed. However joint manufactured with Kapur
shows a lower strength capacity compared to the Kempas joints. It was found that
the minimum estimated load-carrying capacity of the double shear members
strengthened with steel and GFRP computed from NDS 2005 [6] is identical; that
is with 1,867.38 lbf. capacity and corresponds to failure mode Is. Wood dowel
estimated a lower strength value that is 1,543.35 lbf. with failure load corresponds
to mode IIIs.

However, it is exhibited that EYM equations have successfully predicted all
failure mode for Kapur species regardless of the dowel types. Nevertheless, the
theoretical values have under predicted the experimental strength for steel dow-
elled joints by 59.52 %, GFRP dowelled joints by 57.86 % and wood dowelled
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joints by 24.39 %. Further discussion of the gap between the predicted and the
experimental are also discussed in the subsequent sections.

Both experimental failure mode for joint with steel or GFRP dowel were found
to have failed in side members which fall under Is category for both species. While
in theoretical, both failure modes for joints fastened with steel or GFRP dowel
failed in the same Im region for Kempas. Though the prediction of Kempas species
was not similar to the experimental, the failure mode of the joints with GFRP
dowel were considered validated by the joint with steel. This is due to the failure
mode of GFRP dowelled joints being similar to the steel dowelled joints and EYM
is purposely developed for joints fastened with steel fasteners. The theoretical
failure mode in NDS, 2005 [6] has successfully predicted the wood dowelled joints
actual failure as it corresponds to a similar mode IIIs to the experimental.

4.1 Factor of Safety for Double Shear Joints

The safety factors calculated from both the 5 % offset load and ultimate strength
values are discussed in this study for the purposes of comparison. An example of
the safety factor in ratio of 5 % offset and ultimate load to the EYM estimated
values are shown in Fig. 4. Details of the results are shown in Table 3.

The 5 % offset load was determined by drawing a straight line to the initial
linear portion of the load-deformation curve. The line was then offset by a
deformation equal to 5 % offset of the dowel diameter (0.041 in.) which gives a

Ult. 4073.91
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1800.42

5% offset 

3958.56
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Fig. 4 An example of deviation between the 5 % offset to the analytical values
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displacement value of 0.061 in. from the initial linear portion as shown in Fig. 4.
The load was then selected at which the offset line intersects the load-deformation
curve. The factor of safety based on 5 % offset and ultimate load is both discussed
in this study. Both factor of safety for Kempas species is found to be higher than
Kapur species. Based on the factor of safety from the 5 % offset load, it can be
seen that for joint made of Kempas species, the load-carrying capacity ratio of the
5 % offset load to the estimated for steel, GFRP and wood is 1.45, 1.65 and 1.13
respectively.

Though Kapur is a hardwood species, its density and strength is very much
lower than Kempas. Nevertheless, the factor of safety for wood dowelled is only
1.32. Based on the factor of safety from ultimate load, for joint made of Kempas
species, the load-carrying capacity deviation ratio of the experimental ultimate
load to the estimated is 1.53 for joint strengthened with steel dowel, 1.68 for joint
with GFRP dowel and 1.48 for the joint connected with wood dowel. On the other
hand, the safety factor found in the joints connected with GFRP is validated by
having a bigger value then the factor of safety for steel. The result of joint
strengthened with steel dowel subsequently validates the current EYM accuracy to
estimates timber joint strengthened with GFRP and wood dowel.

For Kapur species, the factor of safety is 2.54 for joint strengthened with steel
dowel, 2.53 for joint with GFRP dowel and only 1.97 for the joint connected with
wood dowel. It can be seen that the safety factor for the strength group 4 species is
higher compared to the strength group 2 species. Therefore, it can be seen that the

Table 3 Summary of safety factor (FoS) for kempas and kapur in the ratio of experimental
strength values to the predicted EYM values

Species Type of
dowels

5 % offset
load (lbf.)

Ultimate
load (lbf.)

Predicted load
(lbf.) (EYM)

FoS FoS
(5 % offset load
to predicted)

(ultimate load
to predicted)

Kempas Steel 4,504.72 4,758.75 3,115.71 1.45 1.53
GFRP 5,151.87 5,236.92 3,115.71 1.65 1.68
Wood 2,735.47 3,587.50 2,426.70 1.13 1.48

Kapur Steel 4,447.17 4,580.30 1,800.42 2.47 2.54
GFRP 4,272.49 4,555.10 1,800.42 2.37 2.53
Wood 2,041.26 3,048.05 1,543.35 1.32 1.97

Table 4 Average values of factor of safety for combination of kempas and kapur species

Types of
dowel

5 % offset
load

Ultimate
load

Predicted load
(lbf.) (EYM)

FoS FoS
(5 % offset load to
predicted)

(ultimate load to
predicted)(lbf.) (lbf.)

Steel 6,728.31 7,048.90 4,015.92 2.7 2.8
GFRP 7,288.12 7,514.47 4,015.92 2.8 2.9
Wood 3,756.10 5,111.53 3,198.38 1.8 2.5
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result of Kapur joints strengthened with steel dowel also subsequently validates the
current EYM accuracy to estimates of timber joints strengthened with GFRP and
wood dowel.

The safety factor in the combination of Kempas and Kapur based on the types
of dowels is according to the Table 4.

When the factor of safety is taken as the average of both species, the higher
safety factor values is presented. The safety factor for joints dowelled with steel,
GFRP and wood with references to the 5 % offset load is 2.7, 2.8 and 1.8 and
ultimate values to the predicted values is 2.8, 2.9 and 2.5 respectively.

5 Conclusions

From the experimental work and the concept used in predicting the factor of safety
applied in this study, the safety factors is shown viable. The EYM is found suitable
to predict the GFRP dowelled joints but not that accurate to predict the wood
dowelled joint. It is shown that the detailed treatment of the design of steel
dowelled timber joints in EYM is equally applicable to GFRP dowelled timber
joints matching even the failure modes therein. In the case of wood dowels, though
EYM are adequate to soundly predict the failure mode of the joints with wood
dowel to an acceptable accuracy, modifications to the EYM equations are evi-
dently necessary to predict the load-carrying capacity with a sufficient margin of
safety.
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Evaluation of Dowel-Bearing Strength
for Wood Dowel Using ‘Spring Theory’
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and Tengku Anita Raja Hussin

Abstract Dowel-bearing strength of wood base material is one of the important
parameter to design the load carrying capacity of a timber joint. The information
about the dowel-bearing strength using steel is available in National Design
Standard (NDS, National Design Specification for Wood Construction Ameican
Forest and Paper Association (AFPA) Washington DC, 2005). However none of
these standards include dowel-bearing strength compressed using wood dowel.
Very limited studies were published in determining the dowel-bearing strength of
wood base material compressed with wood dowel. The ‘Spring Theory’ proposed
by Schmidt and Daniels (Design Considerations for Mortise and Tenon Connec-
tions. Report for Timber Framers Guild. Becket. MA, 1999) was found reliable to
be applied for European timber species. However, the capability of this theory in
determining the dowel-bearing strength of wood based compressed with wood
dowel has not be investigated for tropical timber. Therefore this study is aimed to
investigate the capability of the ‘Spring Theory’ for 12.7 mm wood dowel. ‘Spring
Theory’ is about the combination result of wood dowel compressed with steel
block (WDCSB) and wood block compressed with the steel dowel (WBCSD). It
was found that ‘Spring Theory’ value of Kempas is 34.81 Mpa. The value of the
proportional, 5 % offset and maximum load of Kempas is 11.74, 18.12 and
50.64 kN respectively. The ‘Spring Theory’ was found capable and valid in
determining the wood dowel of Kempas compressed with 12.7 mm wood dowel.
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1 Introduction

There are few properties need to be measured to determine connection capability.
One of them is dowel-bearing strength. Dowel-bearing strength of wood base
material is one of the important parameter to design the load carrying capacity of a
timber joint. The information about the dowel-bearing strength using steel is
available in National Design Standard (NDS) [1]. Dowel- bearing strength of few
hardwood species has been studied by Jumaat et al. [2], Rammer [3] and Awaludin
et al. [4]. However, the standard and the studies did not reported on dowel-bearing
strength compressed using wood dowel and only limited to the dowel-bearing of
wood compressed with steel dowel.

Since very limited studies were also published in determining the dowel-bearing
strength of wood base material compressed with wood dowel, therefore the ‘Spring
Theory’ proposed by Schmidt and Daniels [5] is relevant to use. The theory has
been developed by Schmidt and Daniels [5] for soft wood function to reduce the
numbers of test for the dowel-bearing strength compressed with wood dowel.
‘Spring Theory’ is about the combination result of wood dowel compressed with
steel block (WDCSB) and wood block compressed with steel dowel (WBCSD).

Since there are limitations to this timber design fundamental property, therefore
the main objective of this study is to evaluate the dowel-bearing strength of Kempas
species, one of the tropical wood species using the ‘Spring Theory’ that has been
proposed for European wood. The results will finally be used to verify the capability
of the ‘Spring Theory’ in predicting the dowel-bearing strength of Kempas.

2 Literature Review

2.1 Dowel-Bearing Strength of Wood

Dowel-bearing strength is the property of connection members that imparts
resistance to embedding of a dowel. Whale and Smith [6] relates this property to
species density and dowel diameter for bolts and nails. Whale and Smith [6]
defined bearing strength as the maximum test load. A lower load level for bearing
strength has been proposed for connection design provisions in the United States.
One of the example of determining the dowel-bearing strength using compressed
by steel dowel is as reported by Cates [7]. Cates [7] determined the half-hole
dowel-bearing test that was performed using the procedures in ASTM D5764-97a,
2007 [8]. The specimens was tested by applying a compressive load on a bolt
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resting in the half-hole of the dowel-bearing specimen (Fig. 1). The 5 % offset
were then determined from the test (Fig. 2).

2.2 Dowel-Bearing Strength Using ‘Spring Theory’

Schmidt and Daniels [5] reported that the peg or wood bearing was performed to
determine the bearing strength for the peg population selected for the full-size joint
test. They stated that the tests were performed using a 1.500 wide steel saddle
(Fig. 3), which replaced the wood base material. The testing was performed using
an Instron model 1332 testing machine and Labview data acquisition software.
The pegs were tested at a load rate of 0.024 in/min.

The ‘Spring Theory’ curve procedures are:

1. In order to obtain a new curve with uniform increments of displacement, the
dowel curve of WDCSB from the physical test should be filtered (smoothed).

2. To obtain a new curve with uniform increments of displacement, the dowel
curve of WBCSD from the physical test should be also filtered (smoothed).

3. Material combination shall be resulted from the addition of the load-
displacement average curve from WDCSB and from WBCSD.

4. The 5 % offset shall then be determined from the combination of load-
displacement graph.

3 Research Methods

The dowel-bearing methodology was set up according to the similar method as
proposed by Schmidt and Daniels [5]. Figure 4 show the visual representation of
the dowel-bearing ‘Spring Theory’ purposed by Schmidt and Daniels [5].

Fig. 1 Dowel-bearing
specimen test setup [7]
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3.1 Material Preparation and Set Up of the WDCSB

Ten (10) specimens were prepared for the average results. The specimens were cut
in the position of parallel to the grain. The 12.7 mm with the length of 323 mm
wood dowels were prepared from the same species and same batch of wood from
the WDCSB tests. After the WDCSB test, the same dowels were measured for
their moisture content and density. The yield points were then measured for the
proportional; 5 % offset and the maximum values. The configuration of the
WDCSB is as shown in Fig. 5.

The load rate to reach it failure for this study was 0.024 in/min in approximately
four (4) to seven (7) minutes. The testing consist of a steel block with half-hole
placed on the flat base on Universal Testing Machine (UTM) and steel plate with

Fig. 2 Determining the yield load from a load versus displacement curve [7]

Fig. 3 Peg bearing test fixture [5]
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the load head pressed the dowel into the specimen. Figures 6 and 7 show the
dowel-bearing test setup until the end of the test.

The dowel-bearing strength (Fe) was then evaluated by Eq. 1.

Fe ¼
P0:05

Dt
ð1Þ

+ =

Notes

Wood

Steel 

Wood
dowel 

compressed +
with steel 

block 
(WDCSB)

Wood 
Block

compressed  =            
with steel 

dowel
(WBCSD)

Dowel -
bearing 

strength  of 
wood based
compressed 
with wood 

dowel

Fig. 4 Dowel bearing spring theory [5]

323m

Screw to 

clamp dowel

Wood Dowel

Load

100m 41mm 41mm 41mm 100m

Fig. 5 Configuration and the
geometry of the wood dowel
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where;
Fe is the dowel-bearing strength, kN/mm

D is the dowel diameter, mm

P0.05 is the 5 % offset yield load from the load displacement curve, kN

t is the length of contact between the dowel and the base material, mm

4 Results

4.1 Wood Block Compressed with Steel Dowel

The average result of ten (10) specimens of WBCSD shows that the proportional,
5 % offset, maximum load and bearing strength value of steel dowel is 17.74 kN,

Load
Wood 
Dowel

Compression 
Area

Fig. 6 WDCSB test set up

Fig. 7 Wood dowel after test
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27.75 kN/mm, 52.48 kN and 53.30 MPa respectively (Table 1). Figure 8 shows
the typical plot for WBCSD.

4.2 Wood Dowel Compressed with Steel Block

The average result of ten (10) specimens of WDCSB shows that the proportional
value, 5 % offset, maximum load and bearing strength of Kempas is 5.74 kN,
8.50 kN/mm, 48.80 kN and 16.32 MPa respectively (Table 2). Figure 9 shows the

Table 1 Compilation of WBCSD bearing strength

Sample
code

Prop.
value

5 % offset Maximum Bearing strength
(Mpa)

Load
(kN)

Load
(kN)

Displacement
(mm)

Load
(kN)

Displacement
(mm)

ST1 18.31 28.62 3.84 54.2 11.15 54.96
ST2 18.05 24.03 2.67 48.92 10.42 46.15
ST3 20.67 34.61 3.82 60.5 10.2 66.47
ST4 16.09 22.76 2.97 45.89 10.08 43.71
ST5 18.18 28.11 2.72 50.94 9.97 53.99
ST6 15.39 27.97 3.3 50.99 10.08 53.72
ST7 19.57 29.72 2.04 52.19 9.75 57.08
ST8 16.49 27.37 2.75 54.54 10.1 52.56
ST9 17.67 25.66 3.45 47.45 11.81 49.28
ST10 16.97 28.67 2.88 59.17 10.82 55.06
Average 17.74 27.75 3.04 52.48 10.44 53.30

Fig. 8 Typical plot for WBCSD
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typical plot for WDCSB. It shows the average curve of WDCSB. The patterns of
typical plot for WDCSB curve increasing smoothly until about 45 kN load and
about 44 mm displacement. Loads were increasing until the maximum capacity.

4.3 Dowel-Bearing of Wood Base Using ‘Spring Theory’
(WBCSD 1 WDCSB)

Table 3 shows the average result for ten (10) specimens. It was found that the
proportional, 5 % offset, maximum load and ‘Spring Theory’ value of Kempas is
11.74, 18.12, 50.64 kN and 34.81 MPa respectively. Figure 10 shows the results

Table 2 Compilation of WDCSB bearing strength

Sample
code

Prop.
value

5 % offset Maximum Bearing strength
(Mpa)

Load
(kN)

Load
(kN)

Displacement
(mm)

Load
(kN)

Displacement
(mm)

KPS 1 6.29 9.36 1.77 65.86 5.21 17.98
KPS 2 5.39 7.90 1.42 40.36 5.17 15.17
KPS 3 4.69 6.88 1.43 55.02 5.73 13.21
KPS 4 4.92 8.18 1.34 47.27 5.29 15.71
KPS 5 5.43 7.44 1.50 38.44 5.28 14.29
KPS 6 5.55 8.77 1.47 40.03 5.24 16.84
KPS 7 6.29 8.48 1.39 39.45 5.48 16.29
KPS 8 6.36 10.01 1.84 69.54 5.49 19.22
KPS 9 5.49 7.99 1.78 30.89 5.53 15.34
KPS 10 6.94 9.95 1.46 61.13 5.19 19.11
Average 5.74 8.50 1.54 48.80 5.36 16.32

Fig. 9 Typical plot for WDCSB
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for combination of WDCSB ? WBCSD. It shows that the combined curve take
placed between the WDCSB and WBCSD curves. It was found that the load is
increasing until 29 kN and about 20 mm displacement. Figure 5 shows that the
finding from this study is similar to the Schmidt and Daniels [5] and the ‘Spring
Theory’ is valid to determine the dowel-bearing strength of Kempas compressed
with 12.7 mm dowel wood dowel.

Table 3 Compilation of ‘spring theory’ (WBCSD ? WDCSB)

Sample
code

Prop.
value

5 % offset Maximum Spring theory
(Mpa)

Load
(kN)

Load
(kN)

Displacement
(mm)

Load
(kN)

Displacement
(mm)

Sc1 12.30 18.99 2.81 60.03 8.18 36.47
Sc 2 11.72 15.97 2.05 44.64 7.80 30.66
Sc 3 12.68 20.75 2.63 57.76 7.97 39.84
Sc 4 10.51 15.47 2.16 46.58 7.69 29.71
Sc 5 11.81 17.78 2.11 44.69 7.63 34.14
Sc 6 10.47 18.37 2.39 45.51 7.66 35.28
Sc 7 12.93 19.10 1.72 45.82 7.62 36.68
Sc8 11.43 18.69 2.30 62.04 7.80 35.89
Sc 9 11.58 16.83 2.62 39.17 8.67 32.31
Sc10 11.96 19.31 2.17 60.15 8.01 37.08
Average 11.74 18.12 2.29 50.64 7.90 34.81

Fig. 10 Typical plot for WBCSD ? WDCSB
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5 Conclusion

From the experimental and analysis of this study, it can be concluded that the
dowel-bearing strength for WBCSD and WDCSB is 53.30 MPa and 16.32 MPa
respectively. It is also shows that the ‘Spring Theory’ is valid to determine the
dowel-bearing strength of Kempas compressed with 12.7 mm wood dowel.
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Ultrasonic Wave Non-Destructive Method
for Predicting the Modulus of Elasticity
of Timber

M. B. F. M. Puaad, Z. Ahmad and H. Muhamad Azlan

Abstract Non-Destructive Testing (NDT) is a method proposed in the material
studies to determine the physical and mechanical properties of a material without
altering its end-use capabilities. This paper reports the investigation made the
bending strength properties of timber beams using ultrasonic wave non-destructive
test method and static destructive test. Timber beams from eight selected
Malaysian timber of different strength grouping; Resak (SG4), Kapur (SG4),
Merpauh (SG4), Bintangor (SG5), White Meranti (SG5), Jelutong (SG6), Sesendok
(SG7) and Kelampayan (SG7) were used. The results from static and non
destructive tests were statistically correlated and compared taking into account the
density of the timber. The mean value for the modulus of elasticity established
from the NDT tests were found to be higher than the corresponding value estab-
lished from static tests.

Keywords NDT � Static bending � Modulus of elasticity � Modulus of rupture �
Timber

1 Introduction

The applications of the ultrasonic and vibration methods have been used in the
visual grading of the wood elements and structures [1]. The application of NDT
has also been used in the evaluation of the occurrence and severity of defects in the
material under conservation project [2], with the aim of comparing the residual
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section with the variations of density, usually associated with the loss of mass.
These NDT methods present several advantages such as their practical utilization,
transport and efficiency. Besides that, NDT methods which have no damage and
undesirable effects on the samples, could estimate elastic properties with high
accuracy in a short time [3].

Yang et al. [4] evaluated the mechanical properties of Douglas-fir and Japanese
Cedar lumber by two different methods of nondestructive techniques namely
ultrasonic wave technique and transverse vibration test and found that the trans-
verse vibration test is a better nondestructive method of evaluating sawn lumber.
Ross et al. [5] evaluated the correlations between stress wave MOE of the timber
and bending and tensile strength of derived standard-size lumber and found that
the correlations were low. Ross et al. [6] examined the relationship between log
NDT measurement and the quality of lumber obtained from balsam fir and eastern
spruce logs. They observed useful relationships, with the relationship being
exceptionally strong for eastern spruce logs. Green and Ross [7] found similar
results using the same technique with Douglas-fir, western hemlock, and southern
pine logs. Gerhards [8] observed changes in the shape of a wave front in lumber
containing knots and cross grain by measuring the change in wave speed in the
vicinity of such defects.

Extensive research has been conducted on the use of stress wave technique
(either ultrasonic or vibration methods) for assessing the mechanical properties of
wood composites [9, 10].

The success of wood and wood products relates not only to the pleasant visual
appearance of the wood material, but also to its favorable elastic and strength
properties. Of these, the ability to resist bending stresses is often characterized as
the most important, bending being the most common stress appearing in different
kinds of wood products [11, 12].

Presently the destructive methods are used alone or at the same time with others
NDT methods or techniques. The effectiveness (in terms of results) could be
increased if some laboratorial tests were used to study the variability of the
mechanical characteristics of the wooden elements using these techniques [13].

Since the NDT currently only able to predict the modulus of elasticity, then the
main scope of the present work reported the static modulus of elasticity for small
clear specimens and large size specimens in laboratory with a predefined set-up for
mechanical testing and correlation of these properties with NDT techniques were
analyzed.

2 Materials

A total of 240 pieces of timber beams from seven (7) selected Malaysian Tropical
timber species from different strength groupings (SG) namely Resak (SG4), Kapur
(SG4), Merpauh (SG4), Bintangor (SG5), White Meranti (SG5),Jelutong (SG6)
Sesendok (SG7) and Kelampayan (SG7) with dimensions of 20 mm
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(thickness) 9 20 mm (width) 9 280 mm (length) were used for this study. These
samples were selected from pool of visually graded timber in accordance with MS
1714 [14] by certified grader. Only timbers in select grade were chosen. The
moisture content for each sample was measured using moisture meter as being
between 12 and 18 % before testing.

3 Methodology

3.1 NDT

During the tests the ultrasonic test equipment UPV-E49 was used, with cylinder-
shaped transducers as seen in Fig. 1. Two piezoelectric transducers were placed in
two opposite faces of same specimen; a transmitter and receiver. This is consid-
ered as direct method parallel to the grain. The stress wave propagation time
reading was recorded. The procedures were repeated and the average values were
computed. The elastic properties of timber were estimated by the measurement of
stress wave propagation time in these directions, assuming a continuous and
homogeneous material.

For prismatic, homogeneous and isotropic elements, the modulus of elasticity
was measured using Eq. (1);

E ¼ q � v2 ð1Þ

where, E represents the dynamic modulus of elasticity (N/mm2); v is the propa-
gation velocity of the longitudinal stress waves (m/s) and q is the density of the
specimens (kg/m3). This technique is based on the fact that the speed of sound and
attenuation depend on the strength and stiffness of wood.

3.2 Static Bending Test

Two (2) configurations of test set-up were prepared. For small clear specimens, the
bending tests were set-up based on one point load test with the span to depth ratio
used is 14 in accordance with ASTM D143 as shown in Figs. 2 and 3.

Fig. 1 Test setup for NDT
ultrasonic wave test
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The bending modulus of elasticity (MOE) of the beam evaluated were calcu-
lated using the following equations:

MOE ¼ L3m

4bh3
ð2Þ

where,

b = width of the specimen (m)
m = slope of load-displacement graph

The static bending tests were conducted using Instron 3383 testing instrument
equipped with 100 kN load cell. The specification of the test specimen is in accor-
dance with BS 373: 1957 [15], Test methods for small clear specimens of timber. The
test set-up is shown in Figs. 2 and 3. The load was applied at a rate of 0.11 mm/s.

As for large size specimens, a two point load tests were prepared where the
distance between the two loading points, and the distance between the right and
left fulcrums, were the same. The span to depth ratio used is 18 in accordance with
ASTM D198 for large size specimens as shown in Fig. 3.

1. Modulus of Elasticity, MOE

MOE ¼ P0að3L2 � 4a2Þ
4bh2D0

; GPa ð3Þ

Fig. 2 Schematic diagram of bending test set-up for small clear specimen

Fig. 3 Schematic diagram for bending test setup of large size specimens
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where,

b = Width of the specimen (mm)
h = Depth of the specimen (mm)
P0 = Load at the proportional limit (N)
D0 = Deflection at the proportional limit (N)
L = Length of the span (mm)
A = Half shear span (mm)

The test was carried out on 2,500 kN Universal Testing Machine (UTM). The
physical measurements and moisture content for each specimen had been taken
and recorded before testing while mode of failure were observed and recorded
during the testing. Load as applied at a constant rate of 0.06 mm/s to achieve the
ultimate load in about 10 min but not less than 5 min or more than 20 min.

4 Results and Discussions

4.1 Modulus of Elasticity for Small Clear Specimens
and Large Size Specimens

As the aim of this study is to compare the MOE values obtained from static
bending and NDT method, therefore only MOE values were reported here even
though from bending tests, modulus of rupture can be obtained.

In general, for small clear specimens, there is no significant different in the
MOE values found in this study and the value published in MS 544 Part 2 as
shown in Table 1 except for the MOE for Bintangor which is 20 % lower than
MOE stated in MS 544 Part 2 for small clear specimens.

An analysis of variance (ANOVA) at 0.05 % probability was performed to
determine if there was significant difference in the mean MOE values among
species for small clear specimens and large size specimens. Results from statistical
analysis were tabulated in Table 1.

Based on ANOVA, the results show that there are significant differences in the
MOE values (p value \0.005) among species for small clear specimens and large
size specimens as shown in Tables 2 and 3 respectively.

From Table 2, it can be seen that the MOE values for small clear specimens are
still in the same order as strength groupings. However, from this study it was found
that there is no significant difference in the MOE values for Jelutong with the MOE
value for Kelampayan even though they are from different strength groupings, SG6
and SG7 respectively. Similar trend was found for the MOE values for both
Jelutong and Kelampayan from structural size specimens. Meanwhile, the MOE
values for Merpauh, Resak and Kapur for small size specimens, there is no
significant difference in the MOE values for Merpauh and Resak but there is
significant difference with Kapur even though they are in the same strength
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groupings. But these values will provide the upper and lower bound of the MOE
interval for the strength grouping SG4.

A contrast trend was found for the large size specimens whereby there are sig-
nificant differences in the MOE values for Merpauh, Resak and Kapur but there is no
significant difference in the MOE for Merpauh and Kapur as seen in Table 3. Besides
that, the order of the MOE values also have changed; Resak [ Merpauh [ Kapur.
The appealing difference was on the MOE values for Bintagor (SG5) since the
MOE values was found to be higher than the MOE for Merpauh (SG4). From these
data, it can be assumed that the strength groupings have changed.
When comparison was made on the MOE values between small clear specimens
and large size specimens, the MOE for structural specimen are higher than both
MOE produced by the tested small clear specimen and tabulated MOE values in
MS 544: Part 2.

Table 2 Duncan multiple comparison for MOE among timber species

Timber species Subset for alpha = 0.05

1 2 3 4 5

Merpauh 16.7a

Resak 16.3a

Kapur 12.6b

Bintangor 11.4c

White
Meranti

10.2d

Sesendok 7.3e

Jelutong 7.0e

Kelempayan 7.0e

Note Means in the same column with the same superscript (either a, b, c, d, e) are not significantly
different at P-value B0.05

Table 1 Summary statistics of MOE for small clear specimens and large size specimens

Species Strength
group

Moisture
content (%)

Density
kg/m3

MOE (MS 544
Part 2) GPa

MOE for
small clear
specimens

MOE for
structural size
specimens

MOE
(GPa)

COV MOE
(GPa)

COV

Kapur SG4 12.87 776 13.70 12.56 18.68 26.57 17.30
Merpauh SG4 11.47 875 15.50 16.71 9.96 27.16 8.09
Resak SG4 11.51 915 14.60 16.30 10.82 33.00 11.35
Bintangor SG5 12.89 725 14.00 11.39 16.88 29.89 15.17
White

Meranti
SG5 12.01 594 11.2 10.17 11.89 22.89 18.94

Jelutong SG6 11.56 487 7.90 7.01 20.46 12.62 18.68
Kelempayan SG7 11.71 547 7.60 6.97 21.58 15.00 22.73
Sesendok SG7 11.67 483 8.60 7.33 17.29 15.36 21.74
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Parker [16] noted that current design practice for structural timber member is
based on the elastic theory, which postulates that deformations are directly pro-
portional to stresses. In other word, if an applied force (as measured by its resulting
unit stress) produced certain deformation, twice the force and twice amount of
deformation. These results further enhance the need to revise the mechanical
properties of tropical timber based on structural size specimens. From this
investigation, it can be said that the strength grouping of small clear specimen can
be different from the large size specimen. Hence thorough investigation on the
strength grouping of large size specimen should be done in order to safely design
the timber structures.

4.2 MOE Dynamic Versus MOE Static

The stress wave’s velocity can be directly related to the elastic properties of timber
and the propagation velocity of the longitudinal stress waves in an elastic media
depends essentially on the stiffness and the density of the media itself [17].

Tables 4 and 5 show the summary of MOE results based on NDTs and static
bending tests for small clear specimens and large size specimens respectively. It
can be seen that generally the MOEs (both for NDT and static) increases as the
density increases and the strength classes also increases which validate that the
stiffness of the timber depends on the density, the higher the density the stiffer the
materials are. When comparisons were made on the MOEs from NDT test and
static bending tests, it can be seen that for large size specimens, MOE from static
bending test denoted as MOEB is higher than the MOE from NDT test which is
denoted as MOED. This means that results of NDT generally underestimate the
actual stiffness of the material. It is the other way round for small clear specimen
where the MOE from static bending test and denoted as MOES is much smaller

Table 3 Duncan multiple comparison for MOE among timber species

Timber species Subset for alpha = 0.05

1 2 3 4 5 6

Resak 33.0a

Bintangor 29.9b

Merpauh 27.1c

Kapur 26.6c

White
Meranti

22.9d

Sesendok 15.6e

Kelempayan 15.0f

Jelutong 12.6f

Note Means in the same column with same superscript (either a, b, c, d, e, f) are not significantly
different at P-value B0.05
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than the MOE from NDT test and denoted as MOEN, which mean that the NDT
result is overestimate the actual stiffness.

The coefficient of variation of MOEN for small clear specimen is in the range of
8–17 % except for Bintangor with a percentage of 19.9 %.

This indicates that the properties of solid timber used in this experiment are
uniform except for Bintangor. The MOE of Kelempayan for structural size
specimen is the lowest which is related to high in COV values. It was also found
that the difference in the MOED and MOEB is the highest (57 %).

As for Bintangor in small clear specimen, difference in the MOEN and MOES is
the highest, -61 % among other species. This may be due to the presence of
defect that affect the wave to transmitted where Bintangor containing the internal
defects which is causes horizontal shear characteristic meanwhile Kelempayan
was found to contain a lot of knots. According to Lin et al. [18], the defect
characteristics are the most-important factors affecting the properties of timber and

Table 4 Summary of MOEN for small clear specimens

Species Strength
grouping

MOE NDT MOE Static1 D %a Density
(kg/m3)

MOEN

(GPa)
COV
(%)

MOES

(GPa)
COV
(%)

Kapur 4 19.1 16.45 12.56 18.68 52.07 770
Merpauh 4 26.6 9.74 16.71 9.96 59.19 853
Resak 4 23.7 16.67 16.30 10.82 45.40 914
Bintangor 5 18.3 19.91 11.39 16.88 60.67 650
White

Meranti
5 16.2 13.27 10.17 11.89 59.29 571

Jelutong 6 10.2 14.38 7.01 20.46 45.51 431
Kelempayan 7 9.7 15.89 6.97 21.58 39.17 425
Sesendok 7 11.9 9.94 7.33 17.29 62.35 468

Note a Mean different in percentage between the MOEN and MOES

Table 5 Summary of MOEs for large size specimens

Species Strength
grouping

MOE NDT MOE static D %a Density
(kg/m3)

MOED

(GPa)
COV
(%)

MOEB

(GPa)
COV
(%)

Kapur 4 21.0 14.43 26.57 17.30 -20.96 776
Merpauh 4 20.7 11.21 27.16 8.09 -23.78 875
Resak 4 24.5 20.86 33.00 8.09 -25.76 915
Bintangor 5 22.7 9.54 29.89 15.17 -24.05 725
White

Meranti
5 16.1 18.04 22.89 18.95 -29.66 594

Jelutong 6 9.2 18.09 12.62 18.69 -27.10 487
Kelempayan 7 6.5 28.51 15.00 22.73 -56.67 547
Sesendok 7 9.5 20.31 15.36 21.74 -38.15 483

Note a Mean different in percentage between the MOED and MOEB
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the removal of defects should contribute to a larger strength in the sawn timber.
This may be due to the presence of defect that affect the wave to transmitted where
the full scale specimen for Kelempayan containing a lot of knots and Bintangor
containing the internal defects which is causes horizontal shear characteristics.

5 Correlation Between MOEN and MOES

As further treatment for the gathered data, statistical regression analyses between
MOEN and MOES were made. The closer data are grouped around the regression
line and the lower the variability, the more successful a NDT parameter is at
predicting performance. The regression analysis yields the so-called ‘coefficient of
correlation’, R. Its square is called ‘coefficient of determination’, R2. The value of
R2 indicates the portion of the total variation of the predicted variable that is
explained by the predictor see (Fig. 3) for each species. Correlation coefficients
can range from -1 to 1. A correlation coefficient nearing 1 suggests a strong
positive relationship. A correlation coefficient of zero reveals that no relationship
exists, positive or negative.

Figure 4 shows the relationship between MOEN and MOES for individual
species for small clear specimens and reveals that there are modest correlation
have been found for Kapur (R = 0.4), Jelutong (R = 0.2) and Kelempayan
(R = 0.6). However there are no correlations for the rest of the species. This can
be seen from the R values which are very low, near to 0.

Finally, it is interesting to compare MOENDT and MOESTATIC for small clear
specimens when all the data were combined as shown in Fig. 5. Similar rela-
tionship was also performed for structural size specimens. The results reveal a

Fig. 4 MOE NDT (MOEN) versus static bending MOE (MOES) for individual species for small
clear specimen
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good positive correlation between MOENDT and MOESTATIC (R * 0.6). These
results indicate that reasonably useful relationships exist among the transverse
vibration properties of the timber and corresponding stiffness properties of the
specimens.

6 Conclusions

Experimental bending tests and nondestructive tests were performed on small clear
and large size timber specimens from selected Malaysian tropical timbers in
strength groupings SG4 to SG7. A thorough examination of the tests has enabled
the following conclusions to be drawn.

• In general, for small clear specimens, there is no significant different in the
modulus of elasticity (MOE) values found in this study and the value published
in MS 544 Part 2 except for the MOE for Bintangor which is 20 % lower than
MOE stated in MS 544 Part 2.

• There are significant differences in the MOE values among species for small
clear specimens and large size specimens. MOE for structural specimen are
higher than both MOE produced by the tested small clear specimen and tabu-
lated MOE values in MS 544: Part 2.

• For clear specimens, in MS 544 Part 2, Merpauh, Resak and Kapur are in the
same groupings (SG4) but in this study, the MOE of Kapur was significant
different from Merpauh and Resak. But these values will provide the upper and
lower bound of the MOE interval for the strength grouping SG4.

• A contrast trend was found for the large size specimens whereby there are
significant differences in the MOE values for Merpauh, Resak and Kapur but
there is no significant difference in the MOE for Merpauh and Kapur. The order

Fig. 5 MOENDT versus MOESTATIC for all species for small clear specimens
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of the MOE values also have changed; Resak [ Merpauh [ Kapur. The
appealing difference was on the MOE values for Bintagor (SG5) since the MOE
values was found to be higher than the MOE for Merpauh (SG4). From these
data, it can be assumed that the strength groupings have changed.

• The MOEs (both for NDT and static) increases as the density increases and the
strength classes also increases which validate that the stiffness of the timber
depends on the density, the higher the density the stiffer the materials are.

• For large size specimens, MOE from static bending test is higher than the MOE
from NDT. This means that results of NDT generally underestimate the actual
stiffness of the material.

• For small clear specimen, the MOE from static bending test is much smaller
than the MOE from NDT test, which mean that the NDT result overestimate the
actual stiffness.

• Although correlation of the MOE between NDT and static bending test are
relatively poor, but the result from the minimal percentage of difference between
MOEN and MOES reveal the possibility of producing result from the application
of non-destructive technique in future are possible.
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Ultimate Strength of Kekatong Glued
Laminated Timber Railway Sleepers

Norshariza Mohamad Bhkari, Zakiah Ahmad, Afidah Abu Bakar
and Paridah Md Tahir

Abstract Pre-stressed concrete (PSC) sleepers are the main components of rail-
way track systems in Malaysia. However, there are sections in the track system
which PSC sleepers cannot be utilized, where timber sleepers are still needed. Due
to limited supply of large sections timber logs and high cost in high grade timber,
an alternative for this timber product is needed. Thus, this study is conducted to
determine the ultimate strength of the alternative timber product which is glued
laminated (glulam) timber railway sleepers from selected Malaysian tropical heavy
hardwood timber species namely Kekatong. The static bending test at rail seats
was carried out in order to achieve the objective and the test is accordance to
AREMA Manual. The values of modulus of rupture (MOR) and modulus of
elasticity (MOE) for two numbers of glulam timber sleepers were evaluated and
compared with the MOR and MOE values of two numbers of solid timber sleeper.
Then the properties are verified with the minimum performance requirement in
AREMA Manual. The results showed the glulam Kekatong timber railway
sleepers met the requirement set by AREMA with the static yield load surpassed
the Keretapi Tanah Melayu Berhad (KTMB) specific design load.
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1 Introduction

Railway sleepers are one of the most important components in railway track
system. Sleepers act as a beam that rest underneath the rails to support the track
loading. Its functions are to transmit and distribute the oncoming loads to the
ballast [1], give firm and even support to the rails and act as an elastic medium
between the rails and the ballast [2]. Commercially, there are three types of
material used for sleepers which are solid timber, pre-stressed concrete (PSC) and
steel. Although solid timber sleepers is the oldest material used in railway track,
the capability in terms of workability, adaptability, installation, replacement, cost
and damping/shock absorbing is superior compared to PSC and steel sleepers [3].
These advantages make solid timber sleepers come as preferred material by the
railway transportation companies at specific locations.

Hardwood timber is widely used as reported by [4], there are more than
2.5 billion timber sleepers installed throughout the world. In Malaysia, until
August 2010, the number of timber sleepers was reduced and only 26.4 %
(approximately of 750 thousand timber sleepers) from the total track length are
remained. Most of them are replaced by concrete sleepers since limited resources
of the required grade of hardwood timber namely grade SG1 and SG2, naturally
durable timbers, depleting supply in large diameter logs, the increase in price and
the life span of timber sleeper is lesser due to deterioration when using non-durable
timbers and not properly treated. Although the use of timber sleepers is getting
less, however timber sleepers are still in demand since there are certain location of
railway track that PSC sleepers cannot be used such as at station and yard area,
bridges and at the soil area contributing pumping to locomotives [5].

Therefore, there is a need to find an alternative to solid timbers sleepers and this
has spurred the use of composite timber products such as glued laminated timber
or glulam. Glulam is a timber product manufactured by gluing together individual
pieces under controlled manufacturing conditions [6, 7]. Glulam has used in many
building structures and bridges [8–10] but as railway sleepers, is limited and
mainly based on softwood timber [11, 12]. Utilisation of railway sleepers using
hardwood timber is still unknown. Thus, this study was aimed at developing glued
laminated timber railway sleepers using selected Malaysian tropical hardwood
namely, Kekatong (Cynometra spp.) that could meet the railway industry perfor-
mance specifications. In order to achieve the objective, determination on ultimate
strength of basic mechanical properties which are modulus of rupture (MOR) and
modulus of elasticity (MOE) were evaluated at the rail seat.
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2 Materials and Methods

2.1 Materials

The timber species used were Kekatong (Cynometra spp.) with density averaging
880–1,155 kg/m3 at 19 % moisture content [13]. The species is selected based on
the availability and required species grade by Keretapi Tanah Melayu Berhad
(KTMB). Since the selected samples are costly, only two numbers of solid Kek-
atong with sized 127925492000 mm were cut and the two numbers of glulam
Kekatong sleepers with sized 127925492000 mm were manufactured in accor-
dance with MS758:2001 by a glulam factory in Johor Bahru. The test materials for
glulam were taken from the normal and controlled production process. Each
glulam beam had six laminations with a range of lamella thickness of 15–24 mm.
According to [14], these timbers are naturally durable, untreated and suitable for
the outdoor exposure. Phenol-resorcinol formaldehyde (PRF) adhesive was used as
a glued material for these beams which gave them a bond of exterior grade. Results
for Kekatong solid and glulam timber sleepers were compared.

2.2 Static Bending Test at Rail Seat

The three-point static bending test was conducted in order to obtain the ultimate
strength of Kekatong solid and glulam timber sleepers. The strength data will be
used as a preliminary data for the next study on sleeper performance tests that
required by AREMA Manual [15]. The static bending test is carried out at the rail
seat of sleepers under positive moment for both sides as shown in Fig. 1. Figure 2
showed the test set-up including the elastomeric supports accordance to AREMA
Manual. Since there is no specific standard available for timber railway sleepers,
AREMA Manual was chosen as a guide for this study and some modification due
to testing was been made in order to suite the requirement in the referred standard.

Three 100 mm transducers were placed at supports and mid-span. The trans-
ducer at mid-span was measured central displacement and the other two transducers
were monitoring the unwanted misalignments. The strain gauges are installed at
mid-span and, top and bottom of sleeper since the zone are critical for tension and
compression during testing. All transducers and strain gauges were connected to the
data logger for recording the displacement and strain data. The test was performed
under a displacement control at a constant rate of 0.02 mm/sec. The rate was
decided based on series of loading rate tests in the preliminary works. The load was
applied until the tested sleepers totally failed. Structural cracks were inspected on
all sleepers and values for displacement and loads were recorded.

The MOR values are calculated using (1). However, for the MOE value, the
data are calculated based on linear relationship of stress and strain graph obtained
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through the laboratory data and (2) and (3) from basic structural mechanics were
derived. The strain values are obtained from strain gauges data.

MOR ¼ 3PultL

2bh2
ð1Þ

M ¼ PL

4
ð2Þ

r ¼ My

I
ð3Þ

where Pult is the ultimate load borne by sleepers loaded to failure (N); b is the
width of sleepers (mm); h is the depth of sleepers (mm); L is the span (mm); r is
stress value (N/mm2); y is distance to centre of gravity (mm); I is moment of
inertia of the cross section (mm4).

2.3 Moisture Content Test

A moisture content test was conducted for 25 mm thick samples, cut through the
full cross section using the oven-dry method as stipulated in [16].

Fig. 1 Static bending test at
rail seats
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C/L Track Load
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25 x 12 x width of sleeper

Neoprene shore A hardness 
90, 50 x 25 x width of 

sleeper

Fig. 2 Test arrangement at
one of rail seat
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3 Results and Discussion

The ultimate strength and basic mechanical properties, MOR and MOE of Kek-
atong solid and glulam timber railway sleepers were analyzed and discussed in this
section. The comparison between solid and glulam timber was made and the value
was evaluated with AREMA requirement.

3.1 Load Versus Displacement for Solid and Glulam Timber
Sleepers

Figure 3 shows a relationship between load and displacement at rail seat under
positive moment for Kekatong solid and glulam timber sleepers. The graph was
chosen as representative from four other graphs which, the graph had closed value
with the calculated average value. Thus, the behaviour of load versus displacement
is compared. The average ultimate load (Pult) for Kekatong glulam sleepers is
431.04 kN with maximum deflection of 15.92 mm while the average ultimate load
(Pult) for Kekatong solid timber is 406.63 kN with 20.60 mm maximum deflection.
It is 6 % higher on average ultimate load for Kekatong glulam timber sleepers
compared to Kekatong solid timber sleepers.

Regarding to the displacement value and the area under the graph, the Kekatong
solid timber sleepers shown that the test sample is stiffer compared to glulam
timber sleepers. Physically, glulam timber sleeper is manufactured by gluing
timber pieces. The length of lamella is varies depend on the available timber off-
cut. Each lamella is jointed by finger joint using the appropriate glue. From the
observation made during the laboratory testing, the failure of glulam normally
starts at finger joint in tension side. This is gave an effect on the low stiffness of
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glulam timber sleepers compared to solid timber sleepers where the strength of
fibres for solid timber acts as in one timber log. In order to increase the stiffness of
glulam timber sleepers, the manufacturing process need to be controlled especially
at the weakest point, the finger joint.

Table 1 gives the average values of Py, yield load at first crack. Glulam and
solid timber sleepers showed the Py values are 235.21 and 246.51 kN respectively.
It achieved about 45 % higher for glulam timber sleeper and 30 % higher for solid
timber sleeper to reach the ultimate load after the first crack occurred. Both values
at first crack are higher compared to the KTMB specified design load of 200 kN.

3.2 MOR and MOE for Solid and Glulam Timber Sleeepers

Table 1 gives a summary of the average basic strength properties, MOR and MOE
results for the Kekatong solid and glulam timber sleepers. Glulam timber sleepers
are categorized under engineered wood product (EWP) ties or sleepers in AREMA
Manual [15]. This standard gives the minimum performance requirements for
components of engineered composite sleepers used in the railway track system.
However, for solid timber sleepers, the strength requirements are referred to [17]
as recommended by AREMA Manual.

The MOR value for glulam Kekatong is 111.87 N/mm2 which the required
value from AREMA Manual [15] is 66.9 N/mm2. The value is 67 % higher
compared to the required value. For solid Kekatong timber sleepers, the MOR
value is 115.71 N/mm2 which met the requirement of 59.5 N/mm2 [17]. The
results showed the MOR values for glulam Kekatong timber sleeper is slightly
lower than that solid Kekatong timber sleeper, which the differences is less than
4 %. The MOR value for glulam timber sleeper is expected at least at par with the
value of solid timber sleeper. To acquire the higher value of MOR for glulam

Table 1 Test results and requirement test values

Type of sleepers Pult

(kN)
Py

(kN)
Dmax

(mm)
MOR
(N/
mm2)

MOE (N/
mm2)

Density
(kg/m3)

Moisture
content (%)

Glulam
Kekatong

Average 431.04 235.21 15.92 111.87 30,890.35 1620.36 9.98
S.D. 33.40 189.99 2.38 7.03 7,583.35 82.80 0.90

AREMA
requirement
[15]

– – – 66.9 11,700.00 – 19-28

Solid Kekatong Average 406.63 246.51 20.60 115.71 18,533.72 1793.58 16.53
S.D. 82.90 56.36 4.10 23.65 3,227.99 108.56 0.67

Requirement
[17]

– – – 59.5 5,811.03 – 22a

a MOR and MOE values based on the stated MC
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timber sleepers, the glulam manufactured need to be controlled especially at finger
joints.

The MOE value for glulam and solid Kekatong timber sleeper is higher compared
to the required values. The MOE for glulam timber sleeper is 30,890.35 N/mm2 and
solid timber sleeper is 18,533.72 N/mm2. From the results, the glulam timber
sleepers showed the higher elasticity value compared to solid timber sleepers. Both,
glulam and solid timber sleepers, the MOR and MOE values are complied with the
minimum performance requirement [15] and [17]. The moisture content in the test
specimen is lower than the required value.

3.3 Crack Morphology

Generally in solid timber, the failure occurs at ultimate load and the test specimens
break apart into two separate pieces in a brittle manner. In glulam beam, the timber
material is more ductile compared to solid timber in which the beam remains intact
as one piece even after the maximum load has been reached and continues to carry
a significant amount of load in the post-maximum load stage. The lamination in
glulam serves as crack arrester in the tension mode.

From observation, there are a few different types of failure mode, between
bending and shearing, occurred during the static bending test at the rail seats for
glulam and solid Kekatong timber sleepers as shown in Figs. 4 and 5. In general,
the failure types for solid timber sleepers are simple tension types [18]. This type
of failure indicates that a particular timber has high density which is 966.52 kg/m3.
As stated in [14], this timber species are grouped in strength group 2 (SG2).

For glulam Kekatong timber sleeper, the crack initiated at finger joint in the
tension zone as shown in Fig. 4. The cracks slowly propagated until it reached the

Fig. 4 Glulam Kekatong
timber railway sleepers
showing, a failure started at
finger joint in lamella near
the tension zone; b cracks
propagated toward to the
nearest finger joint in second
lamellas and cracks continued
toward the compression zone
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second weaker zone (finger joint) at second lamellas. Then, the cracks continued
towards the compression zone.

The failure modes of solid timber sleepers start at tension zone as shown in
Fig. 5. The cracks occurred along the longitudinal grain of the timber sleepers. The
cracks pattern indicates that the solid timber sleeper failed by shearing off between
fibres [19]. Some of test specimen for solid timber sleepers showed the failure
occurred under tangential cracks. The combination of these failure showed the
timber is anisotropic materials.

4 Results and Discussion

From the laboratory works showed that the average ultimate load for glulam
timber sleepers obtained from static bending test at rail seats is higher compared to
solid timber sleepers. The static yield load (Py) for both glulam and solid timber
sleepers are higher from the KTMB specified design load. In bending properties,
MOR and MOE, the glulam and solid timber sleepers are met the requirement
specified in AREMA Manual and [17]. However, the moisture content for glulam
and solid timber sleepers is lower than required.

With the results obtained, glulam Kekatong timber railway sleeper has a
potential to replace an existing solid Kekatong timber sleepers. The manufacturing
of glulam timber railway sleepers is required in good quality by controlling and
monitoring the process of seasoning, clamping and curing. The cracks pattern and
the strength performance obtained from this study will help authors for further
investigations.

Acknowledgments The provision of glulam and solid timber railway sleepers by Woodsfields
Timber Industry (M) Sdn. Bhd. and supported documents by Keretapi Tanah Melayu Berhad
(KTMB) are gratefully acknowledged. We wish to thank the technicians of Civil Engineering
Faculty for their assistance and support.

Fig. 5 Solid Kekatong
timber railway sleepers
showing, a failure started
near the tension zone and
cracks propagated toward the
compression zone; b failure
at bottom view of solid
timber sleepers
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Experimental Study to Single Shear
Kapur Connection and Comparisons
with European Yield Model

Mazlina Mohamad, Rohana Hassan and Khairul Effendy Ab Mutalib

Abstract Timber has long been regard as a common material used in construction
since it is renewable and environmental friendly. However, very few publications in
determining the load-carrying capacity of the tropical species with regards to the
wood dowel connections are published. Since the existing theory in predicting single
shear strength was developed mostly from the European and softwood timber,
therefore this study is comparing the experimental to the load-carrying capacity
calculated from the European Yield Model (EYM). This study determined the
comparison of experimental to the theoretical on the influence of different end
distance on single shear dowelled connections for Kapur species. Kapur is one of the
tropical hardwood species and commonly used for construction purposes. The
experimental 5 % offset and ultimate load–carrying capacity for the single shear
strengths of 2.5D and 5D have been determined and compared to the value calcu-
lated theoretically using the EYM. Results show that the 5 % offset yield and ulti-
mate strength capacity of 2.5D is 23 % and 20 % lower compared to the 5D
respectively. The experimental 5 % offset yield of the 2.5D and 5D has also shown to
be 75.52 and 81.06 % respectively higher than the theoretical. However, the
experimental failure mode of the connections was found supported the theoretical
expected failure mode. The dowels found to yield in bending at two plastic hinge
points per shear plane and associated wood crushing. The EYM has successfully
predicted the failure mode behavior however does not accurately predict the load
carrying capacity of the single shear strength of the selected timber species.

Keywords Single shear � Kapur species � End distance � Failure mode � European
yield model
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1 Introduction

Timber has long been regard as the best material used in construction since it is
renewable and environmental friendly. Even though Malaysia has been regard as a
country with higher sources of timber but timber industry in Malaysia is still far
behind from other country such as Europe, United State, Australia. Currently,
timber is rarely used as a building material. Therefore, research on Malaysia
timber connection must be carried out to enhance the growth of timber industry.

In heavy construction, joints may require ingenuity and the use of specialized
connectors, such as nail-plates, bolts, shear-plates, split rings, coach screws or
glued-in threaded rods. The application of these requires some knowledge in
design and construction skills. The shrinkage and swelling characteristics of timber
in response to drying and wetting, the possibility of fungal decay in the presence of
moisture and the need to protect metallic fasteners from fire or corrosion, call for
special construction detailing. To eliminate this corrosion problem, therefore the
dowels used in this study were made of wood dowel.

It is also historically proven that the used of wood dowel may also stands for
nearly 100 years from the successfulness of the standing historical building such
as Old Royal Palace in Perak, now acting as the museum building, originally built
as a palace in 1926. Similar to the local mosque, Masjid Kg. Laut in Kelantan
which is still in use was built in 1930s.

Currently, the existing standard about Malaysian timber is the Malaysian
Standard MS 544, 2001 [1]. However, the MS 544, 2001 still has its limits. There
are only some connections for timber design provided. The design with mechan-
ical fasteners, nails, bolt and nuts are available however the basic load of the wood
dowels according to the end distance capacity has not been clearly classified.

This research is based on the analysis on the effect of end distance for the single
shear connections. Only one selected wood dowel diameter using Kapur species
were tested. The wood dowels were made of Kapur species, similar to the tested
members. The experimental results were compared to the theoretical European
Yield Model (EYM) based on National Design Specification (NDS) 2005 [2]. The
calculations on the theoretical were done based on the published data compiled by
Rohana [3]. Rohana [3] has studied on the double shear Kapur connections fas-
tened using wood and steel dowel and found that the flexural capacity performance
of the wood dowel was found much better compared to the stiffness of steel dowel
[3]. In order to determine the theoretical EYM in this study, the value of bearing
strength (Fem and Fes) and the dowel yield (Fyb) of 12.7 mm Kapur is taken from
her publication [3].

The main objective of this study is to determine and compare the ultimate shear
strength of different end distance between 2.5D and 5D, where D is the diameter of
the dowel used to strengthen the connection. This study is also to determine on the
accuracy of the EYM in predicting the single shear strength of tropical hardwood
connections since that the EYM has been developed mostly based on the European
and softwood timber. In order to determine the reliability and accuracy of the
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EYM to the tropical hardwood connections, therefore the theoretical calculations
and failure modes of the connections using the European Yield Model (EYM),
NDS 2005 [2] were also compared to the experimental results.

2 Materials and Method

2.1 Timber Properties

The connection members tested in this study were made of Kapur species. The
scientific name for Kapur is Dryobalanops spp. It is included in family of Myrtaceae.
In Malaysia, Kapur also known as Keladan and Kelansau. Kapur species is the large
hardwood which is up to 45 m high with the diameter ranges from 800 to 100 cm. It
can also be identified by its color where its sap is yellowish brown and its heartwood
is reddish brown. Kapur timber species grain variable from straight to interlocked or
spiral. Its texture coarse but even with the absence of growth rings [4].

2.2 European Yield Model

The European Yield Model (EYM) in the (NDS), 2005 [2] predicts yield strength for
the connection based on the dowel bearing strength and fastener bending yield
strength. The EYM incorporates connection geometry, dowel yield stress, and dowel
bearing strength to predict the yield load for a connection [5]. The yield strength of
the connection is defined from a load-deformation curve obtained from a connection
test. The load deformation curves may vary according to the connection shape,
length of fastener to diameter ratio, l/d, and on the applied load, whether it is parallel
or perpendicular to grain. The yield point has been defined as the intersection of the
load deformation curve with a straight line parallel to the initial portion of the load-
deformation curve and offset a distance of 5 % of the fastener diameter from the
origin of the load deformation curve. The types of failure modes are shown in Fig. 1.
The failures of the dowels are according to the one plastic hinge at the single shear
plane and are categorised accordingly in the EYM.

Where;

k1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Re þ 2R2

eð1þ Rt þ R2
t Þ þ R2

1R3
e

p
� Reð1þ RtÞ

ð1þ ReÞ

k2 ¼ �1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1þ ReÞ þ

2Fybð1þ 2ReÞD2

3feml2m

s

k3 ¼ �1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1þ ReÞ

Re
þ 2Fybð2þ ReÞD2

3Feml2
s

s
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Rt ¼
lm

ls
; Re ¼

Fem

Fes
and Kh ¼ 1þ h

360

Fem dowel-bearing strength of the main member, mPa = 54.88 mPa [2]
Fes dowel-bearing strength of the side member, mPa. = 54.88 mPa [3]
Z reference design value for fastener in single shear (Z taken as the smallest

value from the six yield limit equation) kN
D fastener diameter = 12.7 mm
lm thickness of the timber middle member = 41 mm
ls smaller of the thickness of the timber side member or the penetration

depth = 41 mm
Fyb bending yield strength of fastener = 90.06 mPa

H is the maximum angle of load to the grain (0 B h B 908) for any member in
connection. Dowel-bearing strength of either the main member or the side member
and at an angle of load to grain is given by the Hankinson formula (Eq. 1):

Feh ¼
Fe==Fe?

Fe== sin2 hþ Fe? cos2 h
ð1Þ

• Yield Mode I = Wood crushing in either the main member or side members.
Dowel stiffness is greater than wood strength.

• Yield Mode II = Wood crushing of both main and side member. Dowel stiff-
ness is greater than wood strength.

• Yield Mode IIIm = Dowel yield in bending at one plastic hinge point per shear
plane and associated wood crushing of main member.

Fig. 1 European Yield
Model (EYM) according to
NDS 2005 [2]
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• Yield Mode IIIs = Dowel yield in bending at one plastic hinge point per shear
plane and associated wood crushing of side members.

• Yield Mode IV = Dowel yield in bending at two plastic hinge points per shear
plane and associated wood crushing.

2.3 Single Shear and End Distance

Single shear is the most common type of joint for timber structures (Fig. 2). Two
members are held together through the combination of lateral and withdrawal
resistance provided by dowel-type fastener. Single shear strength is the strength of
a material or component against the type of yield or structural failure where the
material or component fails in shear. Shear occur when timber beam are subjected
to transverse loading [6]. The end distances set in this study were referred to the
Fig. 3 (minimum spacing, edge and end distances for screws) [2].

2.4 Five Percent (5 %) Offset

The yield load as given by the EYM can be defined as any load on the load
deformation curve. However, the onset of yielding in timber is not well defined
point on the load deflection curve. As in EC 5, 2008 [7], the ultimate load is taken
as the value of reference. The 5 % offset yield was introduced and become the
basic description of strength in a single connection [8]. The 5 % offset yield is
defined as the point where the load deflection curve is intersected by a line parallel
to the linear region, but offset 5 % of the dowel diameter as shown in Fig. 4.

Load

Load

Grain 
direction

Dowel 

Fig. 2 Single shear
connection
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2.5 Sample Preparation

In this study, the specimens were prepared using Kapur species for both the main
structure and also the dowels. The size of the specimens is 215 9 90 9 41 and
12.7 mm for the dowel diameter (D). Four samples have been prepared for each
end distance. Figure 5 shows the geometrical configuration of end distance and
differences between both end distances values.

Fig. 3 Spacing, edge and
end distance [2]

Proportional limit load

5% of dowel 
diameter

Ultimate load

5% offset load
(NDS, 2005)

Displacement (mm)

L
oa

d 
(k

N
)

(EC 5, 2008)[8]
Fig. 4 Illustration of the 5 %
diameter offset method and
the ultimate load from load–
displacement curve [3]
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2.6 Methodology:Single Shear Strength Test

The single shear test was done using Universal Testing Machine (UTM) to
determine the load carrying capacity and deformation that the connection can
support. Figure 6 shows the typical setup of the test. The tensile test was done by
gripping the top and bottom segment of the specimens and pulled downward.

3 Results and Discussions

The observations on the load carrying capacity of the connections were based on
the experimental and theoretical comparison between the 2.5D and 5D
respectively.

3.1 Ultimate Shear Strength and Yield Load

Figure 7 shows the typical result between deformation and load for 2.5D and 5D
end distances. Table 1 shows the 5 % offset load and the ultimate load for 2.5D
and 5D respectively.

It also shows that experimentally, the 5 % offset and ultimate load of 2.5D is 23
and 20 % lower than the results of 5D. This results shows that end distance
significantly contributed to the single shear connections.

63.50 mm 

90 mm

215 mm

90 mm

12.7 mm

31.75 mm

Fig. 5 Geometrical
configuration of 2.5D and 5D
end distances
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3.2 Failure Mode

A typical failure mode of sample 2.5D and 5D is shown in Fig. 8. Based on EYM,
the both dowels failed in Mode IV. It shows that the bending capacity of the dowel
is lower compared to the bearing capacity of the member. Mode IV failure also

Fig. 6 Typical single shear test setup

Fig. 7 Load versus deformation for shear test 2.5D versus 5D end distance
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shows that the dowel yield in bending at two plastic hinge points per shear plane
and associated wood crushing.

3.3 Experimental Versus Theoretical (EYM)

The comparison of experimental to the theoretical is only made for the results at
5 % offset yield strength since the theory of EYM is based on the 5 % offset yield
(Table 2). The 5 % offset yield average value is taken as the comparison.

Since that the EYM theoretical does not includes parameters of end distance in
the equations, therefore only one value of the theoretical is referred to. The
comparison also shows that the 2.5D and 5D from the experimental is 75.52 and
81.06 % respectively higher than the theoretical. It can be concluded that the
EYM, NDS 2005 has under estimate the single shear connections for the tropical
hardwood. It does shows that more study need to be done in order to modify the
EYM, NDS 2005 [2] which was developed mostly based on the European and
softwood timber to be reliable and accurately predict the single shear connections
for the tropical hardwood connections.

Table 1 5 % Offset and ultimate load

No. 2.5D 5D

5 % offset load (kN) Ultimate load (kN) 5 % offset load (kN) Ultimate load (kN)

1 7.80 8.32 8.90 9.35
2 5.50 6.40 9.70 10.03
3 7.78 7.78 10.10 10.10
4 8.00 8.20 8.92 8.92
Mean 7.27 7.68 9.40 9.60

Fig. 8 Failure mode of
sample 2.5D
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4 Conclusion

Results show that there are significant different of the 2.5D and the 5D. It was
found that the 5 % offset yield and ultimate strength capacity of 2.5D is 23 and
20 % lower compared to the 5D respectively. The experimental 5 % offset yield of
the 2.5D and 5D has also shown to be 75.52 and 81.06 % respectively higher than
the theoretical. However, the experimental failure mode of the connections was
found supported the theoretical expected failure mode. The dowels found to yield
in bending at two plastic hinge points per shear plane and associated wood
crushing. The EYM has successfully predicted the failure mode behavior however
does not accurately predict the load carrying capacity of the single shear strength
of the Kapur species.
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Particle Swarm Optimization for Single
Shear Timber Joint Simulation

Marina Yusoff, Shahril Mohd Shalji and Rohana Hassan

Abstract This paper presents a new paradigm that is possible to aid the traditional
experimental analysis in timber joints research. Laboratory experiment has
incurred a lot of cost and times to find optimize end distance of a timber joint.
Particle swarm optimization (PSO) is applied and tested focusing on a single shear
timber joints. The determination of fitness function is based on the findings from
the previous datasets of the traditional laboratory experiments. The dataset
includes the timber species of Kapur that emphasizes on 2D and 3.5D in diameter
of end distance. Several PSO parameters were tested to find the maximum load
carrying capacity of timber joint for different end distances. The findings show that
PSO can give a feasible solution for a single shear strength timber joint perfor-
mance. It demonstrates that the PSO has a potential to be used as a timber joint
simulations that would be beneficial to timber joint researchers in predicting the
load carrying capacity of a joint and contributes in reducing time and cost.

Keywords End distance � Fitness function �Kapur � Particle swarm optimization �
Single shear � Timber joints connections

1 Introduction

Timber is one of the oldest and best-known structural materials, and one of the few
renewable natural resources. It also is a desirable material for construction,
building house or making furniture because it requires less energy to produce a
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usable end product than the other materials [1]. There are various species of timber
in Malaysia such as Balau, Merbau, Kapur and Meranti. Timber species in
Malaysia is grouped according to their strength and has been classified as strength
group 1 to strength group 7 in MS 544: part 2: 2001 [2]. Strength group 1 is the
strongest and as the strength group increased, the weaker the strength of the
species. The timber species selected for this study is Kapur. Kapur species is
categorised as medium hardwood and classified as strength group 4. This species is
also considered as one of the easiest of supply and commonly use structural
members. Nowadays, a cost for a timber is rising and it takes a long time to renew.
Timber has been used as a structural material such as beam, column and roof
trusses which brings to the use of fasteners and connections.

The competitiveness of a timber structure, relative to other building materials,
may be determined by the efficiency of the connections. In most cases the fas-
tening of timber to timber requires little skill or knowledge of design. Very limited
publications about the tropical timber connections were found. The connection as
reported are such as the shear and bending performance of structural, mortise and
tenon connections for tropical timber [3–5].

Lacking of specific information for Malaysian timber in designing the load
carrying capacity of joints and the influence of different end distance has led to this
study. End distance is one of the major factors in designing the load carrying
capacity of the timber connection. However, the actual load carrying capacity can
only be determined using experimental work which incurred cost and time. This
study emphasized in finding a simulation method in replacing the experimental
laboratory testing method to determine and compare the ultimate shear strength of
different end distance. Results of maximum load carrying capacity of single shear
strength for Kapur joint compiled from previous laboratory work done by Abu
Bakar [6] and Mat Nawi [7] has been taken for simulation. A lot of manual
experiments are required to find the appropriate best end distance of a timber joint.
Thus, this project aims of developing a system that can give feasible end distance
of a timber joint without performing the manual experiment. With automated
system, it will omit the cost and time as incurred in the experimental process.

The remainder of this article is organised as follows. Section 2 explains some
related works. The PSO is discussed in Sect. 3. Experimental setup is introduced in
Sect. 4. Computational results are analysed in Sect. 5; finally, Sect. 6 concludes
the paper and presents certain avenues for future research.

2 Single Shear Strength

Shear strength is defined as the maximum load typically applied normal to a
fastener’ axis that can be supported prior to fracture. In other common term, the
load is applied laterally to the fasteners. There are two typical shear strengths;
single and double shear strength. Figures 1 and 2 show the single and the double
shear strength [8]. Single shear is when load is applied in one plane that would
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Fig. 1 Single shear joint

Fig. 2 Double shear joint

215 mm

17 mm diameter 
hole for bolts to 
grip specimen

45 mm

12.7 mm diameter 
hole for dowel 

tested

90 mm
Fig. 3 The geometry of the
timber specimen
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result in the fastener being cut into two pieces meanwhile double shear is load
applied in two planes that would result in three fastener pieces.

Method of single shear strength joint is an experiment to determine the max-
imum load carrying capacity of the joint. These joint can be fastened using the
mechanical fasteners such as dowels, bolts and nuts and nails. The length of the
centre of the mechanical fasteners to the end of the timber member is known as
end distance. The end distance used in this study is at the length of 2 times the
diameter (2D) and 3.5 times the diameter of dowels (3.5D). The diameter, D of the
dowel is 12.7 mm (Fig. 3). The experimental set up is as shown in Fig. 4.

The performance of the two different end distances were also identified [6, 7]
and compares the failure modes connection of different end distance based on
European Yield Model (EYM) in National Design Specification, (NDS) 2005 [8].
This experiment use Kapur timber as a dowel. It also uses a different diameter of
end distance to determine and compare the shear strength of Kapur timber. Fig-
ure 5 shows the example of result of 2D and 3.5D for load/deformation.

Pull downward

Static 

gripped end

Bolts to grip 

specimens

Fig. 4 The set up of the experimental pull-out test
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3 Solution Using Particle Swarm Optimization

3.1 Computational Solutions

This sections highlights the steps involve in a proposed computational solution.
The first step is on the data conversion. The data of manual experiment were
converted into graph in excel. This is to compare current experiment result with
this project result. The graph is then converted into polynomial. Equation from this
conversion is used for fitness identification.

The next step is the application of Particle swarm optimization (PSO). The
determination of fitness function is based on the findings from the previous
datasets of the traditional laboratory experiments. It was then tested on dataset
includes the timber species of Kapur that emphasizes on 2D and 3.5D in diameter
of end distance. Several PSO parameters were tested to find the maximum load
carrying capacity of timber joint for different end distances.

3.2 Particle Swarm Optimization Implementation

PSO is an optimization approach proposed by Kennedy and Eberhart in 1995
inspired by social behavior of organisms such as a school of fishes and bird
flocking [9, 10]. Each fish or bird is illustrated as a particle. Each particle moves
stochastically in a search space for feasible solution. Each particle has its own
velocity and position. PSO provides a mechanism that can process particle velocity
and position in multi-dimensional space. Optimum feasible solution can be
achieved by updating both velocity and position. The fitness values comprise of
global (Gbest) and personal best (Pbest) derived from the simulated behavior of a

Fig. 5 Average 2D versus 3.5D end distance
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group of particles. Pbest is the best solution offered by each particle at local search
area while the Gbest is the best solution on global scale.

PSO can be used to solve continuous and discrete problems [10, 11]. Canonical
PSO algorithm has been used to solve continuous problems. Algorithm 1 shows
PSO algorithm designed by [12].

Algorithm 1: PSO algorithm
1: Begin
2: Initialize number of particles and populations
3: Declare W, C1 and C2

4: Initialize Vinitialize(min) and Vinitialize(max)
5: Initialize Dmin and Dmax

6: Calculate Pbest and Gbest value for each particle
7: Do
8: For each particle
9: Calculate new velocity value, V(new)
10: Calculate new position, D(new)
11: Calculate Pbest (new)
12: Calculate Gbest (new)

13: While (stopping condition is reached)
14: End

The algorithm starts with the initialization of the population of particles or
swarm size, followed by the initialization of inertia weight (W) and acceleration
constants (C1 and C2). Step 4 and 5 initialize the minimum value (Vinitialize(min))
and maximum value of velocity (Vinitialize(max)) and minimum position (Dmin) and
maximum value of position (Dmax), respectively. Next is the calculation of Pbest
and Gbest value for each particle. Step 9 calculates the new velocity value for each
particle using Eq. 1. Step 10 updates the new position, D(new) using Eq. 2. Finally,
Pbest(new) and Gbest(new) are determined based on the fitness value set for the
problem. Iteration starts from step 7 until step 13 to update the current velocity and
position of each particle. This iteration will be done until it satisfies the stopping
condition.

Vid newð Þ ¼ W � Vid þ C1 � r1ðPbest idð Þ � Xid þ C2 � r2 � GbestðidÞ � XidÞ
� �

ð1Þ

Xid newð Þ ¼ Xid þ Vid newð Þ ð2Þ

where:
Vid(new) new velocity of the ith particle in dth dimension
Vid current velocity of the ith particle in dth dimension
Xid current position of the ith particle in dth dimension
Xid(new) new position of the ith particle in dth dimension
W inertia weight
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C1 and C2 acceleration coefficient
r1 and r2 random function in the range of [0,1]
Pbest(id) position of the personal best of the ith particle in dth dimension
Gbest(id) position of the global best derived from all particles in the swarm.

PSO has the capability to explore regions in the specified search space and
exploit the search to refine feasible solutions. These search strategies are influ-
enced by the following parameters; acceleration constants (C1 and C1) and inertia
weight [13, 14] that has been applied in the PSO algorithm.

Cognitive component, C1 * r1 * (Pbest(id)-Xid) is a combination of accelera-
tion coefficient (C1), random function, and the difference between the old position
and personal best position in the local search area. This component reflects the
performance of the individual particle i, from the past performance [13].

Social component, C2 * r2 * (Gbest(id)-Xid) consists of acceleration coefficient
(C2), random function, and the difference between the old global position and the
global best position after every iteration. This component reflects the performance
of the particle i from the past performance that are obtained from all particles in
the global search space. Both of these components have stochastic flavor with the
contribution of C1 * r1 and C2 * r2 [13, 15]. As far as velocity update is con-
cerned, the new velocity relies on these components and the inertia weight to
ensure the velocity remains in the same direction as the previous velocity. Thus,
the setting of these parameters is important to optimize the search space.

4 Experimental Setup

This section discusses the experimentation preparation. The data of manual exper-
iment were converted into graph in excel. The purpose of converting data into
coordinate graph is to compare current experiment result with this project result.

To find an equation, the graph is converted into polynomial. The Fig. 6 shows
the conversion from the data obtained from laboratory experiment to polynomial
for the 2D.

The fitness equation that used in this PSO is based on diameter of end distance
in timber joint experiment. Table 1 shows fitness function for 2D and 3.5D.
Table 2 is the parameter setting for the PSO parameters.

5 Results and Findings

This section discusses the results from the computational experiment of the PSO
implementation. Table 3 demonstrates results for 2D using different numbers of
iterations. The results show that the maximum end distance obtained at 5th iter-
ation with 8.778. However, 10th and 15th iterations give low end distance value.
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A few tuning processes were performed to find the most optimal solutions. For 2D,
the velocity parameter was adjusted between ranges -3 to 3 and it provides better
solution with the maximum of 8.839 end distance at 5th iterations as shown in
Table 4.

Table 5 shows the results of 3.5D using velocity value between -1 and 1. The
result also shows the maximum value for the end distance is at 5th iteration. The
result seems similar to 2D by using the same parameter settings. The tuning process
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Fig. 6 Polynomial graph for
2D

Table 1 Fitness function

End distance
diameter

Fitness function

2D y = -0.0001x5 + 0.0017x4 + 0.0142x3 - 0.2484x2 + 1.3387x + 0.9129
3.5D y = 0.0000029394x6 - 0.0001720764x5 + 0.0034772430x4 -

0.0311259334x3 + 0.1556688226x2 - 0.0507105690x + 1.7557687041

Table 2 Parameter setup

Parameter Value

Inertia weight 0.0 - 1.0
C1 2.0
C2 2.0
Initial Vinitialize(min) -1
Initial Vinitialize(max) 1
Number of particles in a swarm (population) 30
Stopping condition Iteration equal to 10

Table 3 Result for 2D using velocity of -1 to 1

Velocity Iteration X Y Maximum end distance (mm)

-1 to 1 5 12.518 8.778 8.778
-1 to 1 10 10.870 8.494 8.494
-1 to 1 15 9.537 7.251 7.251
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is done with the minimum velocity of -3 and maximum velocity of 3. For 2D, the
velocity parameter was adjusted between ranges -3 to 3 and ranges of -4 and 4, it
provides similar results compared to velocity ranges between -1 and 1. Table 6
provides consistent results with the maximum of 10.085 mm of the end distance.

The results show that the employment of PSO to find the maximum end dis-
tances for single shear strength is possible. The maximum end distance obtained is
within the range that of obtained from the lab experiments. At only 5th iteration
and swarm size of 30, PSO offers good performance for the single shear timber
joint connection.

6 Conclusion

The PSO implementation to find possible end distance in a single shear timber
joints demonstrates the capability of PSO in solving the optimization problem. The
results of 3.5D using velocity value between -1 and 1 show the maximum value
for the end distance is at 5th iteration. The result seems similar to 2D by using the
same parameter settings. For 2D, the velocity parameter was adjusted between
ranges -3 to 3 and ranges of -4 and 4, it provides similar results compared to
velocity ranges between -1 and 1. For the particular single shear timber joints,
PSO able to obtain the end distance value that accommodates the range provided
from the laboratory experiment. The ability of PSO to provide solutions would
help the timber researcher in reducing time and cost of material for lab experiment.

Table 4 Result for 2D using velocity of -3 to 3

Velocity Iteration X Y Maximum end distance (mm)

-3 to 3 5 12.4059 8.83882 8.83882
-3 to 3 10 10.3491 8.05963 8.05963
-3 to 3 15 9.30713 7.01025 7.01025

Table 5 Result for 3.5D using velocity of -1 to 1

Velocity Iteration X Y Maximum end distance (mm)

-1 to 1 5 16.3331 10.0853 10.085
-1 to 1 10 16.2508 10.0844 10.084
-1 to 1 15 16.3579 10.0851 10.085

Table 6 Result for 2D using velocity of -4 to 4

Velocity Iteration X Y Maximum end distance (mm)

-4 to 4 5 16.2697 10.0848 10.085
-4 to 4 10 16.3333 10.0853 10.085
-4 to 4 15 16.3568 10.0851 10.085
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However, testing on PSO should consider different types timber, joints, and
composites may provide a better computational simulation results.
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Estimation of Ground Motion in Kuala
Lumpur Due to Sumatra Subduction
Earthquake

Tze Che Van and Tze Liang Lau

Abstract Kuala Lumpur has undesirable subsurface features and yet is the most
important and densely populated city in Peninsular Malaysia. Due to this, it should
be covered and protected from seismic impact possibilities. An attenuation model
that can best estimates ground motion is essential prior to conducting seismic
hazard assessment. With the scarcity of historical data, an attenuation model is
difficult to be developed for Peninsular Malaysia. The present research focuses on
subjecting five existing attenuation models, particularly for subduction earth-
quakes, to comparison with the actual ground motion records in Kuala Lumpur.
Seismic records of Sumatra subduction earthquakes with the moment magnitude
from 5.7 to 9.1 spanning in a distance range of 395–834 km were obtained from
Malaysian Meteorology Department and other catalogues. Results are presented in
graphs and root mean squared error (RMSE) between estimated PGA and actual
records was also computed for each attenuation model. The result shows that
Adnan et al. (Selection and development of appropriate attenuation relationship for
Peninsular Malaysia, Kuala Lumpur, 2004) provides the smallest RMSE of dif-
ferences between predicted PGA and actual PGA on soil sites in Kuala Lumpur for
interface mechanism and on both rock and soil sites for intraslab mechanism of
subduction earthquakes while Zhao et al. (Attenuation relations of strong ground
motion in Japan using site classification based on predominant period
96(3):898–913, 2006) gives best prediction to PGA on rock site for interface
subduction earthquakes.

Keywords Attenuation models � Sumatra subduction zone � Distant earthquake �
Seismic � Ground motion estimation � Peak ground acceleration
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1 Introduction

Kuala Lumpur is filled with modern structure and high rise building in almost
every corner. Ensuring the safety of this capital of Malaysia is very important to
protect residents and commercial activities importance. Peninsular Malaysia is
located at the tectonically stable Sunda plate. Although there is no large earth-
quake originated within Malaysia, this country is often disturbed by tremors
propagated from the most renowned seismically active Sumatra subduction zone
and Sumatra fault despite its distance of more than 350 km from the zone. With
increasing incidences of tremors felt from earthquakes originated from Sumatra,
many start to worry if Peninsular Malaysia, including Kuala Lumpur, is still safe
from seismic activities. The subsurface of Kuala Lumpur consists of limestone
bedrock. The overlying soil deposits comprises of alluvium or/and mine tailings as
Kuala Lumpur was once a popular area for tin mining industries [1]. The thick soil
over the limestone bedrocks, which has a common depth of around 50 m, makes
undesirable features for structural foundations. Kuala Lumpur, which has thick soil
layer and long distance from epicenters of Sumatra earthquakes, has the similar
geological and geographical features as in the case of Mexico City earthquake in
1985.

Although there is no major damage of structure and casualties experienced due
to tremors felt in Kuala Lumpur, the occurrence of moderate level ground motions
can be disastrous to structure with no seismic resistant design. According to
prediction by Megawati et al. [2], subduction earthquake from Sumatra with a
moment magnitude larger than 7.8 could yield catastrophic ground motion in
Singapore and Kuala Lumpur, even at a distance of 700 km. Probabilistic seismic
hazard assessment has to be carried out for Kuala Lumpur, knowing its importance
as the main centre of the country. Prior to the seismic risk assessment, selection of
a reliable ground motion attenuation model is yet another challenging task.

An attenuation model is a simple mathematical model that relates ground
motion parameters (i.e. spectral acceleration, velocity and displacement) to
earthquake source parameters (i.e. magnitude, source-to-site distance and mech-
anism) and local conditions [3]. Empirical method is the most reliable method to
develop an attenuation model. However, due to limitation of well-documented
historical ground motion information recorded in Malaysia, it is not possible to
formulate a new model using that method as it requires regression analysis of
abundant available data. Conventionally, subjecting a number of existing attenu-
ation models which has the similarity in geology, seismo-tectonic features or
source-to-site distance to comparison has been carried out in Malaysia.

A study on formulating distant attenuation model for subduction earthquake and
shallow crustal earthquake has been carried out [4]. For comparative purposes,
these models are plotted and compared with only a few existing attenuation
models, which are considered not comprehensive enough to show any aspect of
differences and errors of the formulated model for Peninsular Malaysia. Four
distant attenuation models developed for Malaysia and Singapore were also
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subjected into comparison and selection for design response study [5]. Reference
[6] compared four models established for stable tectonic regions with actual
ground motion data in Peninsular Malaysia. However, tectonic mechanism is not
considered in the study.

None of the studies mentioned above clearly present a comprehensive and
detailed method in processing ground motion data to suit those selected existing
attenuation models. Since then, a greater amount of new data has been recorded
with more stations distributed within Peninsular Malaysia. Although studies on
attenuation models have already been carried out in Malaysia, different data sets
utilized could lead to obtaining big differences in results [7]. Thus, despite the
incomprehensive method used in the previous studies, a revision to the current
adopted attenuation model is required.

This study is mainly to determine the most suitable attenuation models for
subduction earthquakes for Kuala Lumpur by comparing peak ground acceleration
(PGA).

2 Sumatra Subduction Zone and its Impact to Peninsular
Malaysia

Sumatra subduction zone is the extension of the convergent belt from Himalayan
to south of Java and Sunda Islands, passing through front southward of Myanmar,
Andaman, Nicobar Islands and Sumatra. It accommodates the northward motion of
the Austalian plate into Eurasia. With the subducting rate of 40–50 mm per year,
this zone mostly produces shallow to intermediate thrust faulting earthquake [8].
Shallow earthquake can be more disastrous as waves propagate near the ground
surface with less energy dissipation. This subduction zone had produced the two
giant historical earthquakes: 1833 event and 2004 event with moment magnitude
of 9 and 9.1 respectively.

Despite the distance of more than 400 km from Sumatra subduction earthquake
sources, tremors can still be felt in Peninsular Malaysia. In 4 June 2000, the
Bengkulu earthquake with Mw7.8 was reported to cause minor crack in building
walls and fear among public especially in high rise building in Johor Bahru and
also Klang Valley [9]. Tremors from two consecutive earthquakes from northern
Sumatra of Indonesia in 14 June 2011 with Mw5.5 and Mw5.6 shocked public in
Malacca, Selangor, Perak and Penang. And not to mention, the Mw9.1 megathrust
earthquake generated from northern Sumatra on 26 December 2004 which triggers
tsunami that took 68 lives, causing 6 missing and over 8,000 displaced in western
coastal of Peninsular Malaysia [10]. Other than events mentioned above, there
were a lot of subduction earthquake events that can be felt in Peninsular Malaysia.
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3 Data Collection and Compilation

Seismic data used in this study were obtained from Malaysian Meteorology
Department (MMD). These seismic data were recorded by a total of 13 stations
located within Kuala Lumpur. Among those stations, 6 stations are set on soft soil
Fig. 1. To fill in missing data and avoid inaccurate details, catalogues from other
seismological centers such as United States Geological Survey (USGS) database,
International Seismological Centre (ISC) database and National Earthquake
Information Center (NEIC) database have also been referred. However, only data
from December 2004 to June 2012 were included in this study due to the avail-
ability of time histories provided by MMD. Among 76 earthquake events, there are
29 distant earthquakes originated from Sumatra subduction and fault zone recor-
ded by seismic station in Kuala Lumpur.

3.1 Source Mechanisms

Global CMT project moment tensor solution and NEIC moment tensor solution
were used to interpret and distinguish tectonic mechanism for each event. As a
result, 15 events ranging from moment magnitude (Mw) 5.7–9.1 with 69 ground
motion data are subduction earthquakes originated from Sumatra subduction zone.
Those events were further classified into two types of source mechanisms: inter-
face earthquakes and intraslab earthquakes. Interface earthquake occurs at a depth
less than 50 km on shallow dipping planes. It is associated with thrust faulting of
subducting oceanic plate which is in contact with the overriding continental crust.
Classified as shallow earthquakes, interface earthquakes are capable in producing
megathrust earthquakes up to magnitude 9. Intraslab earthquake, on the other
hand, have steep dipping planes. Producing earthquakes with magnitude not larger
than 8, intraslab earthquake typically occurs along normal faults where the sub-
ducting plate experiences stress and physical changes as it is pulled deeper into the
aesthenosphere (Fig. 1).

However, thrust mechanism is also assumed to be intraslab event if the event
occurs at depth greater than 50 km as it is below the crustal contact zone. By using
rake angle, fault motion and focal depth from catalogues and moment tensors, 13
events were identified as interface earthquakes while only 2 events are intraslab
earthquakes.

3.2 Peak Ground Acceleration

The Peak Ground Acceleration (PGA) value utilized in this study is the geomet-
rical mean of two horizontal components of ground motion acceleration at a site
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ranging from 0.000045 to 0.002220 g. Out of 69 PGA records, 42 records were
from rock sites and the rest were measured from soil sites.

3.3 Source-to-site Distance

Source-to-site distance is yet another important parameter in this study. Different
attenuation models utilized different types of distance terms. Whilst distance to
rupture plane (rrup) and hypocentral distance (rhypo) are also used in some models,
distance used in this study was standardized as epicentral distance (repi) to ease
comparison among attenuation models adopted. Moreover, the differences among
rrup, rhypo and repi are insignificant compare to the long distance from source to site.
The definition of repi used in this study is the horizontal distance between epicenter
of an earthquake and the site of recording instrument.

4 Selection of Attenuation Models

Only subduction earthquake attenuation models derived by using empirical
method are selected and compared in this study. All selected models were derived
by regression analysis using different sets of ground motion records. Selected
attenuation models with magnitude and distance used in development of each
model are tabulated in Table 1. It is noticeable that the distance ranges for some of

Magnitude 
Mw 8.6 - 9.0
Mw 8.1 - 8.5
Mw 7.6 - 8.0
Mw 7.1 - 7.5
Mw 6.6 - 7.0
Mw 6.1 - 6.5
Mw 5.6 - 6.0
Mw 5.1 - 5.5

Stations
On rock
On soil

Fig. 1 Location of Sumatra subduction earthquake events from December 2004 to June 2012
and location of seismic stations within Peninsular Malaysia
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the models were too small to cover the recorded long source-to-site distance from
Sumatra subduction sources to seismic stations in Kuala Lumpur except Adnan
et al. [4]. Nevertheless, these models may still provide the best match predictions
to actual ground motions.

Different source mechanisms produce different level of motion. Thrust faulting
at shallower surfaces generates the strongest motion compare to normal faulting
from deeper ground. Thus, considering interface and intraslab mechanism sepa-
rately is crucial in selection of attenuation model. In this study, all selected models
weighed source mechanism as an essential aspect except Adnan et al. [4]. Being
the only model developed for Peninsular Malaysia, Adnan et al. [4] model is
included in the present study regardless to the exclusion of source mechanisms in
the model. In addition, its consideration of farther source-to-site distance makes it
a model worth to be compared with other models in this study.

Atkinson and Boore [12], Youngs et al. [11] and Adnan et al. [4] were
developed for subduction zones at a global scale, which means seismic data were
obtained from worldwide. On the other hand, Zhao et al. [13] and Lin and Lee [14]
were derived by utilizing mainly local data from Japan and Taiwan respectively.
An erratum for Atkinson and Boore [12] has been published in 2008 [15].
Therefore, the model adopted in this study has been corrected as suggested in the
later paper.

5 Results and Discussions

The actual ground motion records were grouped according to moment magnitude
with 1.0 interval starting from Mw6.0 to Mw9.0 for plotting. To provide better
representation of actual conditions, focal depth varies for each group. Focal depth
used for each group is the average of focal depth of events in respective groups.
Each attenuation model has its own consideration for types of source mechanisms
and site conditions. Thus, these data were also categorized into two site conditions
namely, rock and soil sites.

Figure 2 shows the comparison of PGA estimated by attenuation models with
actual records taken from rock site for interface subduction earthquake events.
Most of the models predict larger PGA at higher moment magnitude. Lin and Lee
[14] and Youngs et al. [11] predict PGA which differs significantly from the

Table 1 Summary of selected attenuation models

Attenuation model Moment magnitude range Distance range (km) Site

Youngs et al. [11] 5.0–8.2 10–500 Mixed
Atkinson and Boore [12] 5.0–8.3 50–300 Rock and soil
Adnan et al. [4] 5.0–8.5 2–1122 Rock
Zhao et al. [13] 5.0–6.0 10–300 Rock and soil
Lin and Lee [14] 4.1–8.1 20–600 Rock and soil
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observed data. Atkinson and Boore [12] gives higher estimation as moment
magnitude increases. Adnan et al. [4] also tends to saturate at higher magnitudes. It
can be seen that Zhao et al. [13] produces curves fitter to the four magnitudes of
data compare to the rest, despite the distance limitation.

On the other hand, graphs plotted in Fig. 3 exhibit comparison of PGA esti-
mated by models with actual records taken from soil site for interface earthquake
events. Zhao et al. [13] estimates PGA close to actual PGA from sites at lower
magnitude. However, as magnitude increases, prediction from Zhao et al. [13]
tends to deviate further from actual PGA. Adnan et al. [4] provides estimation with
more consistency yet closest to actual PGA taken from soil site. Generally, Youngs
et al. [11] and Lin and Lee [14] curves tend to attenuate slower and provide higher
PGA value compare to recorded data.

The two intraslab earthquake events were binned into Mw7.0. With only 1
magnitude, only two graphs were produced for comparison purpose as shown in
Fig. 4. From the graphs, Adnan et al. [4] curve attenuates faster than the rest and

Fig. 2 Comparison of attenuation curves and recorded PGA on rock sites for interface
subduction earthquakes with moment magnitude of 6.0, 7.0, 8.0 and 9.0 respectively
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gives the closest estimation of PGA. This is followed up by Zhao et al. [13], which
provides the second best estimation of PGA for intraslab events. As there were
only a few intraslab events, comparison between curves for each model for dif-
ferent moment magnitude could not be acquired.

In addition, root mean squared error (RMSE), which is also known as the
standard error of the estimate, was also calculated to quantify the goodness of fit
for predicted and actual value (Table 2). In other words, the smaller the RMSE
value obtained, the better the estimation to the actual records. The RMSE is
calculated after the data has been normalized into the range from 0 to 10. Among
all, Adnan et al. [4] model provides the lowest RMSE for all types of source
mechanisms and site conditions that were being considered in this study except for
interface earthquakes on rock sites. The lowest RMSE on rock site for interface
earthquakes is provided by Zhao et al. [13].

The locally-derived Lin and Lee [14], which predicts higher PGA compare to
observed data from Kuala Lumpur, is only suitable for Taiwan and Greece regions

Fig. 3 Comparison of attenuation curves and recorded PGA on soil sites for interface subduction
earthquakes with moment magnitude of 6.0, 7.0 and 8.0 respectively
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(b)(a)

Fig. 4 Comparison of attenuation curves and recorded PGA for intraslab subduction earthquakes
with moment magnitude 7.0 on (a) rock and (b) soil sites respectively

Table 2 Summary of root mean squared errors (RMSE)

Attenuation model Moment magnitude (Mw) Interface Intraslab

Rock site Soil site Rock site Soil site

Youngs et al. [11] 6 0.28 0.20 – –
7 0.71 0.23 4.58 3.33
8 1.98 2.44 – –
9 8.64 – – –
Mean RMSE 2.90 0.96 4.58 3.33

Atkinson and Boore [12] 6 0.06 0.21 – –
7 0.31 0.33 1.88 2.60
8 1.73 4.67 – –
9 8.67 – – –
Mean RMSE 2.69 1.74 1.88 2.60

Adnan et al. [4] 6 0.06 0.22 – –
7 0.34 0.72 0.59 0.18
8 0.48 0.63 – –
9 5.29 – – –
Mean RMSE 1.54 0.52 0.59 0.18

Zhao et al. [13] 6 0.13 0.19 – –
7 0.33 0.53 0.73 0.83
8 0.61 1.20 – –
9 2.32 – – –
Mean RMSE 0.85 0.64 0.73 0.83

Lin and Lee [14] 6 0.36 0.34 – –
7 0.85 0.40 4.33 3.05
8 2.08 2.45 – –
9 8.26 – – –
Mean RMSE 2.89 1.06 4.33 3.05
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but not elsewhere [16]. Thus, the finding in this paper supports the results obtained
in previous study [16]. Global-based Atkinson and Boore [12] and Youngs et al.
[11] are unable to provide good estimations. This might be due to the worldwide
data used in deriving those models that are too random and not specific for a
certain region. Zhao et al. [13] gives closer prediction among all models in the
present paper excluding Adnan et al. [4]. This might be due to the abundance of
Japanese data (over 4,500 records) adopted in deriving the model which is more
specific and similar in geological and geographical features to Sumatra subduction
zone. Being the only attenuation model developed for Peninsular Malaysia, Adnan
et al. [4] yields the lowest RMSE compare to other models considered in this paper
except for interface events from rock sites.

6 Conclusions

Based on the results obtained, Adnan et al. [4] model provides the best fitting
curve in estimating PGA on soil sites for interface mechanism and rock and soil
sites for intraslab mechanism of subduction earthquakes compare to other selected
models in the present study. On the other hand, Zhao et al. [13] yields the best
estimation for PGA on rock sites for interface mechanism. In the future, this study
will be extended to other attenuation models and further research on developing an
attenuation model for Peninsular Malaysia should be carried out when recorded
data are sufficient.
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Strength of Quarry Dust Modular Bricks
and Wallettes Under Compression

Atikah Fatma Md Daud and Zakiah Ahmad

Abstract The compressive strength of masonry can be verified using two methods
namely the unit strength method and the prism test method. The characteristics of
masonry are influenced by the properties of bricks and mortar. This paper reports
the investigation made on the compressive strength of bricks manufactured using
quarry dust as sand replacement. Two types of bricks were prepared; hollow and
solid modular bricks with size of 190 mm (H) 9 100 mm (L) 9 100 mm (T)
which is a little bit bigger than the normal brick size. The compressive strength of
the bricks have been evaluated using individual unit and mortar strength, prism
and wallettes. The effects of different joint thickness on the compressive strength
were also evaluated. The strength of solid modular block with thicker mortar joint
was found to be higher the strength of hollow block. Based on the strength, both
bricks passed the minimum requirement of brick for government project.

Keywords Bricks � Mortar � Compressive strength

1 Introduction

River sand has been the most popular choice for the fine aggregate component of
concrete in the past, but overuse of the material has led to environment concern,
the depleting of securable river sand deposits and a concomitant price increase in
the material. Due to this situation, some developing countries are facing a shortage
in the supply of natural sand. Therefore a lot of studies have been carried out to
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replace natural sand such as fly ash, slag, limestone etc. [1, 2]. Malaysia is one of
the countries that are facing the same problems as other developing countries.
Quarry dust is a waste product after the extraction and processing of rocks to form
fine particles less than 6 mm. Quite a number of researchers have investigated the
potential of using quarry waste and its effect on the strength, workability and
durability of concrete [3].

Abdullah [4] investigated the mechanical properties of bricks produced using
quarry dust as sand replacement at different mix proportions of cement: sand:
quarry dust namely 1:10:0 (M1), 1:7.5:2.5 (M2), 1:5:5 (M3), 1:2.5:7.5 (M4) and
1:0:10 (M5) as well as 1:1:5 (control). The results showed that the bricks con-
taining 100 % quarry dust (1:0:10 (M5)) gave the highest strength and the lowest
water absorption compared to other ratios. That study showed that bricks with
quarry dust as sand replacement has great potential for construction. This paper
reports the investigation made on quarry dust brick masonry prisms and wallettes
under axial compression with different thickness of mortars on the surface of solid
and hollow bricks.

In order to have a strong masonry unit, there must be good bond between the
bricks and the mortar and the strength of the joints depend on the strength of the
mortar, types of mortar, thickness of the mortar etc.

A good bond between the units and the binding material is essential and
determines how the masonry transfers and resists stresses due to various applied
loads [5]. Under compression, the brick masonry will failed in different form of
failure characteristics. A number of failure theories have been proposed for brick
masonry in compression [6–9]. The theories make an assumption that the bond
between brick and mortar remains intact at the time of failure of the brick or
mortar. But studies have also shown that the masonry failure is generally
accompanied by bond failure in situations where very low brick–mortar bond
strength is used [10, 11].

Sarangapani et al. [11] showed the relationship between the bond strength and
compressive strength by keeping the mortar strength constant. They observed an
increased compressive strength when the bond strength of the masonry increased.
Meanwhile, study by Venkatarama and Vyas [5] showed that masonry compres-
sive strength is not sensitive to bond strength variations when the masonry unit is
stiffer than the mortar. During the compression of masonry prisms constructed
with bricks that are stiffer than the mortar, the mortar in the bed joint has a
tendency to expand laterally more than the bricks due to its lesser stiffness. Due to
the confinement of brick–mortar interface, the shear stresses at that interface
resulted in an internal state of stress which initiates vertical splitting cracks in
bricks that lead to failure of the prisms [12, 13]. The stresses developed are
generally attributed to the mechanical inter-locking of cement hydration products
into the surface pores of the bricks [14].

Gumeste et al. [15] reported that the crushing of weakest brick in a wallette
specimen often determines the masonry strength rather than the interaction
between brick and mortar and may mask the influence of the mortar strength on the
masonry strength. He also concluded that the failure of masonry specimens using
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weak mortar is primarily due to loss of bond between mortar and brick units and in
the case of stronger mortars failure is due to splitting of bricks.

As the performance of the bricks depends on the materials used and the perfor-
mance of the walling depends on the properties of bricks and also mortar therefore
this research investigated the compressive strength of hollow masonry manufactured
using quarry dust as sand replacement as individual unit and also as wallet unit.

2 Materials

2.1 Brick

The bricks were supplied by Syarikat Kilang Papan Mohamad Yusuf dan Anak-anak
as shown in Fig. 1. The brick size is 390 mm (L) 9 19 mm (H) 9 100 mm (W).

The bricks were manufactured using cement, sand and quarry dust with mix
ratio of 1:5:5 (cement:sand:quarry dust).

2.2 Mortar

The mortar was prepared using a ready-to-use material named EMACO R1 and
was used to replace the ordinary mortar mix. This is a fast curing mortar. EMACO
R1 contains special cements, well graded sands and selected polymers to improve
physical and application properties. The mortar was prepared by adding the water
to the EMACO R1. Mixing water needed is 0.2 L for 1 kg of EMACO R1. This
mortar was used in order to expedite the work. However the mortar has also been
used by construction industry.

3 Test Methods

Before the construction of the wallette specimens, the properties of the materials
that is going to be used, had to be known. The knowledge of the properties of the
mortar and brick would assist in the next analysis. Compressive strength of brick.

The compressive strength of individual brick was determined in accordance
with BS 3921:1985. Five (5) randomly picked bricks were first immersed in water
for 24 h. After pat dried, the dimensions of the bricks were measured and then
placed in compression machine.

To ensure a uniform bearing for the brick specimen, the specimen will be
placed between 3 mm thick plywood sheets to take up irregularities. The brick was
loaded at a rate of 3.0 kN/s.
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3.1 Compressive Strength of Mortars

The compressive strength of mortar was performed in accordance with
BS4551:1980 of size 50 9 50 9 50 mm3. Six (6) cubes were prepared and tested
after 7 and 28 days.

3.2 Compressive Strength of Masonry

3.2.1 Construction of Prism and Wallettes

Masonry wallettes and prisms were constructed in accordance with EN 1052-
1:1999 [16]. The prisms were constructed from 5 layers of bricks as shown in
Fig. 2a and the wallettes were fabricated using stretcher bond formation as shown
in Fig. 2b and each type were bonded with two (2) different thickness of mortar
namely 10 and 15 mm in order to determine the effect of mortar thickness on the
bond strength. The codes allow the height to thickness ratio of the test prisms to
range 2.0–5.0 and the height to thickness ratio for the prisms and wallettes for 10
and 15 mm mortar are 4.5 and 4.3 respectively. A total of 12 wallettes specimens
were constructed.

3.2.2 Compressive Strength Test

The compression test of the wallette specimens were tested based on BS5628-
1:2005. Lateral variable displacement transducers (L.V.D.Ts) were set-up on each
wallette as shown in Fig. 3 at three points on each wallette, one near mid-span, and
the other two were located at one-third of the height from top and bottom
respectively. Strain gauges of 67 mm gauge length were also attached. As for
prism test, no LVDT’s were attached to the specimen because strain was not
measured (see Fig. 4).

Fig. 1 Brick with quarry
dust
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990 m
m

390 mm 995 mm

(a) (b)Fig. 2 Prisms; (a) 5-brick
prism and (b) Stretcher bond
wallette specimen

Fig. 3 Experimental set-up
for testing of wallette
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4 Results and Discussions

4.1 Compressive Strength of Brick and Mortar

The compressive strength of individual brick or mortar was determined using
Eq. (1).

Fc ¼
Pc

A
ð1Þ

where Fc is the compressive strength in MPa; Pc is the maximum load at fracture
in Newtons; and A is the cross-sectional area in millimetres.

The compressive strength of mortar and the bricks (solid and hollow bricks) are
shown in Table 1.

From Table 1, it can be seen that the compressive strength of the hollow
modular block using quarry dust is 3.46 N/mm2 whilst for solid modular block the

Fig. 4 Experimental set-up
for testing of 5-brick prism
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compressive strength is 6.46 N/mm2. According to EN771-1-6, a minimum mean
value of compressive strength of masonry unit is 1.8 MPa to be used for masonry
walls. In Malaysia, for any bricks to be used as construction materials, the mini-
mum permissible average compressive strength specified by Public Works
Department is 5.2 MPa for bricks and 2.8 MPa for hollow blocks per 10 samples
taken at random from the Contractor’s stock pile of 1,000 or part thereof [18].
Hence both types of quarry dust bricks passed the building requirement. These
results also show that modular block unit is weaker than the mortar and it will give
effect to the prism and wallette tests.

4.2 Compressive Strength of Masonry

Quality and consistency of workmanship has an enormous effect on the strength of
masonry [17]. Therefore to ensure consistency in the construction of the samples,
all wallettes and mortar batches were carefully controlled.

4.2.1 Characteristics of 5-Brick Prism

Figure 5 shows the compressive strength of prisms for solid brick. As expected
that solid brick can resist more compressive load compared to hollow block. The
compressive strength of solid brick is 70 and 154 % higher than hollow brick. This
is due to the hollow section has not been filled with grout hence less mortar is
actually bonding the surface of the bricks.

Failure of the masonry in compression was generally due to crushing and
splitting of the bricks (Fig. 6) which later induced movement in the mortar as the
load increased which supported the Gumeste et al. [15] findings where masonry
with stronger mortars failure is due to splitting of bricks.

The compressive strength of masonry determined by the prism method is lower
than the compressive strength determined using the unit strength method. The
compressive strength of solid brick is 13 % higher than the compressive strength
of prism for solid bricks for 15 mm thickness mortar. Meanwhile, the compressive
strength of hollow brick is 55 % higher than the compressive strength of prism
with hollow bricks with 15 mm mortar thickness.

This is due to the masonry prism failed in compression prior to reaching the
load capacity of individual units. The restrain the unit places on the lateral

Table 1 Compressive
strength

Item Compressive strength (MPa)

Mortar 23.3 (for 7 days) and 33.8 (for 28 days)
Solid brick 6.46
Hollow brick 3.46
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expansion of the mortar joint induces lateral tensile stresses in the unit. Thus the
boundary restraints on the unit in the prism will never be as great as they are on
individual units when placed in compression between steel bearing plates.

As mentioned earlier the compressive strength of masonry is affected by the
compressive strength of units, the type of mortar used, workmanship and curing
and these variables are largely reflected in the results of prism test. Therefore,
prism test results are more representative of actual in-place performance of the
masonry than are tests of component masonry materials. The unit method of
masonry does not provide quality control on workmanship and curing as does the
prism method.
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4.2.2 Characteristic of Wallette

In Fig. 7 the stress versus strain of wallettes for different thickness of mortar shows
almost similar behaviour for all samples even though the thicknesses of mortar
joints are different.

Almost all specimens the collapse occurred when the specimens reached
maximum load but with different vertical shortening. Wallettes with hollow bricks
collapse at lower maximum load but higher vertical displacement which reflected
ductile behaviour.

The results of the compressive strength testing of masonry using wallettes with
different mortar thickness are presented in Fig. 8. Once again it can be seen that
the compressive strength of wallettes with solid brick can resist more compressive
load compared to hollow block. As the mortar thickness increases, the compressive
strength also increases. The compressive strength of wallettes with solid brick and
15 mm mortar thickness is 97.8 % higher than wallettes with 10 mm mortar
thickness.

The failure mode of wallette with 15 mm mortar was found to have higher
degree of failure compared to 10 mm mortar joint thickness. Wider and longer
vertical cracks can be seen (Fig. 8) on wallette with 15 mm mortar. Similar crack
patterns were also observed on the wallette with 10 mm mortar thickness (Fig. 9).
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These vertical cracks mainly occurred in the bricks and not along the mortar line.
These further masked the effect of mortar strength on masonry strength. The
vertical stress gets concentrated at perpendicular direction and leads to splitting of
the brick. Such behaviour has also been reported by Matthana [10].

The compressive strength of prisms with 15 mm mortar thickness is higher than
compressive strength of wallettes by 29 %. However, compressive strength of
prism is lower than the compressive strength of masonry unit by 13 %. For hollow
bricks, there is no significant different in the compressive strength of prism and
wallette with 15 mm thick mortar but this compressive strength is lower than the
compressive strength of brick unit by 55 %.

At this point of time, the use of wallette for strength determination is hence
more reliable. It may be necessary to test larger number of wallettes with different
types of bond to arrive at reliable strength results. This study can be further
enhanced by testing the brick–mortar bond strength.

5 Conclusion

The compressive strength properties of masonry bricks made from quarry dust as
sand replacement were investigated. The following conclusions were derived:

(a) The compressive strength of solid masonry unit is higher than hollow modular
block. The thicker the mortar joint, the higher the compressive load.

(b) The compressive strength of the masonry unit passed the minimum permis-
sible average compressive strength specified by Public Works Department is
5.2 MPa for bricks and 2.8 MPa for hollow blocks. Hence the use of hollow
bricks will allow for material saving as compared to solid bricks.

(c) As the compressive strength of mortar used is higher than the compressive
strength of bricks, the failure of the masonry in compression was generally due
to crushing and splitting of the bricks.

(d) The compressive strength of prisms with solid bricks for 15 mm mortar
thickness is higher than compressive strength of wallettes by 29 %. However,
compressive strength of prism is lower than the compressive strength of
masonry unit by 13 %.

Fig. 9 Crack observed in the
wallettete test; (a) 15 mm
mortar thickness and
(b) 10 mm mortar thickness
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(e) There is no significant different in the compressive strength of prism and
wallette for hollow bricks with 15 mm thick mortar but this compressive
strength is lower than the compressive strength of hollow brick unit by 55 %.
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A New Lateral Load Pattern Study Based
on a Different Limit States

Fadzli Mohamed Nazri and Bee Fang Ku

Abstract The main objective of this study is to overview the effect of different
type lateral load patterns on the moment-resisting steel frames (MRSF) by push-
over analysis. In this study, a number of different load patterns (k = 0.5, k = 0,
k = 0.5, k = 1 and k = 1.5) were used since this characteristic has a major
influence on the ensuing analysis in order to determine the capacity demands of the
structure. Seismic analyses on models designed (2-, 4- and 6- storeys MRSF) based
on Eurocode 8 with different lateral load patterns are carried out using SAP2000
software. Maximum base shear force and drift (%) that based on Vision 2000 and
FEMA-356 are determined to evaluate the seismic performance of the MRSF.
From the result, for every lateral load pattern, the maximum base shear force has a
significant decrement in higher number of storeys MRSF with a uniform cross-
section beams and columns due to larger structural weight. Performance is very
close for uniform distribution (k = 0) and parabolic distribution (k = 0.5). Sim-
ilarly inverted triangle distribution (k = 1.0) and another type of inverse parabolic
distribution (k = 1.5) performance appears to be same. As a comparison of drift
from the analysis with limit states that stated on Vision-2000 and FEMA-356,
using FEMA-356 to evaluate the performance level is more suitable is has higher
drift limit value for every stage and every lateral load pattern. In the graphs
according to FEMA-356, it can be noticed that all the collapse points are located
near the point which has maximum base shear value for all the lateral load pattern
cases. In order to get more accurate results, further studies need to be done by
using different material constructed the frames, using irregular shape of frames, or
higher proposed storeys.
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1 Introduction

Study of seismic behaviour and relative structural performance of the building
become intensively vital. Seismic performance of a building when subjected to
earthquake force is depending on its structural response characteristics.

Buildings sited outside the seismic zones such as those in Malaysia are not
designed for seismic loads. These buildings are designed according to BS 5950,
which does not have any seismic provisions. Due to recent seismic faults in West
Coast and Peninsular Malaysia, there is an urgent need to study the seismic per-
formance of existing buildings in Malaysia. To design buildings with seismic
resistance, Eurocode 8 (EC8) can be used as a designer guide serve to provide the
general provisions and requirements for earthquake-resistant design and con-
struction of buildings and other civil engineering works in seismic regions.

Therefore, a designer has certain control on the amount of the total (global)
structural damage experienced by the structure based on an appropriate selection
of stiffness, strength, and ductility (detailing) requirements in the conceptual
seismic design stages of a project. Nevertheless, a designer has limited control
over the distribution of damage, which is mainly caused by load redistribution
effects characteristic of inelastic structural responses. The lateral load patterns in
Eurocode 8 [1] and Equivalent Lateral Force (ELF) procedure is used to design
lateral-load resisting systems for regular structures.

In Eurocode 8, there are two types of lateral load patterns that have been
suggested, these are the triangular and the uniform one. It is known that these types
of lateral load pattern are not reliable in capturing the dynamic behaviour [2]. This
is because it is difficult to determine the force profile (up the structure) caused by a
particular ground motion, i.e. every single earthquake record produces different
behaviour. From this difficulty, in this study it will introduce a new lateral load
pattern that probably manages to predict an appropriate demand capacity as
compare with lateral load pattern that suggested by Eurocode 8. From the finding,
the drift for each type of lateral load pattern will then compare with the limit states
from the Vision-2000 [3] and FEMA-356 [4].

2 Nonlinear Analysis

2.1 Pushover Analysis

The nonlinear static procedure, colloquially known as ‘‘pushover analysis,’’ has
become a standard method for estimating seismic deformation demands in
building structures as well as their local and global capacities. As such, it has
become a popular tool among practicing engineers for the evaluation of the safety
of structures against an earthquake-induced collapse. This procedure is generally
considered to be more realistic in gauging the vulnerability of buildings during
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earthquakes than the linear procedures commonly contained in current codes. This
procedure is recommended for structures in which ‘‘higher mode effects’’ are not
significant. If these higher mode effects are significant, then the procedure needs to
be supplemented with a linear dynamic analysis [5].

Based on Krawinkler [6], the nonlinear static analysis (pushover analysis) is a
partial and relatively simple intermediate solution to the complex problem of
predicting force and deformation demands imposed on structures and their ele-
ments by severe ground motion. The important terms are static and analysis. Static
implies that a static method is being employed to represent a dynamic phenom-
enon; a representation that may be adequate in many cases but is doomed to fail
sometimes. The analysis implies that a system s evolution has been created already
and the pushover is employed to evaluate the solution and modify it as needed.

This study deals with the development of lateral load patterns for the conceptual
seismic design of moment-resisting frame structures. The proposed lateral load
patterns are based on inelastic behavior and are a fundamental component of a
proposed seismic design methodology to limit the extent of structural damage in
the system and distribute this damage uniformly along the height. These load
patterns are expected to provide a uniform distribution of story ductility ratios
when compared to the distributions obtained with moment-resisting frames
designed based on the code compliant design lateral load patterns.

The implementation of the aforementioned methodology would not only dis-
tribute damage along the height of the frame, but also help avoid undesirable
dynamic responses that occur once structural damage is concentrated in one or in a
few stories, e.g., story drift amplifications caused by P-delta effects [7].

2.2 Lateral Load Patterns

In pushover analysis, the first step is to suppose a certain lateral load pattern, and
then performs a static analysis of the structural model under this pattern. Several
lateral load patterns have been suggested:

1. Inverted triangle distribution (modal pattern);
2. Uniform distribution;
3. Load distribution based on linear elastic dynamic analysis or response spectrum

analysis of the building [8];
4. The adaptive distribution, which is varied as the inter story resistance changes

in each load step [9];
5. Distribution proportional to the product of the mass and fundamental mode

shape, which is used initially until the first yielding takes place, then the lateral
forces are determined based on the product of the current floor displacement
and mass at each step [10];

6. A distribution based on mode shapes derived from secant stiffness at each load
step [11].
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Figure 1 is the proposed lateral load patterns used in this study. They are
parabolic distribution (k = 1.5), inverted triangle distribution (k = 1.0), another
type of parabolic distribution (k = 0.5) and uniform distribution (k = 0).

The seismic action effects shall be determined by applying, to the two planer
models, horizontal forces Fi to all stories. The seismic forces Fi, distributed along
the height, are evaluated as follows:

Fi ¼ Fb
zk

i miPn
i¼1

zk
i mi

ð1Þ

where,

• n is the number of stories, and
• mi and zi are the ith floor mass and height measured from the foundation level,

respectively
• k is an exponent related to the effective fundamental period of the structure.

3 Moment-Resisting Steel Frame (MRSF) Structure

3.1 General

Moment-resisting steel frames were widely regarded as an excellent lateral
resisting system for building in seismic regions. In particular, moment resisting
beam-to-column connections in welded steel moment frames (WSMF) were
considered to be able to withstand large inelastic deformations without developing
significant strength degradation or instabilities and that should damage occur, it
would be limited to ductile yielding of beams and beam-column connections [12].
Resisting steel frames are highly regarded for their seismic per. Moment-resisting
steel frames are highly regarded for their seismic performance. They have dem-
onstrated great ductility in research, and they behaved well in past earthquakes.
Research has historically focused on a strong-column weak-beam (SCWB) steel
frame, since they have greater ductility than weak-column strong-beam (WCSB)
frames; however, it is sometimes uneconomical or impractical to obtain SCWB
behavior at every joint. Consequently, the UBC [13] and the NEHRP [14], permits
the use of WCSB joints under specific conditions. Also, design philosophy of steel
frames has changed over the years, and some of the conditions that led to favorable

Fig. 1 Proposed lateral load
patterns used in this study
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field performance during past earthquakes may no longer be valid. Modern steel
structures are often lighter and more flexible than older structures, and design
requirements are continually changing [15].

Moment-resisting steel frames have been extensively used in regions of high
seismicity for low-rise and midrise buildings because of their high ductility. In low-
rise structures when all outer and inner frames are designed as lateral load resistant,
the strong column weak beam (SCWB) principle leads to overdesign in columns
when the beam design is governed by gravity loads. To achieve a more economical
design, perimeter frame systems are used, especially in the United States. The
perimeter frame approach, however, suffers from low redundancy and lack of
redistribution capacity, making the whole structure potentially more vulnerable to
global collapse. The overdesign in columns of space frame systems can be reduced
by utilizing semi-rigid/partial-strength connections where columns are designed to
be stronger than the connections. In doing so, the same SCWB design philosophy of
protecting the columns against inelastic behavior is achieved because the con-
nections are the main energy-dissipating elements of the system. The benefit of
using such an approach is the significant reduction in column overdesign and the
elimination of the potential for brittle fracture in fully welded connections through
the use of field-bolted semi-rigid connections only. Therefore, using energy dis-
sipative semi-rigid/partial-strength connections in the design of low-rise steel space
frame systems in high seismic zones is an alternative to the perimeter frame design,
and its potential advantages need to be further explored [16].

3.2 Frames Description

A total of 12 MRSF examined in the study. The frame plan view illustrated in
Fig. 2 was adopted for all structures. The 2-, 4- and 6-storey MRSF with 3 bay
model was considered in this study as shown pictorially in Table 1. This generic
frame model has a constant storey height of 3.3 and 6 m of bay width.

4 Result

This study involves modeling, seismic analysis and redesign of beams and col-
umns of moment-resisting steel frames (MRSF) based on Eurocode 8 for earth-
quake resistance purposes. Seismic analyses on models designed with different
lateral load patterns are carried out using SAP2000 software. Maximum base shear
force (Fb) and drift (%) are determined to evaluate the seismic performance of the
moment-resisting frames. The limit state can be determined based on Vision-2000
[3] and FEMA-356 [4].
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4.1 Base Shear Force (Fb)

Base shear force (Fb) is the resultant lateral force occurs due to seismic ground
motion at the base of a structure. The calculation of base shear force (Fb) depend
on the soil condition at site, the level of ductility and the total weight of the
structure, the fundamental period of vibration of the structure as well as the lateral
load patterns.

Fig. 2 Capacity curve of 2
storeys moment-resisting
steel frame

Table 1 Summary of building models will be used in this study

Type of frames

Frame ns nb Lb (m) Lc (m) Beam section (UB) Column section (UC) T1 (s)
1 2 3 6 3.3 533 9 210 9 101 356 9 368 9 202 0.35
2 4 3 6 3.3 533 9 210 9 101 356 9 368 9 202 0.59
3 6 3 6 3.3 533 9 210 9 101 356 9 406 9 235 0.80

ns number of storey
nb number of bays
Lb length of beam
Lc length of column
UB universal beam
UC universal column
T1 period of the structure
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Figures 2, 3 and 4 showed the capacity curve of the different storeys MRSF
under different lateral load patterns.

From the figure above, it can be observed that the base shear force of MRSF
under uniform distribution (k = 0) is the highest value, followed by parabolic
distribution (k = 0.5), inverted triangle distribution (k = 1.0) and another type of
parabolic distribution (k = 1.5). This is mainly due to smaller masses of the
structural system. For every lateral load pattern, the base shear force has a sig-
nificant decrement in higher number of storeys MRSF with same cross-section
beams and columns due to larger structural weight.

4.2 Drift (%)

Lateral deflection is the predicted movement of a structure under lateral loads; and
story drift is defined as the difference in lateral deflection between two adjacent
stories. During an earthquake, large lateral forces can be imposed on structures;
EC8 requires that the designer assess the effects of this deformation on both
structural (such as beams and columns) and nonstructural elements (such as the
windows and cladding). Without proper consideration during the design process,

Fig. 3 Capacity curve of 4
storeys moment-resisting
steel frame

Fig. 4 Capacity curve of 6
storeys moment-resisting
steel frame
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large deflections and drifts can have adverse effects on structural elements, non-
structural elements, and adjacent structures.

Assuming that the drift provisions in the EC8 can indeed be followed, the
benefits of successfully implementing the provisions can be substantial. If properly
designed, structural framing elements and connections not part of the lateral force
resisting system should remain largely intact and be able to provide vertical
support for the structure even at large deflections. This eliminates non-ductile
failure of vertical load resisting system, such as that seen by some parking garages
during the Northridge Earthquake in 1994. Non-structural exterior elements will
remain largely undamaged by earthquake ground motion. This will help prevent
falling hazard and will limit water intrusion after an earthquake. Finally, if the drift
provisions in current codes are followed, buildings should generally not pound
together, which should reduce the threat to the vertical stability of columns from
impact from adjacent structures’ non-co-planar floor diaphragms and should
eliminate localized pounding damage at co-planar diaphragm locations.

For every lateral load pattern, the drift at the collapse point has a significant
decrement in higher number of storeys MRSF with same cross-section beams and
columns due to larger structural weight. For 2 storeys MRSF, it can be noticed that
the drift of MRSF under uniform distribution (k = 0) is the highest value, fol-
lowed by parabolic distribution (k = 0.5), inverted triangle distribution (k = 1.0)
and another type of parabolic distribution (k = 1.5). However, for 4- and 6- sto-
reys MRSF, it can be noticed that the drift of MRSF under parabolic distribution
(k = 1.5) is the highest value, followed by inverted triangle distribution (k = 1.0),
another type of parabolic distribution (k = 0.5), and uniform distribution (k = 0).

4.3 Comparison of the Seismic Performance

Seismic performance of a structure is described by designating the maximum
allowable damage state for an identified seismic hazard. ATC-40 [17] describes
standard performance levels for structural and non-structural systems and several
commonly used combinations of structural and nonstructural levels as (a) Opera-
tional, (b) Immediate occupancy, (c) Damage control, (d) Life safety, (e) Structural
stability and (f) Not considered.

The performance level of a building is determined based up on its function and
importance. Structures like hospital buildings, telecommunication centers, trans-
portation facilities etc. are expected to have a performance level of operational or
immediate occupancy for an identified seismic hazard that can occur for the
structure. Meanwhile a residential building must have a performance level of
damage control or life safety. Temporary structures or unimportant buildings or
structures came under the performance level of structural stability or sometimes
are not considered. The force deformation relationship as well as the performance
levels of a structure as well as a structural element is given in Fig. 5.
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According to FEMA-356 [4], for drift with 0.7 % transient and negligible
permanent, the structural performance level is type S-1 immediate occupancy.
FEMA-356 [4] also suggests 2.5 % for life safety and 5 % for near collapse.

One critical component of this approach is the definition of these performance
limit states. It has been suggested that structural deformation, typically inter-storey
drift, be employed as a relatively easy marker for the level of damage in the
structural system. Vision-2000 [3] suggests permissible drifts of 0.2 % for fully
operational, 0.5 % for operational, 1.5 % for life safety and 2.5 % for near col-
lapse. There are questions as to whether drift is well correlated with damage in all
cases.

In this study, the results of drift are compared according to Vision-2000 [3] and
FEMA-365 [4]. This comparison is separated for different lateral load patterns
(Figs. 6, 7, 8, 9, 10, 11, 12 and 13).

From the figures above, it can be observed that Vision-2000 has lower drift (%)
for every stage compared to FEMA-356. With lower drift (%), there is lower base
shear value. This is due to the safety factor used in Vision-2000 is higher and then
the limit drift has lower value. Hence, if the designer uses this value of base shear
to design the building, the value is considered low compared to FEMA-356.
Consequence of this, the building designed may be not safe enough especially for
higher number of storeys.

Using FEMA-356 to evaluate the performance level is more suitable. In the
graphs according to FEMA-356, it can be noticed that all the collapse points are
located near the point which has maximum base shear value for all the lateral load
pattern cases. In order to get more accurate results, further studies need to be done
by using different material constructed the frames, using irregular shape of frames,
or higher proposed storeys.

Fig. 5 Force-deformation
relationship of a typical
plastic hinge [4]
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Fig. 6 Graph shows the performance level of 6 storeys MRSF under uniform distribution
(k = 0) according to vision-2000

Fig. 7 Graph shows the performance level of 6 storeys MRSF under uniform distribution
(k = 0) according to FEMA-356
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Fig. 8 Graph shows the performance level of 6 storeys MRSF under parabolic distribution
(k = 0.5) according to vision-2000

Fig. 9 Graph shows the performance level of 6 storeys MRSF under parabolic distribution
(k = 0.5) according to FEMA-356
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Fig. 10 Graph shows the performance level of 6 storeys MRSF under inverted triangle
distribution (k = 1.0) according to vision-2000

Fig. 11 Graph shows the performance level of 6 storeys MRSF under inverted triangle
distribution (k = 1.0) according to FEMA-356
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Fig. 12 Graph shows the performance level of 6 storeys MRSF under another type of parabolic
distribution (k = 1.5) according to vision-2000

Fig. 13 Graph shows the performance level of 6 storeys MRSF under another type of parabolic
distribution (k = 1.5) according to FEMA-356
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5 Conclusion

This study evaluates the 2-, 4-, and 6- storeys MRSF under different lateral load
patterns and compares its structural performance according to Vision-2000 [3] and
FEMA-356 [4]. The following conclusions can be made from this research:

(1) Lateral load patterns have been influenced the structural response such as base
shear and drift.

(2) For all the four type loadings the performance points are very close.
(3) Performance is very close for uniform distribution (k = 0) and parabolic

distribution (k = 0.5). Similarly inverted triangle distribution (k = 1.0) and
another type of parabolic distribution (k = 1.5) performance appears to be
same. This is due to the close similarity between the load patterns.

(4) MRSF with uniform distribution is overestimated the base shear value. Par-
abolic distribution (k = 0.5) can be considered in design work.

(5) Different lateral load pattern shows only slight change in performance point in
regular MRSF. The case may vary for irregular buildings.

(6) To select the exact lateral load pattern, performances of MRSF in different
configuration have to be studied and should be compared with nonlinear time-
history analysis.

There are many aspects that still required further study in this research. Fol-
lowing recommendations can be considered for further research study:

(1) To study performances of MRSF under different lateral load patterns and
compare with nonlinear time history analysis.

(2) To study the effect of different material used for the moment-resisting frames
such as concrete and timber.

(3) To further study on higher storeys instead of 2-, 4- and 6- storeys MRSF.
(4) To perform the similar study with different cross section of beams and col-

umns for each floor.
(5) To perform the similar study with irregular shape of steel frame.
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Alkaline Activators Concentration Effect
to Strength of Waste Paper Sludge Ash-
Based Geopolymer Mortar

A. R. M. Ridzuan, A. A. Khairulniza, M. A. Fadzil, J. Nurliza,
M. A. M. Fauzi and W. M. F. W. Yusoff

Abstract The purpose of this study is to determine the effect of concentration of
sodium hydroxide solution on the strength of Waste Paper Sludge Ash (WPSA)-
based geopolymer mortar. Initially, the WPSA samples were been analyzed using
X-ray Fluorescence (XRF) to determine the chemical composition. From the XRF
analysis, the by-product WPSA manufactured from Malaysian Newsprint Industry
(MNI), located at Mentakab Pahang, Malaysia containing higher amount of cal-
cium, silica and alumina. Alkaline solution are from soluble sodium-based used in
geopolymerization are combination of Sodium Hydroxide (NaOH) and Sodium
Silicate (Na2SiO3). The specimens were carried out on size 50 9 50 9 50 mm
cube and fresh mortar were been cured at an oven temperature and ambient
temperature. The compressive strength tests were conducted after aging the
specimen at 3, 7, 14, and 28 days. The results revealed that as the concentration of
NaOH increased, the compressive strength of geopolymer mortar increases.
However, the optimum NaOH concentration of WPSA geopolymer mortar is at
12 M. More than 12 M concentrations of NaOH were produced high porosity and
decreasing the strength. The range of Na2SiO3 to NaOH solution ratio by mass to
produce high strength geopolymer mortar is 2.5. Moreover, curing of fresh WPSA
geopolymer mortar is performed mostly at an oven temperature compared to
ambient temperature due to heat being a reaction accelerator.

Keywords Waste paper sludge ash (WPSA) � Geopolymer mortar � Strength �
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1 Introduction

The production of Ordinary Portland Cement (OPC) releases large amount of
carbon dioxide (CO2) to the atmosphere that significantly contributes to global
greenhouse gas emissions. One ton of CO2 gas is released into the atmosphere for
every ton of OPC produced. Currently, the world annual OPC production is about
7–8 % of the global loading of carbon dioxide into the atmosphere [1, 2].

By the year of 2010, the global cement consumption is to reach 2 billion tons,
meaning that approximately 2 billion tons of CO2 been released into the atmo-
sphere. Therefore, world need an alternative binder to produce more environ-
mentally friendly. An alternative binder is to target reduction in CO2 emissions
from cement for example in this present study used Waste Paper Sludge Ash
(WPSA) to replace cement. The use of WPSA may reduce the total energy demand
for producing cement, lower the emissions of greenhouse gasses into the atmo-
sphere from the concrete industry, and recycle the WPSA that otherwise only
disposed in landfill. In this view, the utilization of WPSA can make valuable
contribution to the reduction of environmental impact from concrete industry.

In 1978, Joseph Davidovits [3] developed a binder called geopolymer. Geo-
polymer is a result of geopolymerisation process of silicon and aluminium from
the source materials with alkaline solutions. In geopolymerisation, alkaline acti-
vator plays an important role. The most suitable alkaline solution used in geo-
polymerisation is a combination of sodium hydroxide or potassium hydroxide and
sodium silicate or potassium silicate [4–7]. The choice of the alkaline solution
mainly depends upon the reactivity and the cost of the alkaline solutions. Previous
studies [5, 8–10] indicate that sodium silicate solution in combination with sodium
hydroxide is an effective alkaline activator. Palomo et al. [5], in their study on fly
ash based geopolymers has reported that the type of alkaline activator was the
significant factor affecting the mechanical strength of geopolymers. They found
that the combination of sodium silicate and sodium hydroxide produced the
highest compressive strength.

Concentration of sodium hydroxide (NaOH) is the most important factor for
geopolymer synthesis [11]. The solubility of aluminosilicate increases with
increase in hydroxide concentration [12]. The use of higher concentration of
NaOH yield higher compressive strength of geopolymer concrete [10].

Most of the previous studies on the engineering properties of geopolymer
concrete or mortar are utilized fly ash based geopolymer. Very limited studies
available on the properties of geopolymer mortar produced using WPSA based
binder of geopolymer mortar. Hardjito et al. [13], Hardjito and Rangan [14]
conducted study on the effects of sodium hydroxide concentration on the com-
pressive strength of fly ash based geopolymer mortar reported that alkaline con-
centration was proportionate to the compressive strength of geopolymer mortar.
They have claimed that higher concentration of sodium hydroxide solution result
in a higher compressive strength of geopolymer mortar.
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2 Materials and Experimental Details

2.1 Materials

In this study, high calcium WPSA from Malaysian Newsprint Industry (MNI) in
Mentakab, Pahang, Malaysia, was used as the source material. The WPSA parti-
cles are spherical, and grey in color. The chemical composition of WPSA as
determine by X-Ray Fluorescence (XRF) analysis, given in Table 1. Figure 1
show paper making process flow from MNI.

A combination of sodium hydroxide (NaOH) and sodium silicate (Na2SiO3)
solution was used as the alkaline activators in this research. Distilled water was
used to dissolve NaOH pellets to prevent any effect of unknown contaminants. The
mass of the NaOH dissolved in distilled water varies according to the required
concentration of solution. The range of NaOH concentration used in this research
was in between 8 and 14 M.

2.2 Mix Design, Preparation and Curing of Mortar
Specimens

The mix proportions of high calcium WPSA geopolymer mortar in this study were
been changed at Alkaline Activator Ratio (Sodium Silicate with Sodium
Hydroxide) and molarities of Sodium Hydroxide. WPSA were been used 100 % as
a binder for this mortar. The Alkaline Activator Ratio of sodium silicate to sodium
hydroxide solution (Na2SiO3/NaOH) by mass was 2.5 for all mixture proportion.
The different molarities of Sodium Hydroxide to waste paper sludge ash are 8, 12
and 14 M. All mix design by weight. Mix Design: Sand—1,382 kg/m3, WPSA—
503 kg/m3, Alkaline Activators—255 kg/m3 and Water—adjustable. The total
specimens that the present study were use are 108 cubes mortar. The high calcium
WPSA geopolymer mortar were process in about 12 batches because it were
depend on curing method and molarities of NaOH. Compressive strength testing
was conducted based on BSEN 12390-4:2000 Testing hardened concrete: Com-
pressive strength—Specification for testing machines.

3 Result and Discussion

Figure 2 showed the strength effect of alkaline activator with ratio 2.5 at different
molarities/concentration of NaOH. The finding proved that salient parameters
effect the low compressive strength of geopolymer mortar is high CaO content in
WPSA. High CaO content occurred in WPSA is due to utilization of lime in the
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whiteness, brightness, opacity, gloss, and smoothness process during production of
paper. Graph show that 12 M NaOH is optimum molarities of WPSA geopolymer
mortar compares to 8 and 14 M which is it gain highest strength up to 7.0 N/mm2

at 28 days after oven curing. It was observed that an increase in compressive
strength from 8 to 12 M but decreased from 12 to 14 M for all days of testing.

In normal geopolymer concrete as showed by Alonso and Palomo [15], it was
evident that an activator with a 12 M of NaOH concentration led to better per-
formances than 14 M of NaOH concentration due to an excess of OH- concen-
tration in the system involved a strength decrease of the alkali. This finding also
been proven by Fadhil Nuruddin [16].

Based on Fig. 2, the compressive strength of concrete specimens increases as
sodium hydroxide concentration in the aqueous phase increases from 8 to 12 M,
however, it decreases with the further increase in sodium hydroxide concentration.
It is accepted that an increase in alkali concentration enhanced geopolymerization

Table 1 Chemical
composition of WPSA as
determine by XRF

Formula WPSA (%)

LOI 12.6
CaO 53.1
SiO2 19.3
Al2O3 9.03
MgO 2.31
Fe2O3 1.25
SO3 0.53

Fig. 1 Paper making process flow from MNI
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process resulting to an increase in the compressive strength of geopolymer.
However, excess hydroxide ion concentration caused aluminosilicate gel precip-
itation at the very early stages, and subsequent geopolymerization was hindered,
resulting in lower strength of geopolymer [17].

4 Conclusion

A higher concentration of sodium hydroxide in the aqueous phase proved to have
positive effect on geopolymerization process and this is revealed by the improved
compressive strength. However, an increase in the sodium hydroxide concentra-
tions beyond 12 M caused negative effect on the geopolymerization resulting in
lower the compressive strength. Based on the test results and subsequent discus-
sions, the following broad conclusions can be drawn:

• Industrial by-products like WPSA can be advantageously used in producing
geopolymer composites.

• In general, strength of WPSA geopolymer mortar increases with increase in
alkaline activator ratio 12 M is optimum molarities of NaOH of WPSA geo-
polymer mortar.

Fig. 2 Compressive strength of WPSA based geopolymer mortar with alkaline activators ratio
2.5
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• WPSA based geopolymer mortar can emerge as an eco-friendly and sustainable
construction material and up to 7.0 N/mm2 strength it can be used for the
manufacture of compressed blocks/pavers.

• Based on Eurocode 6, minimum recommended compressive strength for
material used as block or brick in unreinforced masonry is 5 MPa.

Acknowledgments Gratitude to the Ministry of High Education (MOHE) in providing the
FRGS grant which initiated this project and to University Teknologi MARA (UiTM), and the
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Seismic Performance of Laminated
Rubber Bearing Bridges Subjected
to High Intensity Earthquake
Time-History Loading

Wan Noor Azhar Wan Sulaiman and Norliyati Mohd Amin

Abstract Malaysia needs to be more aware of the seismic effect on the infra-
structure facilities especially on the bridge structure located in the dense popula-
tion which is prone to the earthquake especially in Peninsular Malaysia. If the
bridges fail in the event of earthquake, the rescue and relief effort will be halted.
The most common strategy to enable the bridge sustain under the seismic loading
is by using base isolator. Base isolator will reduce the reaction of the seismic force
to the bridge. At present, the studies of the numerical modeling using 3D solid
element are minimal. In this paper, the Finite Element Analysis using 3D solid
element was chosen because it increases the accuracy of analysis result. In order to
obtain the details response of the laminated rubber bearing (LRB), transient
analysis was done under Kobe earthquake excitation. Structural damage in the
form of permanent deformation is unavoidable. The failure of the laminated rubber
bearing will made the superstructure’s weight disable to provide a reasonable
balance between shear force transmitted to the pier and displacement of the bridge
deck. It was also found that the high value of displacement occurred at the elas-
tomer in the laminated rubber bearing under Kobe earthquake excitation.

1 Introduction

Malaysia is bordered by Sumatra and Philippines, which are the seismic sources
zone. Malaysia has felt tremors several times due to the earthquake event
originated from both countries especially in Peninsular Malaysia region.
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The earthquake event is originated from the intersection areas of Eurasian plate
and Indo-Australian plate near Sumatra. Relatively, Malaysia is far away from
seismic Sumatra zone but it is recorded that the nearest earthquake epicenter from
Malaysia is approximately 350 km. The distance of the epicenter is almost same
with the Mexico City earthquake in 1985 which it caused seriously damaged to the
Mexico City. The 8.1 magnitude of the quake struck the Mexico City. The effects
of the quake were particularly devastating because the city sits atop a combination
of dirt and sand. These combinations are much less stable than bedrock and quite
volatile during an earthquake occurred. Almost Klang Valley areas also sit atop of
filling area which comprised of sand. Due to the above fact, Malaysia needs to be
more aware to the seismic effect on the infrastructure facilities especially bridge
structure at the location of high population. The bridge acts as an important link in
transportation network. If the bridges fail due to the earthquake event, the relief
and rehabilitation work will cripple. There are many cases the failure of bridges
around the world such as Santa Clara River Bridge pounding damage in 1994
Northridge earthquake, Nishinomiya-ko Bridge due to the Hyogo-Ken Nanbu
earthquake in 1995 and the Kobe earthquake in 1995 lead to destructive damage to
the highway bridge.

2 Overview

Dynamic analysis is the main analysis in order to know the behavior of the
structural subjected to earthquake excitation. Earthquake is classified as the non-
periodical loading because the loading in irregular condition. The loading vary
with time induced from ground motion. Ground motion is represented by the time
history or seismograph in terms of acceleration, velocity and displacement for a
specific location during an earthquake. Time history can be plotted in three
dimension x, y and z. From the analysis, it can provide several informations that
significant for design. For example, value of forces, moment and displacement will
be obtained from the structural analysis. There are several methods in the dynamic
analysis that suitable for the bridge structure under earthquake excitation. How-
ever, the time-history method was used in this study by using the actual earthquake
time-history. The time-history method is a numerical step-by-step integration of
equations of motion. It is usually required for critical or important or geometrically
complex bridges.

Based on Powel [1], the selection of the analysis method is depending on the
effective design decision. The selection must be suitable with complexity of bridge
structure besides the local condition of the site. Therefore, for this study, time-
history method of analysis is considered. This is because this study involving
investigation of bridge element response in x, y and z direction subjected to Kobe
earthquake time-history loading.
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3 Transient Analysis

Since this study is related to the time-history analysis, it involved a method of
analysis so called transient dynamic analysis. A transient dynamic analysis is a
technique which is used to determine the time history dynamic response of a
structure to arbitrary forces varying in time. On the right hand side of Eq. (1) any
function for the load vector may be specified, i.e. p (t) = p (t). This type of
analysis yields the displacement, strain, stress and force time history response of a
structure to any combination of transient or harmonic loads. To obtain a solution
for the equation of motion (1) time integration has to be performed.

m€ut þ c�uþ ku ¼ �mug ð1Þ

where k is the spring constant; €ut is the acceleration; �u is the velocity; u is the
displacement; ug is the ground acceleration; c is the damping ratio and m is the
mass of dynamic system.

They can be broadly classified into implicit and explicit methods. Considering
the stability of these two types of integration methods we notice that implicit
methods are usually unconditionally stable which means that different time step
sizes can be chosen without any limitations originating from the method itself.

Explicit methods on the other hand are only stable if the time step size is
smaller than a critical one which typically depends on the largest natural frequency
of the structure. Due to the small time step necessary for stability reasons explicit
methods are typically used for short-duration transient problems in structural
dynamics [2].

Based on the facts, implicit method has been used whereby there is no limi-
tation to choose different time steps size for load vector input. The reason is
because the load vectors input for this study represent the earthquake excitation
with uncertainty different time step size.

Newmark’s Method is used as numerical evaluation of dynamic response. This
method is developed by N. M. Newmark in 1959. The method involved a family of
time-stepping methods based on the following equations:

�uiþ1 ¼ �ui þ 1� cð ÞDt½ �€ui þ cDtð Þ€uiþ1 ð2Þ

uiþ1 ¼ �ui þ Dt½ ��ui þ 0:5� bð Þ Dtð Þ2
h i

€ui þ%% b Dtð Þ2
h i

€uiþ1 ð3Þ

The parameter of b and c define the variation of acceleration over a time step
and determine the stability and accuracy characteristics of the method. Typical

selection for c is 1=2 and 1=6� b� 1=4 is satisfactory from all points of view
including that of accuracy. These two equations are combined with Eq. (1) at the
end of the time step. It provide the basis for computing uiþ1; �uiþ1; €uiþ1 at time
i ? 1.

This method is very useful in order to determine the deformation response of
the bridge structural element in x, y and z direction subjected to Kobe earthquake

Seismic Performance of Laminated Rubber 179



time-history loading. Newmark’s Method is known as implicit method as the
current time i is used at the end of the time step.

4 Earthquake Damage to Bridge

As bridge element is the vital link in transportation system, earthquake damage to
bridge caused severe consequence. Therefore, understanding of the causes of
damage is very important in order to overcome the damages through analysis and
design consideration. Three general types of damages normally occur to the bridge
due to the earthquake:

a. Displacement in all direction (transverse, longitudinal and vertical)
b. Exceeded reaction forces at connection system, and
c. Inelastic structural response to the bridge components.

The most destructive of the bridge damages is the bridge deck collapse from the
pier. Superstructures are designed to support service gravity load and lateral load
for earthquake excitation. The superstructure is supported by bearing and pier.
Superstructure consists of post stress beam and slab. The combination between
those elements is called bridge deck. The bridge deck collapse or unseating from
the pier and abutment is because of the relative displacement between bridge deck
and pier. Figure 1 shows the example of how the bridge deck collapse.

The movement of the superstructure leads to failure of the bearing. When the
bearing fails the superstructure tend to rotate and collapse. This can be seen as in
Fig. 2 Nishinomiya-ko bridge bearing failure in the 1995 HyogoKen Nanbu
earthquake.

Some bridges, the bearing is used to sustain with the force in one or two
directions. At the same time it allows the movement in one or two direction.
Therefore, when the bearing failed in an earthquake as in Fig. 3 it caused the

Fig. 1 Girder falling in
Lauhan bridge [4]
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distribution of internal force between superstructure and substructure in unbalance
condition.

The reinforcement ratio of stirrup is not enough, and the buckling of the main
steel will result in the crushing of core concrete, then the pier could not be able
support the upper loads from the bridge deck. This condition can be seen in Fig. 4.

5 Bridge Model

The existing bridge has been selected in order to investigate the capability of LRB
that has been used in bridge subject to earthquake loading. The Kajang-Seremban
Highway bridge is selected for this study to represent bridge model to conduct a
linear dynamic time history. The bridge used Laminated Rubber Bearing which is

Fig. 2 Nishinomiya-ko
bridge bearing failure in the
1995 HyogoKen Nanbu
earthquake [5]

Fig. 3 The rubber bearing
pad is dislocated [4]
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aligned with this study to investigate the displacement of the LRB subjected to the
Malaysia earthquake time-history loading. The bridge is selected also due to the
availability of structural drawing and mechanical properties of structural elements.

The details of the bridge structural elements as in Fig. 5. The bridge is simply
supported bridge using post stress beam. The abutment type is seat abutment. It is
single span with length of 44,000 mm. However, the abutment is formed with
column and crosshead beam. The Laminated Rubber Bearing is used with
dimension 400 9 400 mm. The width of the deck is 15,300 mm where by it can
be considered as R5 road geometry class. All the design consideration is based on
BS 5400:2006.

The entire structural model is based on the existing bridge. The materials
properties of the bridge as in Tables 1 and 2.

Kobe Time History loading was used in this study because the magnitude of
quake is 7.0 M and availability of the earthquake data. The form of earthquake
loads depends on the type of analyses. In this study, one synthetic sample of time
history in x, y and z axis has been used. The data will be applied for the time-
history analysis using Ansys software for this study. The time—history data is in
acceleration versus time as in Fig. 6. The data is obtained from the Pacific
Earthquake Engineering Research Centre (PEER).

6 Finite Element Analysis

The seismic analysis of Kajang—Seremban Highway is implemented by using
Finite Element software in three dimensional modelling. All the structural mem-
bers are used 3D solid element types hexahedral elements as in Fig. 6. The total
Hexahedral elements that have been applied in the model are 67,000 elements
(Fig. 7).

Fig. 4 Pier failure of viaduct
in Northridge Earthquake [4]
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All the elements in the model are using linear elastic properties. The bridge
superstructure including the post stress beam and concrete deck were presented
using linear elastic elements. Nominal properties were used for both post stress
beam and concrete deck with the post stress beam having a modulus of elasticity of
34 kN/mm2 and concrete deck having a modulus equal to 31 kN/mm2.

Substructure elements were included in the computational models. Included in
the substructure models were the abutment, column, crosshead beam and footing.
Modulus of elasticity that has been assigned to the substructure elements is 31 kN/
mm2. The piles are not considered in this analysis. Fixed support is assigned at the
bottom of footing. Soil—structure interaction was not considered at the behind of
abutment since this study limited to the linear analysis.

Fig. 5 The details of the bridge structural elements. a Elevation view. b Section view

Table 1 Material properties of each element in bridge model

Types of material Young’s modulus (kN/mm2) Poisson’s ratio Density (kg/m3)

Post stress concrete 34 0.15 7,874
Rubber 0.01 0.4999 910
Reinforced concrete 31 0.15 2,400
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Laminated Rubber Bearing also was modelled using solid element. The elas-
tomer is modelled by using modulus of elasticity of 0.01 kN/mm2. While steel
shims inside the elastomer using a modulus equal to 210 kN/mm2.

Figure 8 shown the numbers of degree of freedom is increased at the laminated
rubber bearing in order to obtain the approximate result of the deformation under
seismic loading.

Full transient analysis has been done in this study to define the behaviour of
bearing under specified time history earthquake loading. However, modal analysis
still needed in order to find the Rayleigh Damping for the bridge model. The
purpose to conduct modal analysis is to obtain the natural frequency of the bridge
and the mode shape. These two data are useful to find the value of Rayleigh
Damping. Since the value of damping ratio is difference between of the other
system or bridge therefore damping could be idealised as proportional to the
stiffness of the structure. It is assumed that a portion of the energy is lost due to the
deformation of the structure.

z - direction

x - direction

y - direction

Fig. 6 Time-history Kobe
earthquake

Fig. 7 Finite element
modelling
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Damping is accounted for the model using 1.3 % [3]. Modal analysis was done
by using Ansys software. The frequency and mode shape gave result as in Table 3.
The analysis considered six modes. The shapes of the modes are as in Figs. 9, 10
and 11.

Fig. 8 Increasing discretisation of elements at the laminated rubber bearing

Table 3 Modes and
frequency of the bridge

Modes Frequency (Hz)

1 7.5756
2 8.1896
3 9.1494
4 12.153
5 16.176
6 16.344

Mode Shape 1 Mode Shape 2

Fig. 9 Mode 1 and 2
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7 Displacement Response

From the time-history analysis, displacement response of the bridge has been
simulated. The graph displacement responses versus time were generated.
Response of the bridge structural element can be observed from the graph based on
the time-history earthquake excitation. It was found that the displacement response
under Kobe is bigger since the bridge is not applied seismic design. The dis-
placement response (in mm unit) of the laminated rubber bearing can be seen
through the graph as in Fig. 12. The displacement in z direction gave the biggest
value.

The maximum horizontal displacement is 381.29 mm under Kobe earthquake
excitation. The Table 4 show the result has been obtained. The existing of LRB is
designed to sustain with limit of displacement 34.92 mm in z direction. Based on
the result, the LRB could not be able to sustain under the earthquake excitation
(Fig. 13).

Laminated Rubber Bearing deformed to the maximum level under Kobe earth-
quake excitation. The deformation occurred due to the overturning of the structure.

Mode Shape 3 Mode Shape 4

Fig. 10 Mode 3 and 4

Mode Shape 5 Mode Shape 6

Fig. 11 Mode 5 and 6
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It was also accompanied by the lateral shear exist between the steel plate and
elastomer. Since the shear deformation is high it induce top of LRB to move upward
by larger displacement. The LRB totally failed as the designed displacement value
is only 1.59 mm in y-direction. The failure of the laminated rubber bearing will
made the superstructure’s weight disable to provide a reasonable balance between
shear force transmitted to the pier and displacement of the bridge deck. As a result
the superstructure is dislocated or pounding from the abutment as in Fig. 1.

The Von Mises stresses is adopted to define the behaviour at pier. Time step at
10.4 s generates the high value of stress response. Based on Fig. 14, high stress
occurred at the bottom of the pier. That was occurred when the laminated rubber
bearing disable to provide a reasonable balance between shear forces transmitted
to the pier and displacement of the bridge deck.

Fig. 12 Displacement responses of laminated rubber bearing subjected to Kobe earthquake time-
history loading

Table 4 The result for the maximum displacement of the LRB in x, y and z direction subjected
to Kobe earthquake loading intensity

Earthquake
loading

Laminated rubber bearing
displacement response
(x-axis) (mm)

Laminated rubber bearing
displacement response
(y-axis) (mm)

Laminated rubber bearing
displacement response
(z-axis) (mm)

Kobe 189.46 101.23 381.29

188 W. N. A. W. Sulaiman and N. M. Amin



8 Conclusion

A details study on rubber bearing is needed in earthquake engineering and bridge
study to define the behaviour of bearing under ground motion. All direction of
rubber bearing displacement can be studied by using 3D solid elements. A time-
history analysis using Newmark’s Method is very useful in order to obtain the
response of rubber bearing and the whole structure for a specified time history of
excitation.

Fig. 13 The laminated rubber bearing deformed under Kobe earthquake excitation

Fig. 14 Von Mises stress response (MPa) at pier subjected to Kobe earthquake at time step
10.4 s

Seismic Performance of Laminated Rubber 189



From the analysis, several conclusions can be made regarding to the dis-
placement behaviour of the rubber bearing such as listed below:

a. The selected bridge can sustain under earthquake up to time step at 7.2 s.
b. The maximum displacement of the laminated rubber bearing occurred at time

step 10.4 s.
c. The high stress of pier occurred at time step 10.4 s.
d. The displacement of rubber bearing can be studied at specified time history

earthquake loading through time history analysis.
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Chemical Characterization of Used
Cooking Oil Foaming Agent as Admixture
in Foamed Concrete

M. M. A. Hafiz, A. R. M. Ridzuan, M. A. Fadzil and J. Nurliza

Abstract In order to reduce waste materials to be disposed, the new created used
cooking oil foaming agent is created. This formulated is categorized as foaming
agent admixture for foamed concrete applications. The sample had been collected
at nearest restaurants located in Seksyen 7, Shah Alam, Selangor. To become
foaming agent it must pass through specific process of formulation. Then, for
chemical analysis is intention to characterize and screening chemical compounds
of waste cooking oil. For this purposes, FTIR and EDAX which chemical
instrumentations are been used. Chemical functional groups analysis for liquid
foaming agent is done by FTIR. EDAX analysis specifically for solid material of
foamed concrete. From the results FTIR analysis shown lipid groups are the major
chemical functional groups. Meanwhile from EDAX analysis results, was shown
the Calcium is the highest elements for both used cooking oil foamed and synthetic
foamed concrete.

Keywords Used cooking oil � Foaming agent � Characterization � Analysis �
Foamed concrete

1 Introduction

In line with Malaysia has abundant supply of palm oil, and now it is a good time to
take part to deal with this renewable resource. By utilization of used cooking oil
will help to reduce the waste disposal problems and also to avoid environmental
pollutions [1]. Due to the environmental issues, here an intention to create
new foaming agent admixture in order to utilize the waste from food industries.
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The admixture applications are wide but it depends on what purposes to be added
in concrete. Admixtures are will mix into concrete that contribute for unique
characteristic on the concrete properties, behavior of concrete during fresh and
harden and also have potential to affect the durability and mechanical of the
concrete. Other than that, admixture is one of others added materials that to
enhance the properties of the concrete which where to increase the workability,
enhance rheological and adsorption of cement paste [2].

In this particular research will discover the characterization of formulated used
cooking oil foaming agent for it major components and compare with other
foaming agent such as protein and synthetic. For characterization, it might involve
in chemical functional group analysis by fourier transform infra red FTIR
instrumentation. Whereas for element identification will involve with energy
dispersive x-ray EDAX which for analyzing the lightweight foamed concrete from
new formulated used cooking oil with synthetic foamed concrete.

2 Materials and Method

2.1 Sample Collection and Filtration

Waste from used cooking oil was collected from nearest restaurant at Shah Alam,
Selangor. These restaurants have involved in food preparation for every day and was
produced a lot of used cooking oil. The food preparations in these particular res-
taurants were practically use palm oil mostly purposes for food frying. The impurities
and oxides compounds present in used cooking oil also differ due to the different
materials usages and high temperatures were applied during the food preparations.

First stage of this study is to characterize the chemical composition of used
cooking oil by comparing it with palm oil, protein and synthetic foaming agents.
The purpose of characterization the chemical elements are to compare and ensure
for better understanding toward chemical functional groups among foaming agent
and it elements present when in the concrete formed. For characterizing of
chemical functional groups, analytical instrumentation is very helpful. Fourier
Transform Infrared FTIR is required to perform this kind of analysis. Usually,
samples strictly to be treated before it to be analyzed. Meanwhile the EDAX
analysis has begin use for all foamed concrete that were used the same types
foaming agents for FTIR analysis. All sample need to be coated with gold before it
begin analyze by EDAX.

2.2 Formulation Used Cooking Oil Foaming Agent

For formulation process, the used cooking oil is required to be treated by filtration
process. This steps is aim to remove the coarse solid materials and small debris
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resulted from the food preparation. The initial steps of process is used cooking oil
sample is keep in 30 L plastic drum at room temperature until ±48 h. At the same
time, the settlement process took part and function to allow the separation between
suspended solid with used cooking oil by gravity. Next is where the filtration
process to be proceed after the settlement process done at first step. This treatment
process is involved with double stages of filtration. All the treated sample of used
cooking oil will be stored into plastic drum. The formulation is started from
treatment of used cooking oil until at final stage where the chemical formulation
involved. The final formulation is achieved when the formulation will be able to
become foam structure which so called foamability.

2.3 Chemical Characterization

The chemical screening is for characterization of the samples. Fourier Transform
Infra Red spectroscopy FTIR is the instrument to analysis the functional group
contain in the samples [3]. The observation done by FTIR was based on the
wavelength value cm-1 and elucidation process based on the standard correlation
chart [4]. The FTIR analysis is classified as non destructive which the sample been
introduced can be collected and could be reuse for others purposes. For solid
samples of these foamed concrete is begin analyze by EDAX which it based on the
weight percent value of x-ray dispersive energy.

2.4 FTIR Analysis

The FTIR instrumentation is very useful and versatile for chemical functional
groups characterization. This instrument easy to handle but the sample required
pass through the sample preparation. The step by step of sample preparation is
show in Fig. 1. The sample preparation intention to ensure only treated sample will
be introduced into the instrument.

2.5 EDAX Analysis

Solid sample from foamed concrete will be introduced into the Field Emission
Scanning Electron Microscopy FESEM-EDAX instrument then based on the
morphology images the EDAX analysis is begin start by selecting the possible spot
point on the sample through image captured by the FESEM.
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3 Results

3.1 Chemical Functional Groups FTIR Analysis

The each sample of used cooking oil, palm oil, protein and synthetic foaming
agent has been characterize by using FTIR. This chemical instrumentation capable
to analyze the sample then spectrum shown the possible functional groups of each
sample by observing the peak produced. All the spectrums has been interpreted
based on the frequency cm-1 (wavelength) and the possible functional groups have
been stated based on the correlation chart [4].

Table 1 shown the functional groups of chemical compounds in used cooking
oil based on the spectrum produced at Fig. 2.

Spectrums has been shown at Fig. 2 is representing the treated used cooking oil
where the impurities and all solid materials has been discarded since the treatment
took part before it will be introduced for FTIR analysis. This process is to ensure
only proper and pure sample will be continued for the analysis. If the samples are
not pure and well treated, it may alter and give negative end results. Due to these

Spectrum  ploted 

Data analysis and elucidation 

Sample filtration 

Sample introduce into FTIR 
instrument 

16 scans for each sample

Sample preparation 
Fig. 1 The sample
preparation before the sample
introducing into the FTIR
instrumentation
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reason, each sample need to pass through the sample preparation that been men-
tioned on Fig. 1.

The analysis shown the spectrum for treated used cooking oil and four selected
peaks has been elucidated. The wavenumber cm-1 range of this particular sample
is between 500 and 3000. As refer to Table 1, about four functional groups were
detected. The peaks is observed at 2928–2930 is CH2, the rest are CH3, C=O and
C–C which are has been detected in the range between of 2830 and 750 respec-
tively. After FTIR analysis, the possible elements present are stated in Table 1.

AS referred to the Fig. 3, the spectrum is produced is differ with the Fig. 2.
Even the basis compounds of both samples are the same source. However, due to
frying and food preparation may have change the properties of palm oil become
used cooking oil. From the observation, the broad peak in Fig. 2 is O–H has been
detected at wavenumber cm-1 3400–3350. This broad spectrum present in palm
oil but not in used cooking oil spectrum in Fig. 2. Based on the elucidation result

Table 1 Functional groups of chemical compounds in used cooking oil

Label Peak observe Frequency (cm-1)

A CH2—antisymmetric stretch of methylene group
of membrane phospholipids

2928–2930

B CH3 stretch 2830–2750
C C=O 1750–1736
D C–C stretch proline 850–750

Fig. 2 The FTIR spectrum of used cooking oil
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on Table 2 the sample is obviously has contain mainly lipids compounds. It is
clearly stated from wavenumber cm-1 3000 to 1750 containing the functional
group of C–H, C–H3, C=O and all have been classified as lipid groups.

Table 3 shown the frequency cm-3 (wavelength) of protein foaming agent and
the peak observes have been stated for each Wavenumber cm-1.

Figure 4 shown the spectrum for protein foaming agent is begin appeared start
at 1000 until to the highest at about 3250–3200 wavenumber cm-1 which where

Fig. 3 The FTIR spectrum of palm oil

Table 2 The analysis of
functional groups of palm oil

Label Peak observe Frequency (cm-1)

A O–H broad peak 3400–3350
B C–H, lipids 3000–2980
C C–H3, lipids protein 2875–2800
D C=O, lipids (ester) 1720–1750

Table 3 The frequency
cm-3 (wavelength) of protein
foaming agent

Label Peak observe Frequency (cm-1)

A N–H stretch 3250–3200
B C=O, lipids 1720–1745
C Amide III, proteins 1330–1200
D –CO–O–C 1170–1070
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the broad spectrum at is produced. The broad spectrum is revealed as N–H stretch.
Whereas other peaks that been observed in the Table 3 are C=O, Amide and CO–
O–C at wavenumber cm-1 between 1720 and 1070. From the results of peak
observed, varieties of functional groups have been detected and each peak located
and appear at difference range of wavenumber cm-1 (Table 4, Fig. 5).

The spectrum of synthetic foaming agent is shown in the range of wavenumber
cm-1 between 3250 until 1330. Based on the elucidation of the spectrum from the
Fig. 6 has shown the broad spectrum was detected at the wavenumber cm-1

3250–3200 is N–H stretch. Followed with others functional which at the peak
3050–3000 wavenumber cm-1 is C–H. For the rest functional groups are C=O and
Amide which has been detected at different wavenumber cm-1 between 1745 and
1330.

Fig. 4 The IR spectrum of protein foaming agent

Table 4 The elucidation of
spectrums from the FTIR
analysis of synthetic foaming
agent

Label Peak observe Frequency (cm-1)

A N–H stretch 3250–3200
B C–H, lipids 3050–3000
C C=O, lipids (esters) 1745–1720
D Amide III, proteins 1200–1330
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Fig. 5 The IR spectrum of synthetic foaming agent

Fig. 6 The example of image of used cooking oil foamed concrete produced from FESEM-
EDAX analysis
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3.2 EDAX Analysis

Solid sample of foamed concrete was analysis by EDAX. This analysis inten-
tionally to trace the elements present in foamed concrete where the foaming agents
of used cooking oil and both synthetic and protein types. This chemical element
trace will be showed their result in weight percentage. An example image had been
captured by FESEM is shown in Fig. 6. The elements present in foamed concrete
that used different foaming agents were shown in Tables 5 and 6.

This EDAX analysis had showed for both used cooking oil and synthetic
foaming agent were used as admixture in foamed concrete. Based on Table 5 of
EDAX result, Calcium Ca was the highest percentage (62.12 %) and Aluminium
Al is the lowest percentage (1.63 %) have been detected for foamed concrete
containing used cooking oil foaming agent. Table 6 was showed all the elements
present in foamed concrete containing synthetic foaming agent. From the result,
the highest percentage element is Calcium Ca (56.10 %) and the lowest percentage
is Silica (3.94 %). These foamed concrete were compared among used cooking oil
foamed concrete and synthetic foamed concrete but not for protein foamed con-
crete because of the limitation of scope of study. Both foamed concrete were
curing until 90 days at air ambient condition. Since same binder was used for both
foamed concrete which ordinary Portland cement OPC Calcium Ca is the highest
percentage for both foamed concrete.

4 Conclusion

Reflect to the result from the FTIR for liquid foaming agent have shown all the
major chemical functional groups for all foaming agents is derived from the lipids
groups. Whereas based on elemental analysis from EDAX shown Calcium Ca is
the major element present in used cooking oil and synthetic foamed concrete.

Table 5 The elements in
foamed concrete containing
used cooking oil foaming
agent

Element Weight (%) Atomic (%)

O K 26.62 46.00
Al K 1.63 1.67
Si K 9.64 9.49
Ca K 62.12 42.85
Totals 100.00 100.00

Table 6 The elements
present in the foamed
concrete when synthetic
foaming agent is used

Element Weight (%) Atomic (%)

O K 28.01 51.04
Si K 3.94 4.09
Ca K 56.10 40.80
Rb L 11.95 4.08
Totals 100.00 100.00
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Effect of Input Variable for Neural
Network Architecture in Predicting
Building Damage Subjected
to Earthquake

Rozaina Ismail, Azmi Ibrahim and Azlan Adnan

Abstract The artificial intelligent methodology is applied to building inspection
system in this paper. Inspection results from Applied Technology Council (ATC)
procedures are used as an indicator to the building damage level. Backpropagation
algorithm with one hidden layer is used to develop the neural network and Borland
C++ is used as the programming language. The choice of input variables is a
fundamental. The neural network performance is analysed by removed the input
one by one from the network. The mean square error (MSE) value is equal to 0.027
when all inputs are applied to the network. The lowest MSE is 0.025 when the
length is excluded from the network. Lower MSE value indicates lower error
among others. Even though the lowest MSE is presented when the length is
excluded from the network, but the different was too small which is 0.002. Thus,
the length is still applied in network. From the application of Artificial Neural
Network (ANN), building samples gave the lowest value of MSE equal to 0.027
when 15 hidden neurons applied and the highest linear correlation coefficient was
obtained when r is equal to 0.839 in testing phase and 0.762 in validation phase.
Out of 112 samples in the testing phase, 104 samples were predicted accurately for
degree of damage rating for the building which represents 93 % from the total data
used. In the validation phase, 39 out of 52 samples were predicted accurately with
75 % accuracy. The results of this study indicate that the ANNs provide an effi-
cient means of damage forecasting and would be useful by the owners of the
building to predict building conditions under seismic load.

Keywords Seismic zonation � Earthquake evaluation of buildings � Artificial
neural network (ANN) � Applied Technology Council (ATC) procedures
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1 Introduction

The performance of buildings during earthquake is unknown in Malaysia. The most
existing building owners and regulators must ensure that their buildings are safely
operated and present no risk to the public in case of an earthquake. The adequacy
and safety level of buildings must be determined. The existing preliminary
evaluation by ATC-21 based on a sidewalk survey of a building and data collection
form which an inspector completes based on visual. A seismic risk an analysis
addressed to earthquake emergency management and protection strategies plan-
ning, requires vulnerability and damage evaluation performed at territorial scale [1].

2 Artificial Neural Network

Over the last few decades, there has been much research directed at predicting the
future and making better decisions. Artificial neural networks (ANNs) allows model
of complex systems to be built without requiring the explicit formulation of the
possible relationships that may exist between variables. Data-driven modeling
employing artificial intelligence and machine learning methods are finding
increasing relevance and importance in various engineering process. The goal of
data-driven modeling is to build a system that can adapt and learn from practical
data. Artificial neural networks, coupled with an appropriate learning algorithm, can
be used to learn complex relationships from a set of associated input-output vectors.

The ANN has been widely applied in forecasting selected natural phenomena in
recent years. An Artificial Neural Network (ANN) is an information processing
paradigm that is inspired by the way biological nervous systems, such as the brain,
process information. The key element of this paradigm is the novel structure of the
information processing system. It is composed of a large number of highly inter-
connected processing elements (neurones) working in unison to solve specific
problems. ANNs, like people, learn by example. An ANN is configured for a
specific application, such as pattern recognition or data classification, through a
learning process. Learning in biological systems involves adjustments to the syn-
aptic connections that exist between the neurones. This is true of ANNs as well [2].

Ramhormozian et al. [3] having a quick but reliable insight into the likelihood
of damage to bridges immediately after an earthquake by using neural network.
The use of ANN shows that the proposed intelligent monitoring system could
provide prediction of up to 92 % rate of accuracy and activate the alert. Imple-
mentation of the system in building monitoring would allow for rapid, intelligent
and accurate prediction of the building damage index due to earthquake [4].
Artificial neural network (ANN) is developed to predict bridge condition rating
based on different intensity of seismic zonation. The study showed that the ANN
has a potential to be used to predict the condition rating based on different seismic
Intensity with prediction values are up to 90 % correct [5].
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3 Artificial Neural Network Applied in this Study

Neural networks are applicable in virtually every situation in which a relationship
between the predictor variables (independents, inputs) and predicted variables
(dependents, outputs) exists, even when that relationship is very complex and not
easy to articulate in the usual terms of ‘‘correlations’’ or ‘‘differences between
groups’’. Artificial neural networks (ANN) are among the newest signal-processing
technologies in the engineer’s toolbox. The field is highly interdisciplinary, but our
approach will restrict the view to the engineering perspective. In engineering,
neural networks serve two important functions: as pattern classifiers and as non-
linear adaptive filters. The neural network system used in this study is developed
using C++ language. There are four main phases involved in the ANN applied in
this study (refer Fig. 1).

In the Phase 1, the data preprocessing should be completed before the imple-
mentation of network. The Neural Networks package offers several algorithms to
build models using data. Before applying any of the built-in functions for training,
it is important to check that the data is ‘‘reasonable’’. Naturally, you cannot expect
to obtain good models from poor or insufficient data. Unfortunately, there is no
standard procedure that can be used to test the quality of the data. Depending on
the problem, there might be special features in the data that may be used in testing
data quality.

After achieving the reliability level, the ANNs are ready for the implementa-
tion. In the implementation phase, there are two step involved; (1) Network
Training and (2) Network Testing. One of the advantages of an ANN is that it does
not require sophisticated knowledge from the end user to implement it. Then the
next phase followed by the adaption of new experience. Network adaption is one
of the important characteristics of the neural network. This phase also called as a
network validation phase. The adaption phase represents updating the neural
network knowledge with new experiences. Finally, the finding and result of the
ANN application is discussed.

4 Preprocessing Data for Neural Network

4.1 Analysing Data for Seismic Zone

The data used in this study is limited to the data gathered during site survey phase.
These include the data from building inventories, visual inspection report, and
Finite Element Modeling. There are seven parameters applied to the ANN model
which includes the parameter based on the seismic intensity at the building site.
Peak ground acceleration, PGA value used is based on 2 % probability of acci-
dence in 50 years (return period equal to 2,500 years). The PGA value for each
building sample is determined using the macrozonation map shown in Fig. 2.
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Fig. 1 Phase involved in the application of ANN

Fig. 2 Macrozonation map at 2 % PE in 50 years on rock site conditions for the Peninsular
Malaysia (TR = 2,500 year) [6]
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The parameters are classified into specific groups to characterize their types and
variety. Each group will be represented by a particular code to be used in the ANN
development. Tables 1, 2, 3, 4 and 5 shows the classification made to the
parameters. Referring to the map, PGA values for Peninsular Malaysia ranges
from 40 to 200 gal, whereas for Johor state it ranges from 60 to 140 gal. For
programming purposes, the PGA values are classified in ten groups starting from 0
to 200 gal with an interval of 20 gal.

Buildings can be classified according to different aspects such as their function,
form of superstructure, as well as material and method used in construction,
natural period of the buildings is used to classified building class in this study.
Building samples used in this study are limited to concrete building only.

Table 1 Seismic zonation Zone Seismic intensity, PGA (gal)

1 31–50
2 51–70
3 71–90
4 91–110
5 111–130
6 131–150

Table 2 Classification of
age range

Class Age range

1 Year B 10
2 10 \ Year B 20
3 20 \ Year B 30
4 30 \ Year B 40
5 40 \ Year B 50
6 50 \ Year B 60

Table 3 Classification of
height range

Class Height (H), range (m)

1 H B 10
2 10 \ H B 20
3 20 \ H B 30
4 30 \ H B 40
5 40 \ H B 50
6 50 \ H B 60
7 60 \ H B 70
8 70 \ H B 80
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5 Network Implementation

5.1 Network Training

In this study, the backpropagation (BP) algorithm using the generalized delta rule
(GDR) for gradient calculation has been popularized as a method of training ANNs.
This method has the advantage of being readily adaptable to highly parallel hard-
ware architectures. The reason is due to the existence of a bias function instead of
internal threshold (T1j, T2j, and T3k). These values of T1j, T2j, and T3k are not
changed or updated as network training progress. In GDR, the values of T1j = 0,
T2j = T3k = 1 is provided. The GDR algorithm is more efficient than the other
algorithm since the momentum parameter is coupled with a bias function. Hence,
these values remain unchanged throughout the entire ANN network training [7].

Supervised training with error-correction learning procedure is exploited in this
study to achieve the objective of predicting the performance of building on
damage level using ANN, i.e., both inputs and outputs are known. The damage
level ratings are given to the neural network during the network training, and the
network can adjust the weights accordingly. A total of 27 buildings with 108
samples are used in the network training phase.

Also we know that different types of ANNs can represent different functions for
the final hypothesis, so I would like to pick the network representation that requires
the most amount of computational effort while giving the most accurate approxi-
mation for the final hypothesis. Alih [8] used the early stopping criteria in her study.
Shrestha et al. [9] also used the early stopping criteria in the training process in the
application of ANN for simulation of flood flow in a river system. Up to 250,000

Table 4 Classification of
natural period range

Class Natural period (T), range (sec)

1 Tn B 0.5
2 0.5 \ Tn B 1.0
3 1.0 \ Tn B 1.5
4 1.5 \ Tn B 2.0
5 2.0 \ Tn B 2.5

Table 5 Classification of
length range

Class Length (L), range (m)

1 L B 10
2 10 \ L B 20
3 20 \ L B 30
4 30 \ L B 40
5 40 \ L B 50
6 50 \ L B 60
7 60 \ L B 70
8 70 \ L B 80
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training epochs (where each epoch consisted of all the training samples) could be
run on the training data, used to implement early stopping and avoid overfitting the
data. Overfitting here means the ANN is too complex so it reacts on noise in the
data. In this study, the network training of a neural network is terminated based on
early stopping conditions when training epoch reaches 250,000.

5.2 Network Testing

In this study, linear correlation coefficient (r) is applied to see the performance of
trained network. Chen et al. [10] applied this procedure in his study for Truncated
Data. One of the most important tasks in building a mathematical model of a
process for prediction purposes is the selection of relevant input variables. In order
to obtain a good set of representative variables we have to assume that we
effectively can measure or observe all variables that we need, and that the data is
not contaminated by outliers. There is no systematic way which can be followed,
but some statistical methods like auto-correlation, partial-auto-correlation, and
cross-correlation have been used successfully.

6 New Experience Adaption (Network Validation)

The network validation is conducted to verify the network reliability. Validating a
network is achieved by presenting testing sets to the network. These sets should be
new sets that the network has never been exposed to before. Network output using
these sets is compare with the desired output to calculate the accuracy rate (i.e.,
reliability). If the accuracy rate is low, then the network is not properly trained and
other training sets should be generated to retrain the network; otherwise, the net-
work is considered to be reliable and ready for implementation [11]. The network
testing is executed further in the network validation. The validation samples are
taken from the 14 buildings with 56 sets of new data that have never been applied in
the network training and testing. The prediction values are compared with the actual
values to determine their differences between network training and testing.

7 Effect of Neural Network Structure

7.1 Effect of Input Variables

The selection of input variables to ANN is necessary to avoid ‘‘overfitting’’ data.
The input in the layer also affects the performance pf the BPN. There are seven input
parameters used as shown in Fig. 3. These include building age, number of bay,
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overall height, overall length, seismic zone, natural period and ground acceleration.
The neural network performance can be analysed by removed the input one by one
from the network. For example, when natural period is removed from the input layer
and the performance of ANN is decreased, this shows the natural period gives
significant effect to the network and this parameter should be applied in the system.

The selections of input variables are based on two factors; (1) the mean square
error (MSE), and (2) the linear correlation coefficient, r. The MSE are used in the
network training phase. The performance of the network was measured by the
mean square error (MSE). The mean-square error criterion is used to simulta-
neously select the optimum rules. This optimization is performed over all one-to-
one [12]. MSE value refers to the total errors between actual output and output
given by the ANN.

7.2 Effect of Hidden Neurons

The comparative performance of the neural network structures with a different
number of hidden layers is conducted. There are 15 number of neurons are applied
in the network. Figure 4 presents the values of MSE when different numbers of
hidden neurons are applied to the network. MSE value refers to the total errors
between actual output and output given by the ANN. The results show that 10 and
15 number of hidden layers has the best performance, whereas the lower MSE
value given which indicates better prediction for the ANN.

The effective number of hidden neurons applied to the network also can be seen
by analysed through the linear correlation coefficient. Linear correlation with the
higher value represents strong relationship between actual output and the output
given by the ANN. In testing phase, the ANN performance is analysed through

Fig. 3 Mean square error for
different input parameter
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linear correlation coefficient and compared to the ANN performance with MSE.
The linear correlations for degree of damage for building are higher in the middle
of the histogram where 10, 15, and 20 hidden neurons are applied to the network.
15 hidden neurons provide the highest r for the degree of damage rating for both
network testing and validation phase.

From the result, it shows that the analysis of MSE and linear correlation
coefficients produced the same result for each phase. Therefore, 15 hidden neurons
are chosen to be applied in the ANN system which is more stable in producing
good performance at each phase.

8 Result and Discussions

As mentioned earlier, data involved in developing the neural network needs to be
analyzed first. This analysis consists of three stages;

8.1 Data Characteristic

Characteristic of each data used in developing the neural network needs to be
defined due to the random process applied to extract the data. The distributions of
each inputs and outputs are defined through histograms and the relationships
between these two variables are determined using linear correlation coefficient, r.
Figure 5 shows the distribution of seismic zone at building sites. There are six
zones involved with peak ground acceleration ranges from 31 to 150 gal. The
distributions are quite even between the bridge samples. Zone class 2 shows the
highest readings with 72 building samples, followed by class 1 and 6 both with 40
samples respectively. Zone 5 has the least samples with no building.
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different number of hidden
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8.2 Data Classification

After the characteristics of parameters are determined, the data then is being
classified. There are two classifications involved; (1) network training and testing
phase, (2) new experience adaption phase or called network validation phase. Up
to 41 samples of concrete moment resistance frame buildings are used in this
study. There are 27 samples used in the network training and testing phase and 14
samples are used for the network validation phase. The validation samples are
cannot be used in the network training and testing phase before. This is to make
sure that we are using the new data set to validate the output.

Figure 6 shows the distribution of seismic zonation for training and validation
phase. Training and validation data are represented in all categories. Since the data
distributions are uniform, the differences between training and validation data set
are uniform as well. Seismic zone class 2 with PGA between 51–70 gal, has the
highest number of samples in both phases.
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8.3 Result Discussion for Building’s Damage Prediction

In this section, result from the application of ANN in each rating prediction is
discussed. In this stage, the final ANN structure is used in which all seven input
parameters and 15 hidden neurons are applied to the network. Mean square error
between the actual output and output given by the ANN are discussed to evaluate
the training phase. Linear correlation coefficient between the actual output and
output given by the ANN is analyzed.

Figures 7 and 8 show the comparisons between the actual rating and rating
given by the ANN in network testing and validation phase. It can be observed that
the highest linear correlation coefficient is obtained when r equals to 0.839 in
network testing phase and 0.762 in network validation phase.
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The linear correlation coefficients indicate the strength of relationship between
the actual rating and the rating given by ANN. Thus, the high values of r obtained
shows the results given by the ANN are strong. This shows the network is able to
produce accurate output using the weights it has generated. Up to 112 samples in
the network testing phase, 104 samples are predicted 93 % accurately for degree of
damage rating for the building. In the network validation phase, 39 out of 52
samples are predicted accurately with 75 % accuracy. The degree of damage rating
range represent in the testing phase is 1–5 rating, while the network validation
phase only rating with 1 and 3 degree of damage rating range involved.

9 Conclusions

The result form this study showed that out of 112 samples in the testing phase, 104
samples were predicted accurately for degree of damage rating for the building
that represents 93 % from the total data used. In the validation phase, 39 out of 52
samples were predicted accurately with 75 % accuracy. From the application of
ANN, the lowest value of MSE is 0.027 when 15 hidden neurons were applied in
this study and the highest linear correlation coefficient is equal to 0.839 in testing
phase and 0.762 in validation phase. The result obtained in the network testing and
network validation phase, it can be seen that the ANN predictions are very much
affected by the data applied to the network.
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Potential Use of Industrial By-products
for Developing High Strength Concrete
UnderNormal Curing Conditions

Dhawal Desai and Prakash Nanthagopalan

Abstract In the last decade, there has been a substantial increase in the use of
high strength concrete (HSC) due to extensive construction of high rise buildings
owing to restricted space and increased demand for living space in urban areas. For
achieving high strength and durable concrete, it is essential to have minimum void
content by packing the ingredients of the concrete densely. There have been lot of
research studies performed on HSC, however, there are possibilities to improve the
properties of HSC and economy by using conceptual mixture design and using
industrial by-products (mineral admixtures). The present study focused on the
development of high strength concrete using particle packing concept and prop-
erties such as flowability and compressive strength were assessed for different
binder combinations [Micro Silica (MS): Ultrafine Fly Ash (UFA)]. For the
mixture designing purpose, modified Andreassen model of particle packing was
used. The water/binder (w/b) ratio of 0.20 was used. From the results, it is
observed that a maximum slump of 780 mm and maximum 56 day compressive
strength of 130.7 MPa using normal water curing was achieved.

Keywords High strength concrete � Industrial by-products � Particle packing �
Ultrafine materials � Flowability

1 Introduction

High strength concrete, by definition according to ACI, is the concrete with com-
pressive strength more than 60 MPa. It is currently used in tall structures, pre-cast
spans of super bridges and also helps in size reduction of structural elements to
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increase utilizable space. To achieve this strength, apart from high cement content,
very low w/c ratio (less than 0.25) and High Range Water Reducers (HRWR), fine
particles such as micro silica and ultrafine fly ash [1, 2] are essential for the reduction
of voids, in turn leads to good packing density of particles. This packing of fine
particles leaves less space for voids to be filled with water, which thus reduces the
water demand and increases the strength of the concrete [3–7]. HSC is more durable
because the low water-to-cementitious materials ratio results in very low porosity [8].
Earlier works by Long [9] shows that HSC has cement content higher than 400 kg/m3.
Further, observations from the literature [1, 9–12] suggest that ultrafine materials
improve the fresh and hardened properties of concrete (compressive strength of
180 MPa) by both chemical reaction and physical action (to increase particle pack-
ing). Researchers [1, 2, 10] have shown that to achieve excellent strength and slump
flow, the following factors needs to be considered: usage of high cement content with
low w/c ratio, usage of ultrafine materials, usage of high range water reducers for low
w/c ratio, limit the maximum size of coarse aggregate to 10 mm. After summarizing
results from tests on different types of concrete, Richard and Cheyrezy came to the
conclusion that the crack size is [13] proportional to the maximum aggregate size
[14]. During the development of high strength self-compacting concrete, Kwan [13]
found that addition of condensed silica fume (CSF) (with a mean particle size of about
0.1 lm) at a water/cement ratio less than 0.28 increases the workability of concrete.
Although there is large increase in surface area by the addition of CSF, the increase in
workability may be explained by the gap filling ability of CSF particles (due to their
high fineness) which fill the gaps between cement particles and frees water from the
gaps to lubricate the mix. The authors have measured the packing density of blended
cementitious materials and showed that the packing density could be significantly
increased by the addition of CSF. They have also showed that there would be
considerable increase in the flowability of the cement paste by addition of CSF at a
water/cementitious ratio of 0.2. Researches have also shown that addition of micro
silica enhances the mechanical properties of the paste by filling voids, thus enhancing
rheology and producing secondary hydrates [15].

It was shown by Obla et al. [16] that water demand of the cementitious system
would be reduced by using ultra-fine fly ash (with a mean particle size of about
3 lm) with cement in the mix. This happens most probably due to the increase in
packing density.

Self-compacting concrete of grade as high as 100 MPa was produced by Kwan
and Ng [17] by using a mixture of different types of cementitious materials to
maximise the packing density of the mix.

2 Research Significance

Considering the rate of growth in construction activities going on around the world,
it is evitable that the demand for high strength concrete will take a boost in coming
years for the construction of high rise buildings, bridges and highways. This has
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created a need to study its performance and behaviour under varying composition
of materials. On the other hand, there are serious availability and sustainability
issues with the raw materials. In this regards, it is deemed essential to use industrial
by-products for the sustainable production of concrete. The objective of this
research is to study variation in workability and compressive strength of high
strength concrete on changing proportions of Densified Micro Silica (DMS) and
UFA. Previous studies [10, 18] have been carried out in this field but the current
research considers particle packing concept and also uses less amount of cement
replacement materials to reduce the cost of concrete. Therefore, in the present study
CSF and UFA were optimised based on particle packing models to get the maxi-
mum packing density and the optimised combinations were used for performing the
fresh (slump flow) and hardened properties (compressive strength) of concrete.

3 Materials Used

Ordinary Portland cement of 53 grade conforming to IS 12269-2004 [19] was
used. The chemical test results of cement are shown in Table 1. Two industrial by-
products viz. Densified Micro Silica (DMS) conforming to ASTM C1240-12 [20]
and Ultrafine Fly Ash (class F) conforming to IS 3812-1999 [21] were also used.
The particle size distribution of cement, MS and UFA was determined using laser
diffractometer and the results are shown in Fig. 1. The maximum size of coarse
aggregate was limited to 10 mm. Natural river sand was used as fine aggregate for
the investigation. Both, coarse and fine aggregates conforms to IS 383-1997 [22].
The specific gravity of coarse aggregates and fine aggregates was determined
according to [23]. Poly Carboxylic Ether based superplasticizer with solid content
of 31.75 % conforming to IS 9103-2004 [24] was used. The physical properties of
materials are shown in Table 2.

From the literature [25], it is observed that the mean size of DMS will be less
than 1 lm, however, the results indicates that the mean size of DMS is obtained as
11.76 lm. This could attribute to the difficulty in dispersion of the Densified Micro
Silica.

4 Experimental Methodology

4.1 Optimisation of Material Compositions for Achieving
Maximum Particle Packing

It is understood from the literature that high cement content with very low water/
binder ratio is essential for achieving high strength concrete. Therefore, a binder
content of 1,000 kg/m3 of concrete was selected out of which 800 kg/m3 was cement.
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The remaining 200 kg/m3 of fine materials were a combination of industrial
by-products, DMS and UFA. The proportions of DMS, UFA, fine and coarse
aggregates were optimised based on particle packing concept using modified An-
dreassen model. A software ‘EMMA Mix Analyzer’ (Freeware software [26])
developed based on Andreassen model was used as a tool for optimising the pro-
portions. Figure 2 represents a sample screenshot of a packing density curve of the
resulting concrete. The curve (red colour) indicates the theoretical maximum
packing density curve for the given materials with minimum and maximum size
available using Andreassen model while the curve with blue colour represents the
packing density curve for a selected combination of materials used in this study. The
combinations of the materials have to be changed such that the deviation of the blue
curve from the red curve is minimised to ensure good packing density of the mixture.

Table 1 Chemical test
results of the cement

Property Value

Lime saturation factor 0.94
Ratio of % alumina to iron oxide 1.47
Insoluble residue (% by mass) 0.96
Magnesia (% by mass) 1.45
Sulphuric anhydride (% by mass) 2.40
Total loss on ignition (%) 1.40
Chloride content (% by mass) 0.049
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Fig. 1 Particle size distribution of cement, DMS and UFA

Table 2 Physical properties of materials

Property Cement DMS UFA 4.75 mm 10 mm

Specific gravity 3.15 2.25 2.30 2.35 2.97
Mean diameter 14.43 lm 11.76 lm 6.72 lm 652 lm 7,689 lm
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Many combinations were investigated for packing density out of which three
ratios by volume of DMS and UFA were chosen based on the higher packing
density. The combinations are given in Table 3.

A water/binder ratio of 0.20 was chosen and superplasticizer (SP) amount was
fixed to 1.3 %. Except DMS and UFA combinations, every other materials and its
proportions are kept constant to understand the properties of concrete due to
ultrafine materials.

The details of the mixture proportions of materials used in this study is given in
Table 4.

4.2 Mixing Procedure

All the dry ingredients were mixed in a Pan mixture (speed 25 rpm) for 3 min to
ensure homogeneous mixture. Then 80 % of the total water content was added and
mixed for 2 min. Further, superplasticizer was uniformly mixed with the

Fig. 2 Showing packing density curves for Andreassen model (red) and that of the concrete
designed (blue)

Table 3 Ratio of DMS with
UFA in different samples

Sample ID DA DB DC

DMS:UFA (by volume) 1:3 2:2 3:1

Table 4 Proportions for
concrete mixes (kg/m3)

Sample Cement MS UFA 4.75 mm 10 mm Water SP

DA 800 49 151 500 671 200 13
DB 800 99 101 600 543 200 13
DC 800 149 51 600 540 200 13
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remaining amount of water and then added into the mixture and subsequently
mixed for 6 min. This procedure was adopted based on the previous experience
with high strength production in our laboratory [27]. As the maximum size of the
aggregates is 10 mm, cubes of size 100 9 100 9 100 mm were used for casting
and demoulded after 24 h and cured in water at room temperature till testing.

5 Results and Discussion

The slump flow test was performed for all the mixtures by using the standard
slump cone test [28]. The compressive strength test on cubes was performed at 7,
28 and 56 days as per IS 516-2002 [29].

5.1 Slump Test Results

Table 5 shows slump test results. Mixes DA and DB show excellent flowability
thus behaving as self-compacting concrete. As the DMS amount increases from
DA to DC, the surface area increased leading to decrease in the flowability of the
mixtures and it complies with the findings by Kwan [13] and Obla et al. [16].

The workability in DC is exceptionally lower than DA and DB, due to the
presence of high content of micro silica.

5.2 Effect of DMS and UFA Content on Compressive
Strength

The results of the compressive strength test are shown in Table 6. Compressive
strength tests were performed at 56 days also to assess the pozzolanic effect of the
mineral admixtures added to the concrete. The mix DA gains up to 95 MPa in
56 days especially post 28 days, the percentage gain is high due to the presence of
high amount of UFA (150 kg/m3). The Mix DB having equal amount (*100 kg/
m3) of DMS and UFA produces the highest strength (123 MPa) coupled with high
early strength and post 28 days strength also. This dual benefit of high early
strength and post 28 day strength could be attributed to the presence of DMS (for
early strength) and UFA (for 28 days strength gain). The strength in DB is highest
because of high silica content in concrete by DMS and an optimum amount of UFA
contributing to better particle packing. The mix DC has gained up to a strength of
95 MPa at 28 days due to the presence of higher amount of DMS. Further, it can be
observed that the percentage gain in compressive strength from 7 to 28 days is
maximum in DC. It can be inferred from Table 6 that, the average 28 day
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compressive strength increases from sample DA to DB to DC due to increase in
silica content in concrete coming from DMS. This is because in concrete with low
w/c, the capillary pores disappear and the Interfacial Transition Zone (ITZ) is filled
up with C–S–H hydrates produced by the pozzolanic reaction of silica fume [30].

6 Conclusion

The results presented in this study show that varying compositions of ultra-fine
materials can considerably and substantially influence the concrete properties. The
study also shows that compressive strength and slump flow can be optimised by
optimising the fine content in the ternary mixture. The optimum content of the
industrial by-products, DMS and UFA, is nearly 10 %, for both, by weight of the
total binder content which results in maximum particle packing to give a maxi-
mum average compressive strength of 123 MPa and a slump flow of nearly
650 mm. DMS supports early strength gain and UFA supports post 28 days
strength gain due to the pozzolanic action. Prolonged mixing period was necessary
to get a homogenised mixture and to increase the workability of the mixtures
because of high binder content.

Another industrial by-product, ultrafine slag is being used to study its influence
on concrete properties along with MS and UFA. Further studies will be carried out
to understand durability and shrinkage properties on changing proportions of ultra-
fine materials, for all combination of materials. Possibility of achieving early high
strengths by using steam curing will be also explored.

Table 6 Compressive test result

Sample Cube
number

7 day,
MPa

Avg.
7 day,
MPa

Cube
number

28 day,
MPa

Avg.
28 day,
MPa

Cube
number

56 day,
MPa

Avg.
56 day,
MPa

DA 1 64.42 1 73.51 1 93.6
2 68.78 68.48 2 75.96 77.02 2 95.3 95.23
3 72.26 3 81.58 3 96.8

DB 1 69.33 1 75.2 1 115.2
2 74.46 73.04 2 78.33 77.39 2 124.4 123.43
3 75.34 3 78.65 3 130.7

DC 1 67.89 1 94.3 1 104.1
2 74.39 72.25 2 96.2 95.76 2 106.4 105.93
3 74.46 3 96.8 3 107.3

Table 5 Slump test results

Sample DA DB DC

Slump flow (mm) 780 650 240a

a Slump (mm)
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Seismic Analysis of Reinforced Concrete
Structures in Low to Moderate
Earthquake Zones of Peninsular Malaysia

Jeffrey Chiang and Meng Siang Wong

Abstract It is fortunate that Peninsular Malaysia is relatively free from direct
earthquake effect, except for far field seismic effect from Sumatra 350 km away,
on its western seaboard side. Hence, the majority of local reinforced concrete
structures are not designed to resist earthquakes specifically. There is no provisions
in the British Standards used, i.e. BS 8110:1987 for seismic design considerations.
In May 2010, when UK has withdrawn BS 8110 among other structural codes, it
has adopted Eurocodes as the mainstay of concrete design standards, including
Eurocode 8 for earthquake-resistance design of structures. It has specific rules as a
design provisions for concrete buildings. The Institution of Engineers Malaysia has
embarked on a study and development of a design standard for earthquake design
for reinforced concrete building structures, which is still on-going. The intention is
to address the fears and concerns of Malaysian public in the light of swaying
highrise buildings and light damages to some reinforced concrete structures, due to
strong intensity earthquakes felt from the 2004 Aceh, 2005 Nias and 2009 Padang
earthquakes in Sumatra. Of more immediate concern is local earthquake in the
vicinity of Bukit Tinggi fault-line, currently inactive, lying a mere 30 km away
from city centre of Kuala Lumpur. This paper gave an insight into how the Eu-
rocode 8 [1] (BSI, BS EN 1998-1:2004: Eurocode 8: Design of Structures for
Earthquake Resistance—Part 1: General Rules, Seismic Actions and Rules for
Buildings, p. 230, 2004) can be applied for Malaysian practices in analysing
reinforced concrete building structures. A sample seismic analysis is carried out
comparing the outcome using Eurocode 8 and UBC-97 [2] (International Code
Council, Uniform Building Code, International Conference of Building Official,
p. 442, 1997), based on a local earthquake scenario. Reference is also made to the
Component Attenuation Model developed by Australian researchers, which has
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been touted as accurate and reliable in formulating expected peak ground accel-
erations in Peninsular Malaysia. This will be a useful input into analysing rein-
forced concrete structures in a relatively low to moderate earthquake zone.

Keywords Seismic � Earthquake � Concrete � Structures � Component �
Attenuation

1 Introduction

The Component Attenuation Model (CAM) provides a systematic way of com-
bining generic information from global models with local information. CAM is
suitable for regions lacking in instrumented earthquake data where a representative
response spectrum attenuation model cannot be developed from measured strong
motion accelerogram data by conventional regression analysis such as the case in
Malaysia. Lam et al. [3] have recognised the potential of the seismological model
for a worldwide application and transformed the Atkinson version of the model
developed for the Central and North America (CENA) region from the original
Fourier spectrum format into the engineering response spectrum format [3–5].
CAM provides attenuation relationships for three response parameters which can
be used to construct response spectrum in either the response spectral acceleration
(RSA), response spectral velocity (RSV) or response spectral displacement (RSD)
formats [4]. This analytical approach is also known as Capacity Spectrum Method.

2 Background Information

2.1 General

The reduction in wave amplitude with distance from a source of a given magnitude
due to geometric spreading, absorption, scattering, and critical reflections are
defined as an attenuation function. A lot of attenuation functions have been intro-
duced and yet it is hard to determine which and when to use the appropriate atten-
uation function for the specific location or site. This might be due to the
inhomogeneous characteristic of soil and bedrock properties across the whole world.

2.2 Derivation of CAM by Nelson et al. [6]

The Component Attenuation Model (CAM) can be used to determine the peak
response spectral parameters. These peak response values can be used to construct
acceleration, velocity and displacement response spectra that are important in the
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seismic design of building. CAM is expressed as the product of a source factor, a
geometrical attenuation factor, a whole path anelastic attenuation factor, a mid-
crust amplification factor and an upper crust modification factor [6]. The Com-
ponent Attenuation Model (CAM) is formulated as follow [6] (Table 1):

D ¼ a Mð ÞG R; Dð Þb R; Qð Þc crustal typeð Þ ð1Þ

where
D Response spectral parameter (displacement, velocity and displacement)

of interest (SDmax, SVmax, SAmax)
aðMÞ Source function, which may be described as

0:78D� a1 þ a2 M�5ð Þa3½ � ð2Þ

M Moment magnitude
a1, a2 Coefficients obtained by curve fitting and polynomial functions to the

stochastically
a3 Simulated results for earthquake at a site-source distance of 30 km.

G(R, D) Geometrical attenuation factor which accounts for the effects of the
crustal wave guide, which depends on range of site-source distance, as
shown below:

G R;Dð Þ ¼ 30
R

R\1:5 Dð Þ ð3Þ

G ¼ 30
1:5 D

1:5 D�R� 2:5 Dð Þ ð4Þ

G ¼ 30
1:5 D

ffi � ffiffiffiffiffiffiffiffiffiffiffi
2:5 D

R

r
R [ 2:5 Dð Þ ð5Þ

where
R Site-source distance
D Crustal thickness (measured between the surface of the earth and the

Moho-discontinuity).

b(R, Q) An elastic whole path attenuation factor which accounts for energy
dissipation along the wave travel path (which is extremely important for
modeling the seismic hazard at long distances from the source)

Table 1 Coefficients of the source function [6]

Parameter type D� a1 a2 a3 C

SDmax 12 mm 0.2 0.8 2.3 0.003
SVmax 93.5 mm/s 0.35 0.65 1.8 0.005
SAmax 7.3 m/s2 or 0.74 g 0.40 0.60 1.5 0.015
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b R;Qð Þ ¼ 30
R

ffi �CR

ð6Þ

c Models both the mid-crust amplification and the combined effects of upper
crust amplification and attenuation where they exist. They are crustal type.

c crustal typeð Þ ¼ CmCu ð7Þ

where
Cm = Cu = 1 for ‘‘Hard Rock’’ and Cm = 1.3 and Cu = 1.15 for ‘‘Rock’’.

Inter-relationship between the velocity, acceleration and displacement response
spectrum (SV(T), SA(T) and SD(T) respectively):

SV Tð Þ ¼ SAmaxT

2p
T\T1ð Þ ð8Þ

SV Tð Þ ¼ SVmax T1\T\T2ð Þ ð9Þ

SA Tð Þ ¼ SAmax T\T1ð Þ ð10Þ

SA Tð Þ ¼ SVmax2p
T

T1\Tð Þ ð11Þ

SD Tð Þ ¼ SVmaxT

2p
T\T2ð Þ ð12Þ

SD Tð Þ ¼ SDmax T2\Tð Þ ð13Þ

where T1 and T2 are the corner periods of the response spectra used.

T1 ¼ 0:1þ 0:1 M � 5ð Þ ð14Þ

T2 ¼ 0:5þ 0:5 M � 5ð Þ ð15Þ

Note: The corner period T1 controls the maximum response spectral acceleration,
with SAmax increasing with decreasing values of T1.

On the other hand, the corner period T2 controls the maximum response spectral
displacement (SDmax) which is proportionate with T2.

Peak Ground Velocity ¼ SVmax

2
ð16Þ

Peak Ground Acceleration ¼ SAmax

3
ð17Þ
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3 Methodology for Seismic Displacement Demand

3.1 Application of CAM Model in Determining the Seismic
Displacement Demand

The Component Attenuation Model is an innovative framework by which the
velocity and displacement demand on Single Degree of Freedom (SDOF) systems
are expressed as product of component factors representing conditions of the
source, path, local and site. CAM takes advantage of the theoretical constraints of
the earthquake magnitude (seismic moment) on the displacement demand (in high
period range). There are also less variabilities in the estimation of the peak
velocity demand (in the median period range) than acceleration demand (in the
low period range) [7].

The focus of CAM on velocity and displacement (as opposed to acceleration) is
also consistent with the objective of the assessment which is for protecting lives
and lowering the risks of building collapses [7].

3.2 Estimation of Peak Velocity Demand, Vmax

Vmax ¼ av:G:bv:c:S ð18Þ

where Vmax in given in unit mm/s, and the other corresponding terms are given as,

av ¼ 70 0:35þ 0:65 M � 5ð Þ1:8
n o

ð19Þ

G ¼ 30
R

R in km for R\50 kmð Þ ð20Þ

bv ¼
30
R

ffi �0:005R

R in km for R\50 kmð Þ ð21Þ

Note that the following terms apply.
M Moment magnitude
R Site source distance
c Crustal factor (value is typically in the range 1.0–2.0)
S The site factor (value is in the order of 1.5–2.0 for average site).

3.3 Estimation of Peak Displacement Demand, Dmax

Dmax ¼ aD:G:bD:c:S ð22Þ
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where Dmax in given in unit mm, and the other corresponding terms are given as,

aD ¼ av
T2

2p

ffi �
for M� 8 ð23Þ

or

aD ¼ 10M�5 for M� 6:5 ð24Þ

G ¼ 30
R

R in km for R\50 km ð25Þ

b ¼ 30
R

ffi �0:003R

R in km for R\50 km ð26Þ

T2 ¼ 0:5þ M � 5
2

ffi �
for M� 8 ð27Þ

Note that the following terms apply.
M Moment magnitude
c Crustal factor (value is typically in the range 1.0–1.6)
S The site factor (value is in the order of 1.5–2.0 for average site).

4 Analysis and Results

4.1 Seismic Analysis

In this seismic analysis subsection, it includes the application of CAM model in
determining seismic peak ground acceleration and related parameters, and also the
base shear calculation using UBC-97 and Eurocode 8. A sample model of a simple
structure and assumptions made are shown in Fig. 1.

Assumptions made

• Concrete density: 25 kN/m3 • 10 storey RC structure consists of 2 bays
• Usage: residential apartment • System type: moment resisting frame and braced frame
• Site soil property: stiff clay • RC column: 500 9 500 9 3 m
• RC beam: 300 9 300 9 5 m • Slab thickness: 300 mm
• Earthquake magnitude: M5.5 • Site-source distance: 30 km
• Length of rupture: 40 km
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4.2 Base Shear Calculation

In this subsection, UBC-97 [2] and Eurocode 8 [1] will be used to determine the
base shear of the structure. The steps for both UBC-97 and Eurocode 8 are almost
the same except for the base shear formula and horizontal force distribution. The
results are presented in Table 2. Note that base shear formula in UBC-97 and
Eurocode 8 refers to:

V ¼ 2:5CaIW

Rc
;

where Rc = 5.5 [2]

Fb ¼ sdðT1Þmk

[1].
The proportion of base shear to building self-weight is shown below for the two

codes applied:

UBC97 :
Base shear; V

Building Weight; W
¼ 854

7; 500
� 100 % ¼ 11:39 %

EC8 :
Base shear; V

Building Weight; W
¼ 6; 910

7; 500
� 100 % ¼ 92:13 %

Fig. 1 A simple model of a
10-storey RC structure for
seismic analysis
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4.3 Seismic Displacement Demand: Applying CAM Model

Given: M = 5.5, R = 30 km, D = 15 km
Calculation of values for Vmax and PGV for average sites:

Vmax ¼ av:G:bv:cv:S

where,

Vmax average siteð Þ ¼ 37:566 mm/sð Þ 1:33ð Þ 1:0ð Þ 1:69ð Þ 1:5ð Þ
¼ 126:656 mm/s�

Vmax rock siteð Þ ¼ 37:566 mm/sð Þ 1:33ð Þ 1:0ð Þ 1:69ð Þ
¼ 84:437 mm/s

PGV rock siteð Þ ¼ 84:437
1:8

¼ 46:91 mm/s

PGV average siteð Þ ¼ 46:91� 1:4 ¼ 65:67 mm/s

Calculation of values for Dmax for average sites (Figs. 2, 3):

Dmax ¼ aD:G:bD:cD:S

where,

Dmax ¼ 4:484ð Þ 1ð Þ 1:33ð Þ 1:69ð Þ 1:5ð Þ ¼ 15:118 mm

Table 2 Results for forces and shear at each floor of the model building [8]

UBC-97 Eurocode 8

Base
shear

V = 854 kN FB = 6,910 kN

Floor Force at floor X
(kN)

Shear at floor X
(kN)

Force at floor i
(kN)

Shear at floor i
(kN)

F1 14.5 854.0 125.6 6,910
F2 29.0 839.5 251.3 6,784.4
F3 43.5 810.5 376.9 6,533.1
F4 58.0 767.0 502.5 6,156.2
F5 72.5 709.0 628.2 5,653.6
F6 87.1 636.5 753.8 5,025.5
F7 101.6 549.4 879.5 4,271.6
F8 116.1 447.8 1,005.1 3,392.2
F9 130.6 331.7 1,130.7 2,387.1
F10 145.1 201.1

= (145.1 ? 56)
1,256.4 1,256.4
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4.4 Seismic Displacement Demand: Analytical Static Method

Calculation of building displacement

Given the following information:

Height of column, hc = 3 m
Span of beam, Lg = 5 m
Modulus of elasticity of concrete, Ec = 37.4 9 106 kN/m2

Mass per floor, m = 75 tons/floor
Column dimension: 500 9 500 9 3,000 mm
Beam dimension: 300 9 500 9 5,000 mm.

Assumptions made for determining base shear for EC8:

Moment magnitude, M B 5.5 (type 2 elastic response spectra)
Ground type D
Peak Ground Acceleration (PGA) = 0.04 g
T = 0.937 s
S = 1.8, TB = 0.10 s, TC = 0.30 s, TD = 1.2 s,
g = 1 (5 % viscous damping).

Fig. 2 Displacement
response spectrum

Fig. 3 Acceleration-
displacement response
spectrum (ADRS)
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4.5 Results and Discussion

From Table 2, it can be seen that the base shear calculated using Eurocode 8 shows
a higher value which is 6,475 kN whereas for UBC-97, it is 854 kN given the same
conditions and assumptions made. The differences in base shear occurred due to
the different factors taking into account in the formulation used in both UBC-97
and Eurocode 8.

Eurocode 8 provides two types of response spectrum which are applicable to
earthquake magnitude less than 5.5 or greater than earthquake magnitude 5.5
which are considered to be applicable to Malaysia. Using UBC-97, the calculated
base shear shows a lower value than Eurocode 8. This is due to the reducing factor
used in UBC-97 which takes into account the resistant type of structure which is
higher than Eurocode 8 which uses a correction factor of 0.85 that accounts for the
fact that buildings with at least three storeys and translational degrees of freedom
in each horizontal direction, the effective modal mass of the 1st (fundamental)
mode is smaller, on average by 15 %, than the total building mass.

The results also show that for both the UBC-97 and Eurocode 8, the base floor
of a building has the highest shear force. As for the horizontal distribution of force,
the highest floor of the building will experience the highest force. This is mainly
due to the effect of inertial force at the free end of the top floor, upon exertion of
base shear from seismic action at the foundation level.

From Tables 4a and 4b, it can be observed that the highest inter-storey drifts
occurred at second level of the building and the highest deflection would occur at
the highest floor of the building for both cases of UBC-97 and Eurocode 8.
However, the calculated deflections using Eurocode 8 is much higher than those
from UBC-97, which is nearly up to eight times at each level. After multiplying
the calculated factor from Table 3 to the horizontal forces and deflection in
Tables 4a and 4b, the response of the building is then obtained. It can be seen that
the response of building calculated using Eurocode 8 has a lower displacement
with higher horizontal force at each level of the building compared to UBC-97.

Table 3 Determined effective parameters [8]

Determined parameters UBC-97 Eurocode 8

Effective displacement Deff (mm) 118.1 930.3
Effective mass Meff (t) 592.6 596.8
Effective stiffness Keff (kN/m) 7,233 7,427
Effective period, T1 (s) 1.80 1.78
Effective period, T2 (s) 14.4 11.6
Acceleration a (m/s2) 0.133 0.132
Overall displacement D (m) 0.94 0.12
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4.6 Comment and Conclusion

The CAM model as shown in Sect. 3.1 will help to ease the task of structural
engineers in the design of structures that could resist earthquake. By plotting the
Force–Displacement graph with the Acceleration-Displacement Response Spec-
trum, the response of the structure can be determined during an earthquake event
and thus the capacity of the structure can be determined. However, the CAM
model used in this paper is generated based on Australia site conditions. This paper
aims to provide some indications of the applicability and demonstrate the ease of
using CAM model which may be suitable for Malaysia. Seismological modelling
for Malaysia should be undertaken with CAM model as the basis.

Table 4a Response of building to earthquake (UBC-97) [8]

UBC-97

Before scaling 500 9 500 mm (factor = 0.94)

Floor Force (kN) Deflection (& inter-story drift) (mm) Force (kN) Deflection (mm)

10 201.1 152.89 (5.5) 136.394 143.72
9 331.7 147.43 (9.1) 122.764 138.58
8 447.8 138.42 (12.2) 109.134 130.12
7 549.4 126.26 (16.1) 95.504 118.69
6 636.5 110.12 (17.3) 81.874 103.52
5 709.0 92.84 (19.3) 68.15 87.27
4 767.0 73.59 (20.8) 54.52 69.17
3 810.5 52.76 (22.0) 40.89 49.59
2 839.5 30.75 (22.8) 27.26 28.91
1 854.0 7.96 (8.0) 13.63 7.48

Table 4b Response of building to earthquake (EC 8) [8]

Eurocode 8

Before scaling 500 9 500 mm (factor = 0.1193)

Floor Force (kN) Deflection (& inter-story drift) (mm) Force (kN) Deflection (mm)

10 1,256.4 1,190.9 (34.1) 149.900 142.092
9 2,387.1 1,156.8 (64.9) 134.910 138.019
8 3,392.2 1,091.9 (92.2) 119.920 130.280
7 4,271.6 999.8 (116.1) 104.930 119.283
6 5,025.5 883.7 (136.6) 89.940 105.436
5 5,653.6 747.1 (153.6) 74.950 89.144
4 6,156.2 593.5 (167.3) 59.960 70.816
3 6,533.1 426.3 (177.5) 44.970 50.858
2 6,784.4 248.8 (184.3) 29.980 29.679
1 6,910 64.4 (64.1) 14.990 7.685

Note The scaling factor is dependent on the shear force. Since both code provides different value
of base shear, therefore two different scaling factors are used
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The calculation of base shear and deflection based on Eurocode 8 shows a
higher value compared to UBC-97. After multiplying the horizontal force and
deflection with scaling factor, the response of building calculated using Eurocode
8 shows almost equal displacement with higher horizontal force at each level of
the building compared to UBC-97. For the analytical static method in determining
the seismic displacement demand as shown in Sect. 3.3, there is a minor section
where the PGA and PGV used are referred to the Australian Standard which is
used to construct the response spectrum. This should be modified to suit the
conditions in Malaysia in order to obtain more accurate results.
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A Review of Magnetorheological
Elastomers: Characterization Properties
for Seismic Protection

Rozaina Ismail, Azmi Ibrahim and Hanizah Ab. Hamid

Abstract Magnetorheological (MR) materials are belong to the group of smart
materials that can be significantly altered in a controlled under the influence of an
external stimulant which by changing their viscolesatic properties due to stress, pH
level, moisture content, electric fields or in the case of MREs, magnetic fields. The
MREs are interesting materials especially for the active stiffness and vibration
control of structural systems. As a controllable stiffness element, MREs can offer
innovative engineering solutions to various engineering challenges. Recently, they
are being considered as new enabling components in active control systems, such
as adaptive tuned vibration absorber and improving seismic protection base-iso-
lated structures. The characteristic response will be influenced by many factors
including; the elastomer matrix, the size, distribution, composition and percentage
volume of the ferromagnetic particles, and whether the ferromagnetic particles are
aligned in chains or randomly dispersed. A review is presented in this paper of the
characteristic properties of magnetorheological elastomers and how these prop-
erties are affected by varying magnetic fields and the indicated compositional
parameters. Besides describing the fundamental behavior of MREs, various
applications of MREs for seismic protection are discussed and compared.

Keywords Magnetorheological (MR) elastomer � Properties � Seismic

1 Introduction

Traditional dynamic absorber has limited its application and vibration absorption
capacity for its narrow working frequency bandwidth. MRE is a kind of smart
material whose modulus can be controlled by applied magnetic field. The idea of

R. Ismail (&) � A. Ibrahim � H. Ab. Hamid
Faculty of Civil Engineering, Universiti Teknologi MARA (UiTM), Selangor, Malaysia
e-mail: rozaina_fka_uitm@yahoo.com

R. Hassan et al. (eds.), InCIEC 2013, DOI: 10.1007/978-981-4585-02-6_21,
� Springer Science+Business Media Singapore 2014

237



using MR fluids, foam and elstomer devices for vibration mitigation applications
was first proposed by Carlson and Jolly [1]. Magnetorhelogical Elastomer (MRE)
is composed of tiny ferrous particles in chains and an elastomer such as synthetic
and natural rubbers. When liquid state rubber combined with ferrous particles is
exposed to a steady magnetic field, the ferrous particles will form chain-like
structures arranged along the magnetic field during the curing process [2]. Klin-
genberg [3] discuss the applications and challenges of MR fluid. MR fluids have a
wide array of applications, including variable dampers [4–6], visco damper [7],
and vibration damper [8], and Venkateswara Rao et al. [9] studied the functional
behavior of isotropic magnetorheological gels but MR fluids have distinct short-
comings. Liquid leakage can result in environmental contamination. Also, particle
residue can degrade the performance of MR devices. MR elastomers, the solid
analogs of MR fluids, may be a good solution to overcome the disadvantages of
MR fluids. MRelastomers are the solid-type analogue of the well-known MR
fluids, in which the fluid component is replaced with rubber-like solid materials
such as silicon rubber, natural rubber, polyurethane sealant and polybutadiene as
well as their blends.

The MR elastomer’ elastic modulus or stiffness varies with the magnitude of the
applied magnetic field by aligning iron particles as shown in Fig. 1 [10].

2 Properties of Magnetorheological Elastomers

Kallio [11] studied the influence of the alignment of the magnetic particles on the
composite properties with and without applied magnetic fields. It was found that
the stiffness and damping properties of both isotropic and aligned MREs can be
modified by applying external magnetic field. In isotropic MREs the stiffness and
damping increase in the magnetic field if the filler volume fraction exceeds 15 %.
The damping also increases with the increasing volume fraction of iron and it has a
maximum value at 27 vol. % when measured with applied magnetic field. The
damping and stiffness properties of aligned MREs depend on the mutual directions
of load, magnetic field and the particle alignment in the composite. It was also
found that by optimizing the particle density and alignment, either the stiffness or
the damping of MREs can be increased by applying the magnetic field.

Structurally, field responsive elastomers can be thought of as solid analogs of
field responsive fluids. Like many fleld responsive fluids, field responsive elasto-
mers are composed of polarizable particles dispersed in a polymer medium and the
physical phenomena responsible for the field sensitivity of these elastomers is very
similar. Indeed the ‘strength’ of fleld responsive fluids is characterized by their
fleld dependent yield stress while the strength of fleld responsive elastomers is
typically characterized by their fleld dependent modulus [1].

Jung et al. [12] studied a dynamic model of an MR elastomer which obtained
based on characteristic test results of MR elastomers in shear mode. The results
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further suggest that the feasibility of using MR elastomers as variable stiffness
elements for enhancing the performance of conventional base-isolation systems.

Iacobescu et al. [13] investigated the Magnetorheological Elastomer Surface
Properties by Atomic Force Microscopy. Collette et al. [14] considered two sys-
tems based on a magnetorheological elastomer (MRE): a MRE isolator under a
frequency varying harmonic excitation and a MRE Dynamic Vibration Absorber
(DVA) mounted on a frequency-varying structure under a random excitation. It is
shown that the commandability of the elastomer improves the isolation perfor-
mances in the first case, and decreases the stress level in the structure in the second
case.

Magnetorheological (MR) rubber materials are the solid analog of magneto-
rheological fluids; hence, their rheological properties can be controlled by an
applied magnetic field. If the particles embedded in the matrix are carbonyl iron,
they have to be aligned by a magnetic field before the curing of the rubber, in order
to achieve a substantial MR effect. Besides the achieved level of dispersion, the
rheological properties of the matrix material do not influence the MR effect [15].

The mechanical properties of the MR materials change when subjected to an
external magnetic field. The MREs are interesting candidates especially for the
active stiffness and vibration control of structural systems [11]. The damping and
stiffness properties of the MREs depend significantly on the mutual directions of
load, magnetic field and the particle alignment in the composite. The measured
curves (Figs. 2, 3) show that the dynamic stiffness decreases near the resonance.

3 Characteristic of MRE

Ying et al. [16] presented study focuses on the nonlinear dynamic characteristics
of MRE. The MRE was fabricated and specimens were tested to show nonlinear
mechanical properties and dynamic behaviors. It has been obtained that: (1) The
applied magnetic fields can induce the nonlinear relation between forces and
deformations; (2) The dynamic behaviors at low frequency can be modeled by

Fig. 1 Schematic
representation of MR
elastomers [10]
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Fig. 2 DMA frequency scan results for an isotropic MRE with 30 vol. % of iron. The results are
shown with fitted viscoelastic model and they were measured without the magnetic field and with
the field strength H of 0.13 Tesla [11]

Fig. 3 DMA frequency scan results of an aligned MRE with 30 vol. % of iron as measured in
Direction 1. The results are shown with fitted viscoelastic model, and they were measured without
the magnetic field (upper curve) and with the field strength H of 0.13 Tesla (lower curve) [11]
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combining the nonlinear elasticity and linear damping; (3) The equivalent stiffness
and loss factor depend linearly on the frequency in certain interval and depend
nonlinearly on the magnetic field for small deformation. Figure 4 illustrates the
increase of the equivalent stiffness with the frequency and magnetic field intensity.

Jung et al. [12] studied the dynamic characterization of magneto-rheological
elastomers in shear mode. Dong et al. [17] proposed a new adaptive variable
stiffness absorber. On the basis of the measured mechanical characteristics, the
MRE absorber was developed and its working characteristics were also tested
under various input currents and excited frequencies. The experimental results are
shown in Fig. 5. From Fig. 5, it can be found that the shear modulus increases as
the excited magnetic field increases. As a result, the damping characteristic was
assumed as a constant in this study.

Fig. 4 Equivalent stiffness
versus fields (dot for test; line
for modeling) [16]

Fig. 5 Shear modulus with
different magnetic fields and
excited frequencies [17]
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4 Magnetorheological Elastomers for Seismic Protection

The objective of seismic isolation systems is to decouple the building structure
from the damaging components of the earthquake input motion, i.e. to prevent the
superstructure of the building from absorbing the earthquake energy. The entire
superstructure must be supported on discrete isolators whose dynamic character-
istics are chosen to uncouple the ground motion. Some isolators are also designed
to add substantial damping. Displacement and yielding are concentrated at the
level of the isolation devices, and the superstructure behaves very much like a rigid
body. Some of the commonly used isolation systems by Sajal [18].

Behrooz et al. [19] focused on control of a scaled building structure using a new
semi-active Variable Stiffness and Damping Isolator (VSDI) and demonstrate the
feasibility of using VSDIs a 1:16 scaled, three-story building is constructed and
installed on a shake table and its base is supported by four prototype VSDIs. The
VSDIs can be regulated in real time by varying the applied magnetic field through
a controller. A phenomenological model is proposed and implemented on VSDI
devices. The scaled El Centro earthquake excitation is applied to the system, and
the vibration mode is controlled by a Lyapunov-based control strategy.

In traditional seismic design approach, strength of the structure is suitably
adjusted to resist the earthquake forces. In base isolation technique approach, the
structure is essentially decoupled from earthquake ground motions by providing
separate isolation devices between the base of the structure and its foundation. The
main purpose of the base isolation device is to attenuate the horizontal acceleration
transmitted to the superstructure. All the base isolation systems have certain
features in common. They have flexibility and energy absorbing capacity. The
main concept of base isolation is to shift the fundamental period of the structure
out of the range of dominant earthquake energy frequencies and increasing the
energy absorbing capability. The concept is explained in Fig. 6 [20].

Elastomers with field responsive rheology hold promise in enabling simple
variable stiffness devices. Although there are few applications appearing in the
literature for controllable elastomers, there are countless applications for systems
that employ a variable stiffness [1]. Among these are Adaptive Tuned Vibration
Absorber based on Magnetorheological Elastomer [2], seat vibration control [21],
and smart base isolation system using real-time hybrid simulation [22].

Doo et al. [23] conducted feasibility study of MRE under several historical
earthquake excitation. The result show that the application of MRE was recusing
the responses of the structure due to seismic exitations considered in the study.

Table 1 summarizes the maximum values of the structural responses for the
four different test cases by Eem et al. [10]. In the table, the values in parenthesis
represent the improvement of the smart base isolation system compared to the
passive-type base isolation system. They show that the maximum structural
responses for the smart base isolation are much smaller than those of the passive
isolation system. The experimental results confirm the feasibility of smart base
isolation for improving the seismic performance based-isolated structure.
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Figure 7 shows the scaled single-story shear building structure sits atop MR
elastomer-based isolation systems. The results show that the proposed MR elas-
tomer base-isolation system with the fuzzy logic control algorithm outperforms the
conventional passive-type base isolation system in reducing the responses of the
building structure for the seismic excitations considered in his study.

4.1 Modeling of MRE

Shen et al. [24] was modeled the MRE with new methods for fabricating mag-
netorheological (MR) elastomers are introduced. The experimental results show
that the modulus of polyurethane MR elastomers can increase by 28 % under a
strong magnetic field. Comparatively, the rubber MR elastomer has low modulus
change ability. The analytical results of the model are in agreement with experi-
mental data.

Li et al. [25] addressed the challenge facing current base isolation design/
practice by proposing a new type of seismic isolator for the base isolation system,
namely an adaptive seismic isolator. The novel adaptive seismic isolator utilizes
magnetorheological elastomer (MRE) for its field-sensitive material property. The
configuration of the novel MRE seismic isolator, as shown in Fig. 8, incorporates
the laminated structural design of a traditional laminated rubber bearing. It consists
of multilayer thin MRE sheets bonded onto multilayer thin steel plates. The
laminated structure is essential for the seismic isolator used in civil engineering
applications. The laminated structure allows high flexibility in the horizontal
direction by the shearing deformation of MRE sheets, which can also be varied
instantly under an applied magnetic field.

Eem et al. [22] study the seismic performance evaluation of an MR elastomer-
based smart base isolation system using real-time hybrid simulation. According to
the preliminary characterization test results, the horizontal stiffness of the sample

Fig. 6 Concepts of base
isolation and dampers [20]
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is varied by 30 %. Figure 9a, b show schematic diagrams of the proposed isolator
and its prototype, respectively.

Choi et al. [26] presented the study of MRE for response reduction of the
seismically excited base-isolated building, which is an eight story base isolated
non-linear building similar to existing buildings in Los Angeles, California. The
simple strategy of the semiactive fuzzy control algorithm for linear elastomeric
isolated or nonlinear friction isolated building structure is presented in Fig. 10.
The results of the numerical simulations show that the proposed control systems
could be beneficial in reducing seismic responses of base isolated structures.

4.2 Experimental of MRE

A novel adaptive seismic isolator was developed by Li et al. [27] as the key
element to form smart seismic isolation system. The novel isolator contains unique
laminated structure of steel and MR elastomer layers, which enable its large-scale
civil engineering applications, and a solenoid to provide sufficient and uniform
magnetic field for energizing the field-dependent property of MR elastomers. With
the controllable shear modulus/damping of the MR elastomer, the developed
adaptive seismic isolator possesses a controllable lateral stiffness while

Table 1 Maximum structure responses (improvement) [10]

Test cases Base drift Structure
drift

Acc. at base
floor

Acc. at top
floor

Fixed-base (Exc. freq. = 12.4 Hz) – 16.42 mm – 73.5 m/s2

Base-isolation (Exc. freq. 12.4 Hz) 2.91 mm 1.07 mm 1.02 m/s2 4.75 m/s2

Bate-isolation (Exc. freq. = 7.5 Hz) 2.21 mm 1.92 mm 3.76 m/s2 7.58 m/s2

Smart base-isolation (Exc.
freq. = 7.5 Hz)

0.76 mm
(65.61 %)

0.81 mm
(57.81 %)

1.39 m/s2

(63.03 %)
2.31 m/s2

(69.53 %)

Fig. 7 Experimental
structure (smart base-
isolation system) [10]
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maintaining adequate vertical loading capacity. Experimental results show that the
first prototypical MRE seismic isolator can provide stiffness increase up to
37.49 %, while the second prototypical MRE seismic isolator provides amazing
increase of lateral stiffness up to 1,630 %. Such range of increase of the con-
trollable stiffness of the seismic isolator makes it highly practical for developing
new adaptive base isolation system utilizing either semi-active or smart passive
controls.

The detailed experimental setup by Li et al. [25] is shown in Fig. 11. In order to
evaluate and characterize the novel MRE seismic isolator, a series of pseudo-
dynamic and dynamic tests were conducted. Experimental results show that the
proposed adaptive seismic isolator can successfully alter the lateral stiffness and
damping force in real time up to 37 and 45 % respectively.

The smart base isolation system based on the MR elastomerbased isolator is
taken into consideration in the experimental part. Figure 12 shows the setup of the
experimental part. As shown in the Fig. 12, a shaking table system is used to
provide the input excitation to the MR elastomer-based isolator. The results show
that the proposed smart base isolation system outperforms the passive base iso-
lation system in reducing the responses of the structure for the excitations con-
sidered in this study [22].

A magnetorheological elastomer (MRE) was manufactured and tested, and a
MRE sandwich beam was also fabricated from a MRE between two thin aluminum
layers. An experimental test rig was set up to investigate the vibration response of
the MRE sandwich beam under a non-homogeneous magnetic field. The experi-
mental results show that the first natural frequency of the MRE sandwich beam
decreased as the magnetic field applied to the beam was moved from the clamped
end of the beam to the free end of the beam. It is also noted that the MRE sandwich
beam had the capability to left shift the first natural frequency when the magnetic
field was increased in the activated regions [28].

Fig. 8 a Cross section of the MRE seismic isolator, and b the laminated MRE and steel structure
[25]
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Fig. 10 Control diagram of
the semiactive control system
of base isolated building [26]

Fig. 9 Laminated MR elastomer-based isolator. a Schematic diagram of the isolator. b Prototype
of the isolator [22]
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5 Conclusions

This paper presents a review of all relevant papers known to the authors describing
properties, characteristic, modeling, and experiment of magnetorheological elas-
tomer due to seismic protection. These types MRE allow changes on the dynamic
stiffness of the structure. Such response is desired as new technologies.
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Fresh Properties of Self-Compacting
Concrete Incorporating Palm Oil Clinker

Jegathish Kanadasan and Hashim Abdul Razak

Abstract Self-compacting concrete (SCC) has diversified the utilization of con-
crete in the construction industry due to its capability to consolidate on its own
without the need of any external mechanical vibration. This property allows for
complex architectural design as well as reduction in the construction time. Palm oil
clinker (POC) is a waste material from the palm oil processing plants. The con-
sumption of this waste by products in concrete could help to revive the sustain-
ability of aggregates which is currently depleting. Particle packing (PP) concept is
introduced in evaluating the proportion of aggregates and void over a given vol-
ume. Based on these values, the mix design is developed for POC SCC. Evalua-
tions of fresh and hardened properties of POC SCC indicate the suitability of POC
to be utilized in the construction industry.

Keywords Palm oil clinker � Self-compacting concrete � Particle packing

1 Introduction

Self-compacting concrete (SCC) has wide-ranging structural applications in the
construction industry due to its potential to consolidate on its own without
vibration and produce quality structures. These properties coupled with enhanced
behavior of the concrete itself in terms of mechanical and durability features has
increased the popularity of SCC in construction and building. Agricultural industry
in Malaysia has been one of the backbone of the country for the past few decades.
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Conversion of useful consumer goods from this industry generates considerably
high volume of waste. A proper waste management is required to ensure these
materials do not give rise to environmental problems. Palm oil clinker (POC) is a
waste by-product originating from the incineration process of oil palm shells and
fibers. They are generally irregular in shape, porous and with good lightweight
characteristics.

Particle packing (PP) study gives an insight on the interaction between POC
aggregates and natural aggregates at different replacement levels. The void volume
and corresponding PP were incorporated into a series of mix design development
process to obtain the final mix proportion. In this research, focus was given on
understanding the POC replacement as aggregates besides incorporation POC
powder. POC powder is utilized as binder material to enhance the SCC properties.
POC powder was used in the mix design process to supplement the required paste
volume generated from the PP analysis. This powder material could also act as a
viscosity modifying agent to alter the paste configuration. POC powder was pur-
posely chosen to ensure the maximum usage of palm oil waste products in SCC.

2 Materials

2.1 Aggregates

Figure 1 shows a large chunk of POC which was obtained from the palm oil mill.
Figure 2 shows the highly porous nature of POC, while Fig. 3 shows the coarse
and fine POC which are utilized in SCC. For coarse aggregates, both gravel and
coarse POC were obtained in sizes ranging from 5 to 14 mm. While for sand and
fine POC, they were collected below 5 mm. Table 1 shows the physical properties
of all aggregates used in this research.

Fig. 1 A large chunk of
palm oil clinker collected
from the palm oil mill
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2.2 Cementitious and Binder Materials

Ordinary Portland cement (Type I) was used throughout the study. POC powder
was obtained by ball mill grinding process of POC. The chemical properties of
cement and POC Powder used in this research are tabulated in Table 2.

2.3 Admixtures

A polycaboxylate based superplastisizer (SP) was utilized in this research. The
density of the SP was 1.08 kg/L. The amount of solids within the SP was 40 %.

Fig. 2 Porous characteristics
of palm oil clinker

Fig. 3 POC fine and POC
coarse after crushing stage
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3 Research Programme

Table 3 shows the mix proportion for POC SCC. For all the mixes, the fresh SCC
properties such as slump flow, T500, V-funnel and L-box were evaluated according
to EFNARC [1] specification. Besides that, the SCC mixes were also tested for
mechanical properties in terms of density reduction, ultrasonic pulse velocity
(UPV), compressive strength and electrical resistivity at an early age of one day.
The fresh and hardened properties were correlated to establish a relationship
between them.

Table 1 Physical properties of aggregates

Properties Aggregate

Fine POC Coarse POC Sand Gravel

Aggregate size (mm) \5 5–14 \5 5–14
Specific gravity 2.15 1.73 2.66 2.63
Moisture content (%) 0.5 ± 0.25 1 ± 0.5 0.08 0.28
Water absorption (%) 10 ± 5 3 ± 2 0.39 0.58
Aggregate crushing value (%) – 56.44 – 17.93
Aggregates crushing value 10 % fines – 16.99 – –

Table 2 Chemical composition of binders

Chemical properties

Oxides Cement POC powder

CaO 64.00 6.37
SiO2 20.29 59.90
SO3 2.61 0.39
Fe2O3 2.94 6.93
Al2O3 5.37 3.89
MgO 3.13 3.30
P2O5 0.07 3.47
K2O 0.17 15.10
TiO2 0.12 0.29
Mn2O3 0.12 –
Na2O 0.24 –
Others 0.94 0.36
Loss on ignition 1.40 1.89

Bogue compound composition of cement % by mass –
Compound

C3S 58.62
C2S 13.95
C3A 9.26
C4AF 8.95

Physical properties
Specific gravity 3.15 2.59
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4 Results and Discussion

4.1 Slump Flow

Figure 4 shows the effect of paste volume on the slump flow. In addition, Fig. 5
depicts the relationship between slump flow, POC substitution ratio and paste
volume. For POC 100, the immense amount of voids between the POC aggregates
elevates the paste volume required for SCC. This indirectly provides an extra
amount of paste that will be required to establish lubrication between POC parti-
cles. Compared to POC 0 which has the highest value of PP, the need for an
additional paste volume is reduced due to lesser availability of pores within the
aggregate skeleton. Due to that, a smaller slump flow diameter is obtained com-
pared to all the other mixes. All the mixes fall into SF2 class which is between 660
and 750 mm. The higher rolling capability of the aggregates which has been coated
and introduced with extra amount of lubrication contributes to this situation.

Table 3 Mix proportion

Components POC substitution (%)

0 25 50 75 100

POC coarse – 94 178 256 332
POC fine – 175 331 477 623
Gravel 619 428 270 130 –
Sand 938 649 410 197 –
Cement 550 550 550 550 550
POC powder 84 150 192 226 237
Water 190 210 223 232 236
S.P. (%) 1.00 0.75 0.50 0.40 0.35
W/B 0.30 0.30 0.30 0.30 0.30

EFNARC[1] Slump Flow (SF 2)
Maximum 
Minimum

Fig. 4 Relationship between
paste volume and slump flow
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4.2 V-Funnel and T500

Figure 6 shows the effect of paste volume on the V-funnel flow time. On the other
hand, Fig. 7 illustrates the relationship between V-funnel flow time, POC substi-
tution ratio and paste volume. The viscosity of the mix directly influences the flow
time. Generally, a reducing flow time trend can be observed from the graph as the
amount of POC increases in SCC. POC 100 with an elevated paste volume helps to
induce a good passing ability and flow ability criteria due to lower viscosity of the
mix. An increase in the viscosity of the POC 0 mix was observed due to the greater
friction between the aggregates and the available paste.

Mix POC 0 can be classified into class VF2 while all the other remaining mixes
will be in VF1. Figure 8 shows the effect of paste volume on the T500 time. While

EFNARC[1] Slump Flow (SF 2)
Maximum 
Minimum

Fig. 5 Relationship between slump flow, POC substitution ratio, paste volume

EFNARC[1] Viscosity (VF 2)

EFNARC[1] Viscosity (VF 1)

Fig. 6 Relationship between
paste volume and V-funnel
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the relationship between T500 time, POC substitution ratio and paste volume are
depicted in Fig. 9. The viscosity of the mix plays an important role in T500

determination. As the POC replacement ratio increases, the T500 time reduces
which can be explained by the increase in paste volume.

4.3 L-Box

For all the POC SCC mixes, the L-box passing height was 1.0 satisfying PA2
range. This was greatly influenced by the introduction of correction lubrication
factor (CLF) which provides extra paste volume to enhance the lubrication
between the aggregates. Besides that, the fine to total aggregates ratios (F/A) of 0.6
which was employed throughout the study indicate improved rolling and passing
capability of the aggregates.

EFNARC[1] Viscosity (VF 2)

EFNARC[1] Viscosity (VF 1)

Fig. 7 Relationship between V-funnel, POC substitution ratio, paste volume

EFNARC[1] Viscosity (VS2)

EFNARC[1] Viscosity (VS1)

Fig. 8 Relationship between
paste volume and T500
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4.4 Density

POC which are lightweight in nature reduces the overall weight of the concrete
structure. Figure 10 illustrates the relationship between POC substitution level,
density of the hardened POC and concrete weight reduction. It is clear that with
full replacement of POC, a lower density of POC which is very close to 2,000 kg/
m3 can be achieved and can be classified as lightweight concrete. POC 75 can be
also considered as lightweight concrete since it is also very close to the boundary
of lightweight concrete region (2,050–2,100 kg/m3). Almost 16 % of concrete
weight reduction was observed with the complete replacement of POC over natural
aggregates.

4.5 Ultrasonic Pulse Velocity

Figure 11 shows the effect of paste volume on the UPV readings. The aggregate
packing level of SCC plays a vital role in exhibiting the pulse movement rate. A
higher packing level of natural aggregates represented by POC 0 shows highest
UPV reading compared to all other mixes. A decreasing trend in terms of UPV
readings can be observed with an increasing POC replacement ratio. The porous
state of POC aggregates as well as huge amount of voids between the POC
aggregates due to its shape plays an important role to produce a lower pulse
transfer. In general, POC 100 which represents complete substitution of POC can
be classified as in the satisfactory region.

EFNARC[1] Viscosity (VS2)

EFNARC[1] Viscosity (VS1)

Fig. 9 Relationship between T500, POC substitution ratio and paste volume
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4.6 Compressive Strength

Figure 12 shows the relationship between paste volume and compressive strength.
The lightweight nature of POC 100 affects the compressive strength greatly. This
situation can be explained and supported by the lower aggregate crushing value
(ACV) which was found for the POC aggregates. Although sufficient amount of
paste provided, again the strength of the overall concrete is majorly bounded by
the aggregates capability to take up the given load. In addition, a lower ACV 10 %
fines indicates a very low load bearing capacity of POC aggregates under certain
fixed load.

Figure 13 shows the changes in UPV readings with compressive strength. The
paste volume which indirectly depicts the PP values indicates that higher packing
degree of the concrete structure produces higher UPV readings.

Fig. 10 Relationship between density, POC substitution ratio and concrete weight reduction

Fig. 11 Relationship
between paste volume and
ultrasonic pulse velocity
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Fig. 12 Relationship
between paste volume and
compressive strength

Fig. 13 Relationship
between ultrasonic pulse
velocity and compressive
strength

Fig. 14 Relationship
between POC substitution
ratio and electrical resistivity
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4.7 Electrical Resistivity

Figure 14 shows the effect of POC replacement on the electrical resistivity read-
ings. The increase in POC replacement ratio generally reduces the resistivity
results. However, the differences between them are considerably low and are
expected to increase over time. This test provides a good indication on the cor-
rosion rate.

5 Conclusion

The fresh properties of POC SCC satisfied the EFNARC [1] requirements.
Introduction of mix design based on PP and paste volume induces significant
achievement of optimized concrete structure with elevated fresh and hardened
properties performance. Sustainability of the aggregates can be preserved with the
utilization of POC aggregates in SCC besides reducing the environmental pollu-
tion problems.
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Flood Economy Appraisal: An Overview
of the Malaysian Scenario

Wei-Koon Lee and Irma Noorazurah Mohamad

Abstract Flood is the most devastating natural disaster in Malaysia. Its increased
frequency and magnitude has caused to the country substantial financial losses as
well as other intangible damage. In this paper, the challenges of flood damage
appraisal and the importance of reliable cost-benefit analysis is discussed. In
addition, flood financing options are also reviewed to evaluate the overall scenario
of flood economy in the country. It is concluded that we need a methodological
approach to produce consistent and reliable flood economy estimate for critical
decision-making.

Keywords Cost-benefit analysis � Economy impact � Project financing � Flood
damage losses � Flood control

1 Introduction

Malaysia is a blessed country that is exempted from many natural disasters.
Although we have experienced the ripple effect of tsunamis as a result of the
Indonesian earthquake during the last decade, our exposure to natural disasters
remains moderate, if not low, with the exception of the chronic issue of flood.

According to the statistical compilation of PreventionWeb, a project under the
United Nation Office for Disaster Risk Reduction (UNISDR), there was a total of
58 events of natural disaster in Malaysia for the period between year 1980 to 2010,
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claiming a total of 1,239 lives of the 640,000 people affected [1]. Of all the
different categories of natural disasters considered, flood accounted for over half
the registered events. Floods contribute to 8 out of the 10 disaster events with the
highest human exposure, and affect over 85 % of all the disaster-stricken people.
Floods are thus the primary hazard affecting Malaysia, in particular the west coast
of the Peninsular [2].

Even though flood is not amongst the most lethal (see e.g. Fig. 1 on flood
mortality distribution), its economy damage is immense. The 2007 flood alone
which affected vast areas in the state of Johor caused an estimated loss of USD 605
million (in US Dollar), the highest of all disaster events in the 3 decades. During
the same period, the total flood losses amounted to USD 1 billion, which is more
than half the total economy loss due to natural disasters [1].

Based on the analysis of Global Risk Data Platform published by United Nation
Environmental Programme (UNEP) [3], Fig. 2 shows the global flood vulnera-
bility, where Malaysia has an estimated annual human exposure of 25,000 and the
total casualty approaches 10. Figure 3 shows that Malaysian economic losses due
to flood is estimated at close to USD 60 million per year [3]. The scenario is not
utterly grave but calls for political will and provision of funding in order for
preventive measures or scheme to be implemented. More specifically, the cost-
benefit analysis, and analysis of the pros and cons of various mode of financing
options are essential for the government, whether at the federal or state level, to
make an informed decision.

In this paper, the approach on flood damage assessment and the concept of cost-
benefit analysis are reviewed. The need of a national methodology of flood
economy appraisal is emphasized and discussed. Specific focus is given to urban
flash flood where the human exposure and the potential economy damage is the
highest and the most critical.

2 Flood Scenario in Malaysia

Malaysia has an equatorial climate with high temperatures and relative humidity.
According to Drainage and Irrigation Department (DID) Malaysia, the annual
average rainfall in Peninsular Malaysia, Sabah and Sarawak are 2,420, 2,630 and

Fig. 1 Malaysian flood
mortality. Source CHRR
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Fig. 2 Global flood vulnerability, with the highlighted point showing Malaysia. Source UNEP

Fig. 3 Global flood economic risk index (ERI), with the highlighted point showing Malaysia.
Source UNEP
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3,830 mm respectively. Heavier precipitation is typically recorded in the east coast
of Peninsular Malaysia and the coastal regions of Sabah and Sarawak. The
northeast (November–February) and southwest (April–September) monsoons
bring most of the rainfall, with the former being more severe. It is not surprising to
record as much as 600 mm in 24 h in extreme cases [4]. Overall, it is estimated
that 9 % or 29,800 km2 of the country are flood-prone (see Fig. 4) involving 4
million people [5]. This includes places such as Rantau Panjang, Kota Baru,
Dungun, Pekan, Segamat, Kota Tinggi, Alor Setar, Perlis, and Penang.

The urbanized west coast of Peninsular Malaysia is susceptible to flood mainly
from the month of September to November during the inter-monsoonal period
when convectional thunderstorms are prevalent [4]. These storms bring short but
very intense rainfall as highlighted above which can overload the drainage systems
within short time-period, causing localized flash flood. The Director-General of the
Meteorological Department, Che Gayah Ismail, has mentioned that a ‘heavy rain’
as low as 30 mm may trigger flash flood in certain low-lying areas in the Klang
Valley, namely places such as Gombak, Jinjang, Sri Hartamas, Setapak, Cheras,
and Sungai Besi [6].

Table 1 shows the major flash flood events in various part of Malaysia. Records
show that the occurrence of flash flood is closely related to urbanized catchment
where drainage infrastructure fails to keep up with the changing land use. On the
basis of increased population density as a result of urban migration and population
growth, flood hazards in urban settlements is expected to continue to escalate both
in terms of human exposure and economy damage [7].

The occurrences of extreme flood event are increasingly become more frequent,
with over 10 incidents of flood exceeding 100-year annual recurrence interval
between the 10-year period from 2003 to 2012 [9]. Furthermore, the maximum
annual rainfall intensity has also increased substantially. For example, the 1, 3 and
6 h rain for the period 2000–2007 are 17, 29 and 31 % higher respectively,
compared to the period 1970–1980. This corresponds to high rainfall intensities of
112, 133 and 145 mm/h respectively, a definite threat to the ageing and poorly-
maintained drainage system in the country [9]. Recently, failed drainage system

Fig. 4 Flood-prone areas in Malaysia. Source DID
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near the Damansara-Puchong Expressway has been touted as the main culprit
leading to the rapid rising water near the popular IOI Mall commercial centre in
Puchong [10].

The impact of rising river runoff can be compounded by high coastal water
level. For instance, the major flood in Klang in March 2012 which inundated two-
third of the city is associated with the backwater effect of astronomical tide. The
same incidence is reported to have recurred the same year in the month of October
[6]. It is estimated that there are some 300,000 people who live within 1 km of
Malaysian coastline, and 600,000 within the 2 km band [2]. Considering the
projected sea level rise (SLR), extreme flood due to the coupled effect of coastal
high water and river runoff spells disaster to the coastal community, such as Klang,
Teluk Intan and Pulau Pinang.

For the period between the year 1984–2010, it is estimated that SLR in
Malaysia ranges between 0.2 and 4.4 mm annually depending on location [9].
Although this is well below global average, Malaysia cannot be indifferent con-
sidering the fact that Malaysia has long coastline of over 4,600 km which makes
us highly vulnerable to coastal high water. The irony of SLR is that the threat is
certain but not imminent. While it is happening and is expected to pose increasing
threat to the coast fronts, the lack of the evidence of its direct impact continues to
elude the attention of the authorities. It is crucial that hydrologists give more due
attention to the increased frequency of flooding in coastal cities—to demarcate the
contributing factor of rainfall-induced runoff and coastal high water level, the
latter being a possible manifestation of SLR instead of the seasonal tidal extreme.

3 Flood Damage Assessment

Flood losses can be broadly categorized into tangible or intangible losses [11].
Both categories can be further subdivided into losses owing to direct and indirect
contact with flood (see Table 2). Tangible losses can be assessed in a straight-
forward manner in terms of the actual cost incurred to repair or replace the losses

Table 1 Major flash flood in
Malaysia [8]

Date Place

Jan 1971 Kuala Lumpur
10 Jun 2003 Kuala Lumpur
6 Dec 1999 Shah Alam
26 Feb 2006 Shah Alam
2 Mar 2006 Shah Alam
19 Dec 2006 Muar, Johor Bahru, Skudai, Segamat
10 Jan 2007 Muar, Johor Bahru, Skudai, Segamat
10 Jun 2007 Kuala Lumpur
Dec 2007 East coast Peninsular
Nov 2010 Kedah and Perlis
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sustained, direct cost of humanitarian operation (including rescue and medical
administration) and provision (including shelters and sustenance), and the pro-
jected loss of revenue due to sustained disruption to businesses, employment and
transportation. In addition, administrative and legal expenses also need to be
accounted for. This mammoth task of quantifying, to the required degree of
accuracy, the complete cost factor of the disaster, calls for careful considerations
of every relevant aspect without undue omission in order to produce an all-
encompassing estimate.

Notwithstanding the complex and demanding tasks above, the world being a
global village in this age of connectivity and information explosion means an
economy study of the above nature can be performed relatively easily by a sci-
entist in a remote country, extracting basic data available online, and applying a
standard methodology to produce an estimate which conjures a global big picture
(see e.g. [2]). However, these works are typically produced at such miserable
coarse scale, giving no attention at all to the actual context such that its direct
application for localized decision-making is greatly restricted. Malaysia should not
be dependent on crude estimates like this for our national planning, or specifically,
flood planning in the present discussion.

Insurance companies have established methodological way of approximating
flood losses (see e.g. [12]). However, due to the fact that flood insurance is still not
popular for households in Malaysia, it is not possible to gauge the total losses in a
flood event through insurance pay out. Individual claim amount is only indicative
of damages in identical residential buildings in the vicinity but not representative
of other premises due to the variability of floor area and flood depth, and not to
mention, household contents which differs considerably. The same argument
applies to all commercial, industrial, institutional buildings.

It is worth noting that insurance company depends as much on third-party or
direct damage assessment in order to determine the compensation and premium
amount. Hence, independent appraisal of flood damage remains an important source
in flood economy study. Besides, for planning purposes, the more relevant data is the
total damage to the entire community, the town, city, state or country, as a function
of the inundation depth, area and duration, instead of individual household losses.

Owing to the inherent difficulties of a comprehensive damage appraisal, [13]
proposed a two-tier approach, namely a rapid assessment method (RAM) and a

Table 2 Categories of flood losses [11]

Direct losses Indirect losses

Tangible
losses

E.g. building and contents,
infrastructures, vehicles, crops,
livestock, personal belongings
and assets etc

E.g. costs of rescue operation, aid, medical
and lawsuit expenses, disruption to
transport, business, commerce,
employment etc

Intangible
losses

E.g. lives, injuries, damages to
historical and ecological
heritage etc

E.g. stress, anxiety, trauma disruption to
lives, loss of community, loss of
societal resources etc
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detailed assessment method (DAM). The former is a first level approximation
which requires only basic information, whereas the latter requires extensive data
collection and may be adopted for critical flood region. However, [13] carried out
exemplary detailed assessment following the methodology developed in Australia,
which has limited applicability in the Malaysian context. It was acknowledged that
we need to derive our very own damage curve and damage functions to ensure an
accurate reflection of Malaysian flood losses.

In general, flood damage estimates tend to be inaccurate for smaller events with
error up to a factor of 2 but greatly improved for higher levels of aggregations [14].
It is thus important to obtain flood loss data from diverse, reliable and preferably
direct sources for verification. In order to check for consistency, estimates pro-
duced for similar or recurring events may be compared. The ultimate aim is to
produce flood damage estimate that is suitable for the purpose of planning and
critical decision-making.

While tangible losses can be appropriately assessed in monetary terms, the
value of intangible losses cannot be easily determined. Casualties, injuries, human
exposure, and the duration of flooding thus continue to be important indicators of
the extent of intangible losses. Any damages to buildings, resources or heritage of
value to the society or country (Table 2) will require separate appraisal to realize
the actual cost incurred.

The information on damage costs, when properly archived, provides invaluable
insight into the long term cumulative cost incurred by similar events and will no
doubt facilitate the decision-making concerning flood-related projects. The authority
will thus be on good ground to either approve or delay the capital expenditure. In
either case, the stakeholders can be assured of a well-thought and well-justified
decision, even if it is a ‘do nothing’ or ‘business as usual’ decision [15].

4 Cost-Benefit Analysis

Essentially, the cost of flood damage is the potential benefits that can be derived
from a proposed flood control solution. This, together with the realistic cost of the
proposed solution must both be appropriately translated into monetary term, taking
into consideration the present and future value equivalent of these estimates in
order to provide the equal basis for comparative study.

Where it is deemed necessary to implement flood control, or flood mitigation
measures, engineers and engineering economists need to begin with the ground-
work of assessing the real need and exploring the most economical solution.
Theoretically, a project with a functional life of 20 years, for example, should not
cost more than the anticipated cumulative loss over the same time period. The ratio
of cost to benefit should be maintained below unity, and the lowest value adopted
in the determination of the optimum functional life (see Fig. 5). Additional ben-
efits associated with a flood mitigation or flood control project is non-other the
stimulating impact on domestic economy especially the construction sector and
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increased employment opportunities [16]. There is no doubt, however, that these
justifications can be easily overruled due to political reasoning, leading to decision
that favours the government on its goodwill to the people but translate to
unnecessary financial burden to the country.

Subsequent to the major flood event in Klang in March 2012, the Selangor state
government has allocated RM 5.2 million (in Ringgit Malaysia) for short-term
flood mitigation, knowingly that a larger sum would be needed to solve the plight
and may have to be solicited from the federal government [17]. Meanwhile, the
federal government needs to weight between the disparate need across different
states of varying woes.

The fundamental issue then lies in the question of which investment yields the
most benefit for the country. This in fact, is example of an indirect cost, i.e. the
potential gain if the allocation had been used for another purpose which also
directly benefits the people in a different way. In this case, the decision will have to
be made based on the evaluation of urgency and importance of the respective
option, where both monetary and non-monetary return will have to be appropri-
ately assessed.

Take for example the capital city Kuala Lumpur (KL), where the Stormwater
Management and Road Tunnel (SMART) was constructed at a whopping cost of
RM 1.8 billion (over USD 500 million) in order to alleviate the flash flood plight of
the finance and commercial centre of the country [18]. The cost is equivalent to
almost 10 times the anticipated national annual loss due to flood events, and is more
than half the historical flood cost for the period between the year 1980–2010. This
has not yet included the cost of construction of the detention ponds, neither the
operating and maintenance costs. As expected, the project functions to prevent the
occurrences of flash flood in a number of intense rainfall events [19]. Nonetheless, it
also has not been able to eliminate a number of flash flood events due to extreme
weather, and has thus aroused great dissatisfaction amongst KL folks [20]. Hence, it
is natural to ask whether such a massive investment is able to deliver tangible
benefits that out weight its price over the facility lifespan in the locality within its
spatial extent of influence. Can Malaysian taxpayer, the urban dwellers of KL city,
and the government be assured that the scheme is worth the money spent?

Meanwhile, the residents of Kota Tinggi continue to live in worry of another
flood that would submerge the entire town and following the devastation flood in
2006 and 2007 which inundated the nearby housing area for as long as 2 weeks
[21]. It was estimated that a flood mitigation project for Kota Tinggi would cost
RM 2.2 billion and take up to 15 years to complete [22]—a massive investment
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to determine optimum
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that the government is reluctant to commit for the historical district. It is reported
that up to 10 projects totaling RM 67 million were executed under the 9th
Malaysia Plan which included de-silting, construction of flood walls, as well as
river widening and deepening [23].

For the year 2012, RM 1 billion was allocated under the government Flood
Mitigation Plan, of which Kota Tinggi was not amongst the benefactor [16]. It is
evident that decision makers need to weight between a total curative solution
which costs a bomb, or a partial preventive solution which costs a fraction of the
former. Hence, it is vital that a clear ‘intention dimension’ be established in lieu of
a vague idea of ‘solving the problem’. Well defined scenarios will no doubt greatly
facilitate accurate and realistic costing of potential direct and indirect benefits.

One related problem in the implementation of flood control project is delayed
completion, which results in cost escalate, reduced capacity or non-functionality.
As of the end of year 2011, 20 ongoing flood mitigation projects in Malaysia were
allegedly to have not been fully completed due to funding issue [22, 23]. It may
thus be concluded that decision driven by political motives and the inclination to
jump into ambitious mega-scale project that promises to solve the problem once-
an-for-all at a much higher premium should be avoided unless appropriately jus-
tified. This by no means disregards the well-being of the community but to put
things under objective examination. It is worth noting that capital investment
aside, operation and maintenance cost are important components that ought to be
included in the cost analysis to accurately reflect the total anticipated financial
commitment of the solution [15].

In brief, cost-benefit analysis is a well-established method for decision-making
but its relevance and applicability depends largely on the availability of reliable
data in monetary terms and stakeholders’ participations.

5 Financing Options

Table 3 shows the national expenditure on flood mitigations which escalated
through every 5-year Malaysia Plan. It is estimated that the cost for future river
improvement and flood mitigation works will continue to soar and remain daunting
for a developing country like Malaysia.

Following our experience of contracting public work to private contractors
through built-operate and transfer scheme since 1980s, Malaysian government
continues to favour such arrangement as a viable mean of improving the public
facilities. In the 2012 national budget announcement, flood-related projects are
categorized under the Special Stimulus Package to be financed primarily through
Private Financing Initiative (PFI) [16]. The main shortcoming of this approach,
however, is the inherent need for the private sector to recoup the investment.
Hence the project must incorporate scope which is revenue-generating such as
dual-function infrastructure (e.g. SMART tunnel in KL, expressway-cum-flood-
way, flood control cum water supply reservoir etc.). In the absence of a profitable
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by-function, the main source of funding falls back to the state or the federal
government. International funding remains a fall reaching option considering the
overall financial strength of the country.

Another viable option is to make it compulsory for property development to
incorporate the design and construction of flood prevention measures, particularly
those located in the vicinity of flood-prone area. As discussed, the densely pop-
ulated urbanized area is the most vulnerable to destructive flash flood. In addition
to adequate drainage design, provision of pervious ground surface to promote
infiltration, e.g. porous parking area, swales, green areas, detention pond, under-
ground storage, rainwater harvesting etc. plays significant role in reducing urban
surface runoff [24]. Other state-of-the-art technology or innovations include green
roof etc. This option allows the cost of flood mitigation to be transferred to
developers, and partially shared by property buyers, as a premium to an urban
address. Similar concepts can also be implemented in older developments through
tax incentives to individuals and businesses.

Along the same line, large conglomerates should be encouraged to invest and
contribute towards the upkeep of main water ways or rivers through adoption
programs which also involve the general public. Example includes the WATER
(Working Actively Through Education and Rehabilitation) Project by Guinness
Anchor Berhad (GAB), Malaysia since 2007 [25]. The initiatives will ease the
burden of local council in water way and river maintenance, as well as educate the
general public. With increased awareness, projects alike not only reduce the
problem of pollution, but also interference and intrusion upon major water ways
and rivers that might reduce their discharge capacity.

6 Conclusions

The economy impact of flood is evident and acute for a developing country like
Malaysia. Our exposure to flood risk is increasing, both in terms of frequency, area
and population affected. Critical decision-making related to flood disaster must be

Table 3 Flood mitigation expenditure in Malaysia (Source DID, Malaysia)

Period RM Remark

1971–1975 14 million 2nd Malaysia plan
1976–1980 56 million 3rd Malaysia plan
1981–1985 141 million 4th Malaysia plan
1986–1990 155 million 5th Malaysia plan
1991–1995 431 million 6th Malaysia plan
1996–2000 845 million 7th Malaysia plan
2001–2005 1.8 billion 8th Malaysia plan
2006–2010 4 billiona 9th Malaysia plan
2011–2015 5 billiona 10th Malaysia plan

a Data is based on allocated amount
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supported by a thorough cost-benefit analysis which takes into consideration all
relevant factors that accurately reflect the national and local scenario. There is thus
a need to establish a comprehensive and all-encompassing methodology for reli-
able appraisal of flood economy. It will be an invaluable tool to both the federal
and state governments to objectively assess and thus allocate appropriate resources
for the betterment of people’s livelihood.
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Neural Network Approach to Coastal
High and Low Water Level Prediction

Wei-Koon Lee and Tuan Asmaa Binti Tuan Resdi

Abstract This paper presents a model of coastal high and low water prediction
using feed forward back-propagation (FFBP) network and generalized regression
neural network (GRNN). High and low water level prediction is very important to
planning and development of nearshore activities and applications. We show that
using 30-day hourly data and 5 main constituents as the input, good results are
obtained in the training stage for both models. However, simulations for one-
month and one-year period show that the network models are incapable of
reproducing the high and low water accurately. The results for one–month simu-
lation do provide some level of effective prediction but for one–year simulation
has much larger errors.

Keywords Coastal high and low water levels � Tidal forecasting � FFBP � GRNN

1 Introduction

The daily tidal fluctuations in the coastal area occur because of the gravitational
influences and the relative positions between the Earth, the moon and the sun,
coupled with the effect of Earth’s rotation. Conventionally, tidal forecast is pro-
duced from harmonic analysis which requires large amount of observation data.
Typically, the minimum length of tidal observation required is one year, and this
goes up to 18 years if a complete analysis is targeted. In the absence of long term
observation data, it has been shown that artificial neural network (ANN) can be
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used to predict tidal fluctuation efficiently [1–5]. Artificial Neural Network is very
suitable in this study because tidal is known as one of the nonlinear relationship. It
is difficult to solve this problem if used others methods.

In Malaysia, tidal tables produced by National Hydrographic Centre (NHC) and
Department of Survey and Mapping (JUPEM) provide reasonable coverage to
show the typical tidal characteristics along our long coastline. Nonetheless, they
are not representative of the actual tidal variations in specific locations where the
shoreline features and bathymetry may differ substantially from the nearest
available gauging stations. Satisfactory tidal forecast has been reported using
back-propagation neural network with as few as 30-day hourly data in any location
of interest [6, 7].

It is worth noting that in long-term forecast, the hourly tidal fluctuation is of
little interest. More importantly is the extreme high and low water levels which are
crucial for coastal planning and development. Hence, in order to produce reliable
reference for the construction of coastal and nearshore structures and facilities,
research effort should be directed towards predicting the occurrences of the
extremities.

In this paper, we investigate the possibility of using ANN to predict long term
coastal high and low water levels for Bintulu station (Stn No. 74005) located in
Bintulu Port (03�150 4400N, 133� 580 2000E) which is part of JUPEM’s Tidal
Observation Network (TON). Hourly tidal data is obtained for the period
1994–2004, where the local tidal characteristic is classified as mixed, and pre-
dominantly diurnal. Section 2 describes the feed forward back-propagation
(FFBP) network and the generalized regression neural network (GRNN) used in
the present study; Sect. 3 describes the network architecture design and network
training; Sect. 4 presents the results obtained. Conclusions and recommendations
are made in Sect. 5.

2 Literature Review

Artificial neural network is commonly used in problems of exclusive and nonlinear
relationship. It is a parallel computing system that imitates the biological neural
network of the brain by interconnecting many artificial neurons. The key strength
of an artificial neural network is its ability to learn and generalize, thus providing
solutions to complex problems which normally is difficult to manage by traditional
ways of approximation.

A feed forward neural network is an artificial neural network where connec-
tions between the units do not form a directed cycle. On the other hand, FFBP is a
representative learning model where the network repeatedly adjusts the weights
and biases in the network so as to minimize the error function. Figure 1 shows the
typical structure of a FFBP network which can be described in the form of IpHqOr,
where I is the input layer, H is the hidden layer, and O is the output layer
respectively, and p, q, r are the number of neuron in the respective layer. FFBP

276 W.-K. Lee and T. A. B. T. Resdi



algorithm is very sensitive to the selected initial weight values. It is also may
provide performances significantly differing from each other. Another problem
faced when the application of FFBP is the local minima issue [9]. A local mini-
mum problem is occurs because of the algorithm. It is always changes the weights
to cause the error to fall. The simple error can be rise and it is will not decrease
further [10].

The generalized regression neural network is a variant of the radial basis ANNs
and is often used for function approximation and the estimation of continuous
variables [8]. The advantages of GRNN are fast learning and convergence to the
optimal regression surface as the number of sample becomes very large.
Successful implementation depends heavily on the spread factor to obtain a
smooth approximation. In the training procedure, GRNN does not frequently
encountered local minima problem as in FFBP applications and it also does not
generate physically unreasonable estimates (Fig. 2).

3 Model Development

In the design of network architecture, a number of factors to be considered include
the number of hidden layers, number of neurons in each layer, and learning factor
for the FFBP model, and spread factor for the GRNN model. In the present study,
the neural network models are designed using MATLAB Neural Network Tool-
box. Following [6, 7], the trained network performance is evaluated using the
normalized root mean square error, RMS and the correlation coefficient, R:

RMS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPM
j¼1 Yj � Oj

� �2

PM
j¼1 O2

j

vuut ð1Þ

•
•
•

Input Layer              Hidden Layer Output Layer  

1 1

2 2

3 3

p q r

•
•
•

1

2

3

•
•
•

Fig. 1 Typical structure of a
feed-forward back-
propagation neural network
(FFBP)
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R ¼
PM

j¼1 Yj � �Y
� �

Oj � �O
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPM
j¼1 Yj � �Y
� �2

Oj � �O
� �2

q ð2Þ

where M is the total number of sample, Yj and Oj are the value of the observations,
Y and O are the arithmetic mean.

Our attempt is to produce equally good forecast using 30-day data as reported in
[6, 7]. Taking the hourly observations for Bintulu station, our first step is to derive
the high and low water profile for the period 1–30 January 1994. Figure 3 shows
the 65 data points (as opposed to the total hourly data points of 720) identified
which envelopes the high and low water during the period. At least two spring tide
and two neap tide conditions are successfully captured. The diurnal tidal effect is
filtered where only the higher high and the lower low water levels are extracted.
Since the 65 data points are no longer distributed in equal time interval, their
respective actual time of occurrence is also saved with reference to 1 January
1900, 00:00 am to compensate for the astronomical arguments and Greenwich
phase lag.

The number of main constituents used in the input layer directly affects the
accuracy of tidal forecasting. Preliminary investigation shows that increasing the
number of constituents does not necessarily yield better results. Hence, a total of 5
harmonic constituents (i.e. input layer = I10) are applied, namely the M2, K1, S2,
O1 and N2 components [6, 7]. The observed tide is the sum of a number of
harmonic constituents, each of whose periods corresponds with the period of some
component of the relative astronomical motions between Earth, Sun and Moon.
There are 390 harmonic constituents are known. Meanwhile, the output layer is a
single variable giving the water level as a function of the time duration specified
(i.e. output layer = O1).

For the FFBP model, the initial trials examine the training performance as a
function of the number of layer and the number of neuron in the layers. Network
training is performed using Levenberg–Marquardt optimization technique which
approaches second order training speed and eliminates the need to tune learning
rate and momentum coefficient. Levenberg–Marquardt Optimization is a standard

Input layer         Pattern layer

Output layer      

Summation 
layer

•
•
•

•
•
•

Fig. 2 The structure of
general regression neural
network (GRNN)
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virtual in nonlinear optimization. Levenberg–Marquardt algorithm is selected to
train the network which is based on the numerical optimization technique [10]. The
results are plotted in Figs. 4 and 5. It may be summarized that the case of two
hidden layer with 2 neurons (i.e. H2,2), and the case of one hidden layers with 8
neurons (i.e. H8) give the most promising results. Figure 6a, b shows the high and
low water levels are reproduced satisfactorily. The I10H2,2O1 model gives
RMS = 0.0328, and R = 0.9953; the I10H8O1 model gives RMS = 0.0345, and

Fig. 3 The high and low water envelope for Bintulu (Stn. No. 74005) for the period 1/1/
1994–33/1/1994

Fig. 4 The effect of number
of neuron on normalized root
mean square error

Fig. 5 The effect of number
of neuron on correlation
coefficient
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R = 0.9951. Based on visual inspection, both models produce good fit of the spring
high and low water levels. Nevertheless, the high and low water profile produced by
the I10H8O1 model is flawed, specifically, in the region of the first neap high water.
Based on the value of RMS, the best result is I10H2,2O1 (RMS = 0.0328), but when
based on the Fig. 6a, b, the best result is I10H8O1 (RMS = 0.0345). This occurs
because of the different of number of neuron and layer.

For the GRNN model, the number of input units (first layer) equal to the
number of parameters. This layer is fully connected to the second layer (pattern).

Fig. 6 30-day high and low water level training using FFBP model. a Two hidden layers with 2
neurons. b One hidden layer with 8 neurons
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Each unit represents a training pattern. Its output is a measure of the distance of the
input from the stored patterns. The pattern unit outputs are passed on to the
summation units. Figure 7 shows the trial results of the spread factor, where the
optimum value chosen is 0.75. Comparing Fig. 6a, b with Fig. 8, we note that the
training result given by GRNN is inferior to that produced by the FFBP models.
The higher RMS may be attributed to the poor match in capturing the first spring
tide high and low water.

4 Network Simulations

In this section, we use the network models developed in the preceding section to
simulate the hourly tidal water level fluctuation in Bintulu (Stn. No. 74005).
Figure 9a, b shows the one-month tidal simulations using the FFBP network model

Fig. 8 30-day high and low water level training using GRNN model

Fig. 7 The effect of spread factor on normalized root mean square error (RMS) and correlation
coefficient (R)
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with network architecture of I10H2,2O1 and I10H8O1 respectively. Although good
agreement is obtained for the spring high and low water levels, the neap tide
condition is poorly reproduced. The neap tide condition is poorly reproduced
because the result and analysis is not achieved with the observation data. As a
consequence, the correlation coefficients are only slightly above 0.8, and the root
mean square errors are around 0.15.

Fig. 9 One-month tidal forecast using FFBP. a Two hidden layers with 2 neurons. b One hidden
layer with 8 neurons
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We further verify the outcome of one-year tidal simulation using the I10H8O1

model (Fig. 10). The results deteriorate further to RMS = 0.1784, and
R = 0.7156, with considerable scatter in the regression plot (Fig. 11).

Next, we performed the same tests on the GRNN model with spread factor of
0.75. Figure 12a shows that similar to the FFBP model, the one-month prediction

Fig. 10 One-year tidal forecast using FFBP (I10H8O1)

Fig. 11 Regression analysis for one-year tidal prediction using FFBP (I10H8O1)
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reproduces the spring highs and lows, but not the neap highs and lows.
Figures 11a, b and 12a show that the prediction and observation data is not
accurate and more scatter. The value of RMS (=0.1488) and R (=0.8434) are only
marginally better than the two FFBP models. The result of the one-year prediction
(Fig. 12b) is similar to the FFBP models, with even larger scatter in the regression
plot (Fig. 13).

Fig. 12 Tidal forecast using GRNN. a One month. b One year
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5 Conclusions

FFBP and GRNN models are developed and trained using the tidal observations at
Bintulu station in JUPEM’s TON. Considering only the 5 main tidal constituents
and using only 30-day hourly data, the tidal high and low water profile is derived
and used to trained the network structure to determine the best network archi-
tecture. We selected two FFBP models (I10H2,2O1 and I10H8O1) and one GRNN
models (spread factor = 0.75) which shows promising training results for the
purpose of tidal predictions. Simulations show that all the 3 models are able to
reproduce the one-month spring high and low water levels but not the neap high
and low water levels. Results deteriorate further when used for one-year simula-
tions with considerable scatter observed in the regression plots.

It may thus be concluded that the present network models considered fail to
produce reliable long term high and low water levels for coastal applications. We
note however that owing to the diverse network options and parameters available,
the potential of applying ANN for the present purpose remains open. Further
investigation and exploration is needed in order to identify the right model that can
capitalize on short term high and low water observations to predict the long term
extremes for coastal planning purposes.

Acknowledgments We thank JUPEM for the data provided in the present study.

Fig. 13 Regression analysis for one-year tidal prediction using GRNN
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Comparative Study of Flood Frequency
Analysis on Selected Rivers in Myanmar

Ni Lar Win and Khin Maung Win

Abstract A number of probability distributions are used to estimate flood dis-
charges with various return periods of extreme hydrologic events. Among others,
Log-Normal, Gumbel, Pearson Type III and Log-Pearson Type-III distributions
are used in this study. The parameters of these distributions are estimated from the
given data by the method of moments. The objectives of this study are: to carry out
the flood frequency analysis using the different distributions to selected rivers in
Myanmar, namely the Chindwin and Yenwe Rivers and to identify the most
appropriate probability distribution for the basins under study. Log-Pearson Type
III distribution can be recommended for both Chindwin and Yenwe basins among
other distributions under study. The estimated flood values can be used in the
engineering design of hydraulic structures such as dams, bridges, culverts, levees
and other structures located along rivers and streams and for the effective man-
agement of flood plains.

Keywords Flood frequency analysis � Probability distribution � Chindwin and
Yenwe rivers

1 Introduction

Estimation of the magnitude and frequency of occurrence of extreme hydrologic
events, such as severe storms, floods, and droughts are important in water
resources planning and management. Frequency analysis of hydrologic data is one
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of the widely used methods of estimating the return period associated with a flood
of a given magnitude through the use of probability distributions [1–8].

A number of probability distributions are used to fit the probability of occur-
rence of flood series. Details of these distributions are available in the literature
including [9–11] among others. Selection of the most appropriate distribution for
annual maximum series has been paid attention worldwide. Log-Pearson Type III
distribution is the recommended technique for flood frequency analysis by the U.S.
Water Advisory Committee on Water Data, USGS [3]. It is used to estimate the
flood discharges for the streams in Iowa, USA [4]. The Generalized Extreme Value
distribution is the standard method for UK as reported in [2] and it is adopted in
regional flood frequency analysis in Northern Iceland [5] and Nile equatorial
basins [6]. Gumbel distribution is used in Nyanyadzi river in Zimbabwe [7].
A World Meteorological Organization survey of 54 agencies in 28 countries
reveals that Log-Normal distribution with 3 parameters is not a standard in any
country, Generalized Extreme Value is a standard in one country, and Log-Pearson
Type III is a standard in seven countries [8].

Numerous goodness-of-fit procedures exist for comparing the fit of alternative
probability distributions to streamflow sequences. Since the introduction of L-
moments, numerous investigators have recommended them to assess the goodness-
of-fit of various probability distributions to regional samples of streamflow [8, 12,
13] and others. Vogel and Wilson [8] constructed L-moments diagrams for annual
maximum streamflow at more than 1,455 rivers in the United States and concluded
that the Generalized Extreme Value, three-parameter Log-Normal and the Log-
Pearson Type III distributions provide good approximations to the distribution of
annual maximum flood series. Since Log-Pearson Type III has been selected as the
base method in the U.S., they suggested the agencies and countries to reevaluate
their standards with respect to the choice of a suitable model for flood frequency
analysis. Stedinger and Griffis [14] also recommended that the regional skew map
given in [3] be updated to use the additional 30 years of data now available, to
appropriately adjust for low outliers identified in the samples used to estimate the
regional skew, and to use new and powerful statistical estimation procedures
developed to use such data set.

The objectives of the study are hence twofold: (1) to carry out the flood fre-
quency analysis using Log-Normal, Gumbel (Extreme Value Type I), Pearson
Type III and Log-Pearson Type III which are commonly used frequency distri-
butions to selected rivers in Myanmar, namely the Chindwin and Yenwe rivers and
(2) to identify the most appropriate probability distribution for the basins under
study. The estimated flood values can be used in the engineering design of
hydraulic structures such as dams, bridges, culverts, levees and other structures
located along rivers and streams and for the effective management of flood plains.
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2 Data Used in This Study

In this study, two rivers namely Chindwin and Yenwe rivers in Myanmar are
selected. The Chindwin river has floods several times in a year from the onset of
rainy season to the end of the monsoon. Annual maximum discharges are collected
at Hkamti, Htamathi and Homalin stations for Chindwin river. Average annual
rainfall at Hkamti, Htamathi and Homalin stations are 3,847, 3,262 and 2,314 mm
respectively. The mean monthly temperature varies from 28 �C in May to 18 �C in
January.

Myochaung station for Yenwe river which is a tributary of Sittoung is also
selected in this study. It lies in a tropical monsoon area with an average annual
rainfall of about 2,000 mm. The mean monthly temperature varies from 31 �C in
April to 25 �C in January. The location and area of these stations are shown in
Table 1. Series of annual maximum discharge of each basin is plotted in Fig. 1.

It can be seen from Fig. 1 that the variation of the flood values from the mean in
Chindwin is small compared to the variation in Yenwe basin. Statistical charac-
teristic of each series is given in Table 2. Annual maximum series of Chindwin
basins have negative skews while Yenwe has a positive skew.

3 Methodology

3.1 Testing for Outliers

Reference [9] recommends that adjustments be made for the outliers of the data. If
the station skew is greater than +0.4, tests for high outliers are considered first and
if the station skew is less than -0.4, tests for low outliers are considered first.
Where the skew is between ±0.4, tests for both high and low outliers should be
applied before eliminating any outliers from the data set. The following equation is
used to detect high outliers:

yH ¼ �yþ KNs ð1Þ

Table 1 Location of gauging stations under study

No. Name of the river Gauging station Location Data period Area (km2)

1 Chindwin Hkamti N26�000 E94�420 1972–1995 27,420
2 Chindwin Htamathi N25�500 E95�170 1971–1995 39,410
3 Chindwin Homalin N24�520 E94�540 1968–1995 43,124
4 Yenwe Myochau-ng N17�570 E96�440 1968–1995 790
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Fig. 1 Annual maximum
discharge series of Chindwin
and Yenwe basins

Table 2 Statistical characteristics of each basin

No. Gauging
station

Mean (m3/
s)

Standard deviation
(m3/s)

Coefficient of
variation

Skewness
coefficient

1 Hkamti 14,254 2342.0 0.16 -0.6
2 Htamathi 15,476 2407.9 0.16 -0.17
3 Homalin 16,485 2593.0 0.16 -1.25
4 Myochaung 692 274.0 0.40 0.19
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where
yH high outlier threshold in log units
�y mean logarithm of variate
s standard deviation of y’s
KN 10 % significance level K values.

The following equation is used to detect low outliers:

yL ¼ �y� KNs ð2Þ

where yL = low outlier threshold in log units and other terms are as defined
earlier.

3.2 Frequency Analysis Using Frequency Factors

Chow [9] proposed the frequency factor equation shown in (3) which is applicable
to many probability distributions used in hydrologic frequency analysis.

xT ¼ lþ KTr ð3Þ

which may be approximated by

xT ¼ �xþ KT s ð4Þ

where
xT value of the variate x of a random hydrologic series with a return period T,
�x mean of the variate,
s standard deviation of the variate,
KT frequency factor which depends upon the return period T and assumed

frequency distribution

In the event that the variable analyzed is y = log x, then the same method is
applied to the statistics for the logarithms of the data using

yT ¼ �yþ KT s ð5Þ

and the required value of xT is found by taking the antilog of yT.
Table 3 summarizes the probability density function, the range of the variable,

and equations for estimating the distribution’s parameters from sample moments
for each distribution [9]. The theoretical KT relationships for the selected proba-
bility distributions: Log-Normal, Pearson Type III, Log-Pearson Type III and
Gumbel distributions extracted from [9] are given below.
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1. Gumbel distribution

The frequency factor KT for different return period T is given in (6).

KT ¼ �
ffiffiffi
6
p

p
0:5772þ ln ln

T

T � 1

� �� �� �
ð6Þ

2. Log-Pearson Type III distribution

The frequency factor depends on the return period T and the coefficient of
skewness CS. When CS = 0, the frequency factor is equal to the standard normal
variable z. The value of z corresponding to an exceedence probability of p (p = 1/
T) can be calculated by finding the value of an immediate variable w:

w ¼ ln
1
p2

� �� �1=2

ð0\p 0:5Þ ð7Þ

then calculating z using the approximation

z ¼ w� ð2:515517þ 0:802853wþ 0:010328w2

ð1þ 1:432788wþ 0:189269w2 þ 0:001308w3Þ

� �
ð8Þ

KT ¼ zþ z2 � 1
	 


k þ 1
3

z3 � 6z
	 


k2 � z2 � 1
	 


k3 þ zk4 þ 1
3

k5 ð9Þ

where k = Cs/6, and Cs = coefficient of skewness of logarithms of the series.

3. Pearson Type III distribution

For this distribution, the same equation in Log-Pearson Type III applies except
that Cs is skewness of the original series (without taking the logarithmic values).

Table 3 Probability distributions for fitting hydrologic data

Distribution Probability density function Equations for parameters

Log-normal f ðxÞ ¼ 1
xr
ffiffiffiffi
2p
p expð� ðy�lyÞ2

2r2
y
Þ

where y = log x, x [ 0

ly ¼ �y
ry = Sy

Extreme value type I (Gumbel) f ðxÞ ¼ 1
a exp½� x�u

a � expð� x�u
a Þ�

-?\ x \?
a ¼

ffiffi
6
p

Sx
p

u ¼ �x� 0:5772a
Pearson type III f ðxÞ ¼ kbðx�eÞb�1e�kðx�eÞ

CðbÞ
x C e

k ¼ Sxffiffi
b
p

b ¼ 2
Cs

� �2

e ¼ �x� Sx �
ffiffiffi
b
p

Log-Pearson type III f ðxÞ ¼ kbðy�eÞb�1e�kðy�eÞ

xCðbÞ
where y = log x
log x C e

k ¼ Syffiffi
b
p

b ¼ 2
CsðyÞ

� �2

e ¼ �y� Sy �
ffiffiffi
b
p
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4. Log-Normal distribution

For this distribution, the same equation in Log-Pearson Type III applies using
Cs = 0.

3.3 Statistical Analysis

Goodness of fit between the observed events and the fitted distribution is tested by
the two most commonly used tests: Chi square and Kolmogorov–Smirnov (K–S)
[15].

1. Chi square test

The statistic is calculated by

v2 ¼
Xk

j¼1

ðOj � EjÞ2

Ej
ð10Þ

where Oj is the observed number of events in the jth class interval and Ej is the
number of events that would be expected from the theoretical distribution.

2. Kolmogorov–Smirnov (K–S) test

The statistic Dn is evaluated by observing the deviation of the sample distri-
bution function P(x) from the completely specified continuous hypothetical dis-
tribution function P0(x), such that

Dn ¼ MaxjPðxÞ � P0ðxÞj ð11Þ

The test requires that the computed value Dn from the sample distribution be less
than the tabulated value of Dn at the required significance levels of 0.05 and 0.1.

3.4 Reliability of Analysis

The reliability of the results of frequency analysis depends on how well the
assumed probability model applies to a given set of hydrologic data. This can be
done by calculating confidence limits which are upper and lower boundary values
of the confidence interval. For estimating the event magnitude for return period T,
the upper limit UT,a and lower limit LT,a may be specified by adjustment of the
frequency factor equation given in [9]:
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UT ;a ¼ �xþ sKU
T ;a ð12Þ

LT ;a ¼ �xþ sKL
T ;a ð13Þ

where a is a significance level and is obtained by a ¼ 1�b
2 , b = confidence interval.

KU
T;a and KL

T;a are upper and lower confidence factors, which can be deter-
mined for normally distributed data using the noncentral t distribution. Approxi-
mate values for these factors are given by the following equations:

KU
T ;a ¼

KT þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2

T � ab
p

a
ð14Þ

KL
T ;a ¼

KT �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2

T � ab
p

a
ð15Þ

in which a ¼ 1� Z2
a

2ðn�1Þ and b ¼ K2
T �

Z2
a

n .
The quantity Za is the standard normal variable with exceedence probability a.

4 Results

4.1 Flood Discharges

Annual maximum discharge series of Chindwin River at Hkamti, Htamathi and
Homalin stations and Yenwe at Myochaung station are checked whether outliers
exist in the data series before using them. Based on the skewness coefficient of the
data series used, outliers are calculated and given in Table 4. KN value based on
the number of data in the series is obtained from the table for outlier test in [3].

It is observed that the annual maximum discharges in the year 1994 are smaller
than the low outliers for Chindwin at all stations. However, useful historical
information is not available to adjust for low outliers and therefore they are
retained in the series. There is no high outlier observed in all series.

Flood discharges with recurrence intervals of 2, 5, 10, 20, 50 and 100 years are
calculated using four probability distributions: Log-normal, Gumbel, Pearson
Type III and Log Pearson type III distributions. The results are given in Tables 5,
6, 7, 8 that show large differences in results obtained by the different methods,
particularly at the larger return periods. It can be seen that Gumbel distribution
gives the highest estimated flood discharges for Chindwin and Log-Normal dis-
tribution gives the highest for Yenwe. The estimated discharges for high return
period (50 and 100 years) using Log-Normal and Gumbel distributions yield about
10–20 % higher than the flood values estimated by Pearson Type III and Log-
Pearson Type III distributions for all basins under study.
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4.2 Statistical Analysis

The two most commonly used tests of goodness of fit namely Chi square and
Kolmogorov–Smirnov tests are applied to check the fit of probability distributions
used in this study. Tables 9 and 10 list the values of Chi square statistics (v2) and
Kolmogorov–Smirnov (Dn) respectively.

Table 4 Outliers (cumec) for Chindwin and Yenwe basins

River Gauging station No. of data KN Low outlier High outlier

Chindwin Hkamti 24 2.467 8,922 22,105
Chindwin Htamathi 25 2.486 10,197 22,920
Chindwin Homalin 28 2.534 10,220 25,831
Yenwe Myochaung 28 2.534 211.21 1,920

Table 5 Flood discharges XT (cumec) obtained by different distributions for Chindwin at
Hkamti station

Return period (years) Log-normal Gumbel Pearson type III Log-Pearson type III

2 14,043 13,902 14,485 14,724
5 16,394 16,346 16,258 16,285
10 17,776 17,963 17,065 16,811
20 19,005 19,515 17,671 17,110
50 20,489 21,520 18,294 17,324
100 21,542 23,029 18,674 17,408

Table 6 Flood discharges XT (cumec) obtained by different distributions for Chindwin at
Htamathi station

Return period (years) Log-normal Gumbel Pearson type III Log-pearson type III

2 15,287 15,111 15,544 15,587
5 17,534 17,582 17,520 17,572
10 18,837 19,216 18,516 18,522
20 19,987 20,785 19,320 19,253
50 21,364 22,813 20,204 20,012
100 22,334 24,338 20,782 20,479

Table 7 Flood discharges XT (cumec) obtained by different distributions for Chindwin at Ho-
malin station

Return period (years) Log-normal Gumbel Pearson type III Log-Pearson type III

2 16,248 16,091 17,002 17,163
5 18,952 18,751 18,654 18,696
10 20,542 20,512 19,270 19,114
20 21,954 22,202 19,670 19,306
50 23,660 24,385 20,015 19,401
100 24,870 26,028 20,192 19,420
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It can be observed from the Chi square values of four distributions for all basins
given in Table 9 that the values are less than the critical value at 95 % confidence
level. From Table 10, it can be seen that all the computed values of Dn are less
than the critical value at 95 % confidence level. From both statistical tests, no
distinction among all distributions can be made for the basins under study. All
distributions are acceptable to fit to the annual maximum series of Chindwin and
Yenwe basins at 95 % confidence interval.

If the goodness of fit is the criterion used to select a specified distribution, then
the distribution with three parameters will usually provide a much better fit than
two parameters [16]. In this study, Log-Pearson Type III is selected as the rec-
ommended distribution since it includes the skew coefficient as a variable and
therefore is more flexible than the Log-Normal which has a skew of zero of the
logarithms. Log-Normal is considered as the special case of Log-Pearson Type III
distribution. Another reason is that Pearson Type III is capable of fitting frequency
relations that may, for hydrologic reasons, be highly skewed [1].

Table 8 Flood discharges XT (cumec) obtained by different distributions for Yenwe at Myo-
chaung station

Return period (years) Log-normal Gumbel Pearson type III Log-Pearson type III

2 636.8 650.6 681.0 667.6
5 918.7 931.7 918.8 924.3
10 1112.9 1117.8 1049.8 1069.2
20 1303.8 1296.3 1161.3 1191.6
50 1558.0 1527.0 1290.6 1330.0
100 1754.4 1700.6 1379.1 1421.1

Table 9 Comparison of Chi square statistics for different distributions for the basins under study

Basin Log-normal Gumbel Pearson type III Log-Pearson type III

Hkamti 4.75 5.86 4.96 5.56
Htamathi 6.03 3.98 4.71 3.51
Homalin 3.01 3.01 3.48 5.91
Yenwe 2.5 2.81 4.17 1.84

Table 10 Comparison of Kolmogorov–Smirnov statistics for different distributions for the
basins under study

Basin Log-normal Gumbel Pearson type III Log-Pearson type III

Hkamti 0.13 0.13 0.091 0.18
Htamathi 0.11 0.11 0.10 0.14
Homalin 0.12 0.14 0.14 0.21
Yenwe 0.11 0.06 0.10 0.11
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4.3 Reliability Analysis

Reliability analysis for the basins under study is performed using log-Pearson
Type III distribution. The confidence limits with 90 % confidence interval are
calculated and shown in Tables 11 and 12.

Graphical presentations of estimated flood discharges using all probability
distributions under study together with the confidence limits using Log-Pearson
Type III for each basin are shown in Fig. 2.

It can be seen from Fig. 2 that the confidence interval is quite wide especially in
Yenwe basin since the sample size of each series is small in this study.

5 Conclusions

Based on the analysis of statistical tests, Gumbel, Pearson Type III and Log-
Pearson Type III and Log-Normal distributions are suitable to estimate flood
discharges for Chindwin and Yenwe basins.

Log-Pearson Type III distribution can be recommended for Chindwin and
Yenwe basins since it includes the skew variable and therefore is more flexible
than other distributions.

Table 11 Confidence limits (cumec) for Chindwin at Hkamti and Htamathi stations

Basin Chindwin at Hkamti Chindwin at Htamathi

Return period (years) Upper limit Lower limit Upper limit Lower limit

2 15755.7 13840.6 16444.4 14809.3
5 17703.1 15261.3 18867.0 16639.6
10 18393.6 15713.8 20115.7 17450.6
20 18793.5 15967.1 21103.9 18055.3
50 19082.1 16146.3 22151.7 18670.2
100 19196.0 16216.0 22805.6 19042.8

Table 12 Confidence limits (cumec) for Chindwin Basin at Homalin and Yenwe Basin

Basin Chindwin at Homalin Yenwe

Return period (years) Upper limit Lower limit Upper limit Lower limit

2 18273.3 16214.5 770.0 582.1
5 20141.2 17612.7 1117.9 798.9
10 20672.2 17979 1334.7 911.2
20 20917.8 18144.7 1526.8 1002.3
50 21041.2 18227.2 1752.3 1102.1
100 21065.8 18243.7 1905.6 1166.5
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A study on frequency analysis for other gauging stations of Chindwin basin as
well as the other river basins needs to be performed to develop the regional
frequency analysis. Future research can be carried out by using other parameter
estimator such as L moments in frequency analysis for the river basins in
Myanmar.
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Determination of Baseflow Index
for Bernam River at Tanjung Malim

Fauzi Bin Baharudin, Asma Nabilla Iskak and Amirudean Shafiee

Abstract Baseflow is the portion of streamflow that comes from ‘‘the sum of deep
subsurface flow and delayed shallow subsurface flow’’. Baseflow separation is
often used to determine the portion of a stremflow hydrograph occurs from
baseflow, and the portion occurs from overland flow. Many methods for baseflow
separation exist, but for this study only the Lyne and Hollick filter method is used.
The location for this study is Sungai Bernam at Tanjung Malim. In this study, the
type of data used is daily streamflow data. The data collected are obtained from
DID. Next, the data will be analyzed based on different durations; which are for a
month, for a year and for 5 years. The results show that there is no fixed pattern for
the value of baseflow index (BFI). All the values range between 0.6 and 0.8 and
this vary over space and time based on regional climate, topography, landscape
and geological characteristics.

Keywords Streamflow � Baseflow � BFI � Lyne and hollick filter method

1 Introduction

Assessment of water resources kept in different storages and moving along dif-
ferent pathways in a catchment are important for its optimal use and protection,
and also for the prediction of floods and low flows. Moreover, understanding of the
runoff generation processes is essential for assessing the impacts of climate and
land use changes on the hydrological response of a catchment. Baseflow is the
portion of streamflow that comes from ‘‘the sum of deep subsurface flow and
delayed shallow subsurface flow’’. Baseflow separation is often used to determine
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the portion of a streamflow hydrograph occurs from baseflow, and the portion
occurs from overland flow [1].

The scope of this study is to determine the baseflow index by using the Lyne
and Hollick baseflow separation method. Before the study can be done, there is
some fundamental and basic knowledge that need to be understood. The Baseflow
Index (BFI) is used as a measure of the baseflow characteristics of catchments. It
also indicates the influence of soil and geology on river flow and useful in the
water quality assessment and low flow conditions. It will provide a systematic way
of assessing the proportion of baseflow in the total runoff of a catchment. Based on
regional climate, topography, landscape, and geological characteristics, baseflow
availability will vary over space and time [2].

Generally, in order to separate the baseflow from the streamflow, there are four
types of methods that can be used. The methods are graphical baseflow separation,
filtering algorithms, analytical approach and recession analysis. These methods are
well established and have been utilized by many researchers [3].

2 Problem Statement

As stated earlier, baseflow availability will vary over space and time based on
regional climate, topography, landscape, and geological characteristics. In order to
determine the baseflow index of a river in Selangor, the Bernam River was
selected. The method that will be used in this study is the Lyne and Hollick filter
method. This study can further enhance the understanding on the application of
this method and to determine the suitability of this method for Malaysia which is a
tropical country. At the same time, Malaysia still lacks in term of the study on
baseflow index of a river. Hence, this study was carried out.

3 Objectives

This study is conducted to enhance the understanding in the baseflow index of a
river in Selangor. Additionally, the specific objectives for this study are; (1) to
estimate the baseflow by hydrograph separation through Lyne and Hollick filter
method and (2) to determine the baseflow index (BFI) for Sungai Bernam at
Tanjung Malim.

4 Scope of Study

This study is carried out in order to determine the baseflow index of a river in
Selangor. There are few considerations or conditions that are required to be fol-
lowed in this research. The conditions required are:
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(a) Location: Sungai Bernam at Tanjung Malim.
(b) Type of data: stream flow data (m3/s)
(c) Final outcome: Baseflow value, hydrograph separation and baseflow index

(BFI) value.
(d) Method used: Lyne and Hollick method.
(e) Equation used to calculate baseflow value [4]:

bk ¼ a � bk�1 þ
1� a

2
yk þ yk�1ð Þ ð1Þ

where
bk baseflow value for kth day
a filter parameter (0.925)
bk-1 baseflow value for k - 1 day
yk streamflow at kth day
yk-1 streamflow at k - 1 day

With the value of bk B yk.

(f) Hydrograph separation: streamflow and baseflow versus days.
(g) Baseflow index (BFI) value:

BFI ¼ average for baseflow

average for streamflow
ð2Þ

5 Significance of Study

This study is to determine the applicability of Lyne and Hollick method of
baseflow index for certain regions. This research can give a better understanding
on the use of Lyne and Hollick method, because people are used to more advanced
methods of baseflow index determination [5]. Results from this study will be able
to assist researchers in this country to further develop or have a better under-
standing of river baseflow by using this method.

6 Methodology

This study was carried out at Bernam River at Tanjung Malim. The river is located
in Hulu Selangor district. This river forms the boundary between Selangor and
Perak as shown in Fig. 1. Bernam River flows from Mount Liang Timur in the east
on the Titiwangsa Mountains to the Straits of Malacca in the west. The peak of
Mount Liang Timur itself marks the point where Pahang, Perak and Selangor meet.
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Based on Department of Irrigation and Drainage (DID) records, the discharge and
river stage station is: 3615412—Sg Bernam at Tanjung Malim as shown in Fig. 1.
The catchment area for the study area is 186 km2.

6.1 Data Collection

The data was obtained from the Department of Irrigation and Drainage (DID).
Type of data that was obtained is streamflow data. This data was taken for 24 h
periods beginning at midnight for each day, for every month, for 12 consecutive
years. The data that was obtained for this study is the annual stream flow data from
year 2000 until present (November 2011).

7 Result and Analysis

This section analyzed the streamflow data that was obtained from DID. In order to
obtain the value of baseflow index (BFI), the Eq. 1 was used. Several hydrographs
were produced and compared. The entire charts in this section (Figs. 2, 3, 4, 5, 6, 7)

Fig. 1 Location of the station (3615412)
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were plotted using streamflow data and baseflow data that were calculated. The
hydrograph separation in this section is the streamflow and baseflow data versus
day for a month, year and years. Blue lines represent streamflow data and red lines
represent baseflow data. Figures 2, 3, 4, 5, 6 and 7 also shows that the values of
baseflow data are always lower than stream flow data.

7.1 Hydrograph for January and February 2000

Figure 2 shows the hydrograph separation for January 2000. It consists of 1st
January 2000 until 31st January 2000. By using Eq. 1, each value for baseflow was
calculated and plotted. From the graph, the highest values of streamflow occurring
were on 6 January 2000 (44.2 m3/s), followed by 28.68 m3/s (13 January 2000),
24.97 m3/s (2 January 2000) and 15.53 m3/s at 18 January 2000. At the same time

Fig. 2 The hydrograph separation for January 2000
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the highest baseflow value occured on 7 January 2000 (18.74 m3/s). After that, the
baseflow index was determined by using average of the baseflow over stream flow.
The BFI value for January 2000 is 0.817.

Figure 3 shows the hydrograph separation for February 2000. It started from 1
February 2000 to 28 February 2000. Based on the graph, there were several peaks
of streamflow value occuring which were on 24 February 2000 (37.42 m3/s), 28
February 2000 (19.19 m3/s) and 15 February 2000 (17.51 m3/s). Next, the highest
baseflow value for February 2000 was on 29 February 2000 (12.06 m3/s). After
getting all the value and the average, the BFI value obtained is 0.643.

7.2 Hydrograph for Year 2000 and 2001

Figure 4 shows the hydrograph separation for 12 months in year 2000. The data
values were from 1 January 2000 until 31 December 2000. The collected
streamflow data for few months was calculated in order to obtain the baseflow
value data. Based on the graph, it shows a few peak stream flow values. The
highest streamflow value for year 2000 were on 23 December 2000 (80.92 m3/s),
followed by 67.48 m3/s (3 August 2000) and 58.38 m3/s (20 November 2000).

Fig. 3 The hydrograph separation for February 2000
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Then, the highest baseflow value for year 2000 was 19.46 m3/s (25 December
2000) and the BFI value calculated is 0.687.

Figure 5 shows the hydrograph separation for year 2001. As per Fig. 5, the data
taken was from 1 January 2001 until 31 December 2001. From the graph, the peak
streamflow values can be seen at almost every month. But, the highest value was on
26 April 2001 (41.2 m3/s), followed by 22.48 m3/s (7 May 2001) and 21.44 m3/s
(9 November 2001). Next, the highest baseflow value was on 1 January 2001
(18.33 m3/s). After getting the baseflow data, the BFI value was obtained which is
0.822.

7.3 Hydrograph for Year 2000–2004 and Year 2005–2009

Figure 6 shows the hydrograph separation for five years. The years consist of year
2000 until 2004. Each year consists of 12 months data which are from 1 January

Fig. 4 The hydrograph separation for year 2000
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until 31 December. The highest streamflow values for 2000–2004 occurred are on
23 December 2000 (80.92 m3/s) followed by 75.84 m3/s (6 May 2004) and
67.48 m3/s (3 August 2000). Then, the highest baseflow occurred are on 13
November 2004 (20.23 m3/s). The average of baseflow and streamflow data was
divided in order to obtain the BFI value, which is 0.729.

Figure 7 shows the hydrograph separation using Lyne & Hollick filtering
method for years 2005 until 2009. The data obtained was from 1 January until 31
December for five years. Based on the figure, it shows different streamflow values
throughout the years. Based on that, the highest streamflow occurring were on 9
April 2006 (145.27 m3/s) followed by 102.18 m3/s (27 April 2006) and 79.63 m3/s
(3 May 2006). Next, the highest baseflow value for year 2005–2009 was 26.78 m3/
s (11 September 2006). Then, the plotted data was used in getting the BFI value.
The BFI value for five years (2005–2009) is 0.675.

Fig. 5 The hydrograph separation for year 2001
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7.4 The Comparison of BFI Value Between Hydrographs

Table 1 shows the values of BFI for different durations. The value shows that there
is no fixed pattern for the value of BFI. First, the BFI value for January 2000 is
0.817 and for February 2000 is 0.643. Second, the BFI value for year 2000 is 0.687
and year 2001 is 0.822. Next, the value for years 2000–2004 is 0.729 and for years
2005–2009 is 0.675. Lastly, the BFI value for years 2000–2009 is 0.703.

Fig. 6 The hydrograph separation for 5 years (2000–2004)
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8 Conclusion

The hydrograph separation is a mathematical process used to determine the
baseflow. This hydrograph separation used the streamflow monitoring information
as input and partitions the observed flow into rapidly and slowly varying com-
ponents, i.e., surface runoff and baseflow, respectively.

The BFI is the average rate of baseflow relative to the average rate of total
stream flow. It has no unit and the increasing values indicate an increasing

Fig. 7 The hydrograph separation for 5 years (2005–2009)

Table 1 Comparison and percentages values for different duration

Duration BFI value Percentages of streamflow are
estimated to be baseflow (%)

For a month January 2000 0.817 81.7
February 2000 0.643 64.4

For a year Year 2000 0.687 68.7
Year 2001 0.822 82.2

For 5 years Years 2000–2004 0.729 72.9
Years 2005–2009 0.675 67.5

For 10 years Years 2000–2009 0.703 70.3
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contribution of baseflow to stream flow. Based on the objective stated, the value of
baseflow was shown on the hydrograph separation.

In order to get the hydrograph separation, the value of baseflow should less than
or equal to streamlow (baseflow B stream flow). Then, the baseflow indexes (BFI)
for the river in Selangor can be calculated.

Table 1 shows that on January 2000, BFI value indicates that 81.7 % of
streamflow are estimated to be baseflow. Next, on February 2000 there is 64.4 %
of stream flow is estimated to be baseflow. Then, for the year 2000 and 2001 there
is 68.7 % and 82.2 % of streamflow are estimated to be baseflow respectively.
Besides, for the years 2000–2004 and years 2005–2009 produced 72.9 % and
67.5 % of streamflow which are estimated to be baseflow respectively. As for the
year 2000–2009, the percentage of stream flow estimated to be baseflow is 70.3 %.

Malaysia is a tropical country that has different types of seasons throughout the
year. Supposedly, there is some pattern on the rainfall events for certain months.
This pattern should lead to expected shape and peak for the hydrograph separation.
From the basic knowledge on the monsoon season in Malaysia, the hydrograph
separation that is produced should have peak values from October to January
(Northeast Monsoon) and May to September (Southwest Monsoon) with a larger
peak in October/December. Unfortunately, the hydrograph separations obtained
are not restricted to this pattern. This situation probably happens because of cli-
matic changes in Malaysia.

Climatic change can happen due to global warming and greenhouse gas
emissions. Hence, leading to El nino and La nina. During El Niño period, warmer
water in the central and eastern Pacific supplies the atmosphere immediately above
it with additional heat and moisture. It favours strong rising motion and thus
lowers the atmospheric surface pressure in the rising motion area. The raising
moist air condenses to form large areas of thunderstorm clouds and heavy rainfall
in the area. In the western part of the Pacific including the Malaysian region,
atmospheric pressure increases, resulting in relatively drier weather. On the other
hand, La nina is an extreme weather phenomenon usually characterized by cooling
of ocean temperature and surface waters in the Pacific eventually leading to
heavier rainfalls and floods.

Next, the streamflow is also affected by the watershed condition. At the same
time, watersheds are affected by the different physical and climatic differences. A
watershed is the area of land where all of the water that is under it or drains off of it
goes into the same place. John Wesley Powell, scientist geographer defines it best
when he said that a watershed is:

that area of land, a bounded hydrologic system, within which all living things are inex-
tricably linked by their common water course and where, as humans settled, simple logic
demanded that they become part of a community.

The physical appearance of watershed refers to topography, type of soil and
vegetation cover. As for Bernam river basin, the steep land or topography will
produce greater runoff hence, affecting the streamflow value. Next, this river basin
consists of tropical hill rainforest. The trees, grassland and different size of
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vegetation can produce and control the runoff values which are affecting the stream
flow.

In conclusion, the values of baseflow and baseflow index (BFI) can be quan-
tified and represented well using Lyne & Hollick method, and the values may vary
over space and time based on the regional climate, topography, landscape, and
geological characteristics.
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Water Sensitive Urban Design in Existing
Urban Settings: Case Study of Dry
Detention Pond in Kuching City

Darrien Yau Seng Mah, Afdal Haziq bin Mohamad Salehe and
Frederik Josep Putuhena

Abstract This paper is intended to investigate the potential of dry detention pond
in long-established urban settlements in Kuching City. Such pond is inserted to a
typical terrace housing estate by means of computer modelling using SWMM
software. The initial outputs of model are to identify occurrence of positive altered
runoff patterns. Such modelling results provide a tool quantitatively to measure the
probable use of the proposed measures to improve the existing urban drainage
system.

Keywords Drainage � Hydrology � Infiltration � On-site detention � Rainfall �
Runoff � Storm water � SWMM � Water cycle

1 Introduction

One of the components of water cycle is the process of infiltration, where rain
water seeps into soil layers. Before any development is undertaken, land area acts
as a rainforest catchment to absorb most of the rain water into ground water table.
Cuttings of trees as well as land clearings for construction of infrastructures to
meet the needs of the people such as roads, buildings, airports and shopping
complexes have resulting in low permeability of the surface terrain, thus
increasing the surface runoff. This source of running water causes problem like
flash flood, erosion and so on.

The above-mentioned volumes of running water can be alleviated through
Water Sensitive Urban Design (WSUD) approach. It is an effort to incorporate
natural processes to urban water cycle in hoping to restore as much as possible a
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balanced water cycle [1–3]. In the current practices, natural infiltration process is
hindered, for concrete drains contain the rain water within its compounded channel
walls for rapid disposal. It discontinues the natural infiltration process particularly
in urbanized landscapes.

In Malaysia, the Department of Irrigation and Drainage (DID) enforces the use
of Manual Saliran Mesra Alam (MSMA) in urban drainage system. However, the
State of Sarawak, due to her independent governance from the Federal Govern-
ment, is not practicing MSMA at the moment. Seeing the advantages of WSUD
approach, it is now gradually introduced in the Sarawakian scenes. MSMA lists
out some designs of water infrastructures with WSUD-orientation [4]. In this
paper, the authors focus on dry detention pond.

2 Dry Detention Pond

In order to re-introduce a healthy urban water cycle, infiltration process should be
incorporated in a storm water drainage system. It is easier to include WSUD
components in new projects, starting from the planning stages. On the other hand,
it is quite difficult to change the existing drainage system, especially in a well-
established residential area. Having a WSUD component that can be integrated
into a rigid concrete drainage system would be the most welcome to reduce any
disturbances to the residents.

Fig. 1 Dry detention pond with embankment [5]
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As such, a detention system of WSUD approach is attempted here, in the form
of a dry detention pond, to be fitted to an existing concrete drainage system in any
typical terrace housing estate. The dry detention pond is intended as an agent that
provides temporary storage of runoff, at the same time, allowing infiltration of rain
water side by side a conventional drainage system.

There are many types of dry detention pond exist nowadays. Each type may
come with different designs, but most serve the same purpose. Below are a few
examples of dry detention pond.

Dry detention pond in Fig. 1 utilizes the slopes of the landforms. The pond is
designed to detain some water during precipitation. There will be a visible water
pond for a short period of time and later on gradually decreases as water infiltrates
into the ground. There is one outlet for allowing excess water to flow out to the
nearby waterways, if the water exceeds the holding capacity of the pond.

Figure 2 shows another form of dry detention pond. For this design, a series of
slow flow drain is provided to dissipate the thrusting energy of storm water when it
enters the facilities from the urban settlements.

Dry Detention 
Pond

Slow Flow Drain

Fig. 2 Dry detention pond
with slow flow drain [6]

Wet Pond

Dry Detention Pond

Fig. 3 Dry detention pond
combined with wet pond [7]
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Dry detention ponds are often used in combination with wet ponds, as in Fig. 3.
Such application allows extended detention of storm water to improve water
quality because it can minimize downstream erosion and control of pollutant as
more suspended solids can be removed.

From the three examples illustrated above, it can be said that dry detention pond
has ecological and aesthetic values, as it is ‘‘green’’ and merges with landforms. It
assists to enhance water quality by filtering the storm water before discharging to
waterways. It also functions as flood control by permitting natural infiltration to
occur so that the volume of surface runoff is reduced. However, the dry detention
ponds in all three examples are large in size that such designs require proper
planning at the early stage of a township development.

Nevertheless, there are examples of smaller-scaled dry detention ponds as
depicted in Figs. 4 and 5. The example in the campus of Universiti Sains Malaysia
(USM), the dry detention pond is retrofitted to an existing football field [8]. Take
the example in Taiping, the dry detention pond is small because of its location in
the town center [9]. As such, dry detention ponds are flexible to be fitted into
existing urban settings with limited land spaces.

(a)

(b)

Fig. 4 Dry detention pond in
the Engineering Campus of
USM (Penang) [8]. a Before
storm event—as football
field. b After storm event—as
temporary water pond
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3 Case Study

It is a fact that empty lands are limited in existing urban settings. Under the
Malaysian housing requirements, at least 10 % of total area of a housing project
should be reserved as public open space. Therefore, such land can be adopted for
dry detention pond in an existing housing estate. One typical housing estate, Casa
Mabella in the suburb Tabuan Laru, about 5 km away from the Kuching City is
taken as study area.

The estate is established for over 20 years beside a small tributary of Stutong
River. The existing concrete drains of the housing estate flow into the river. It can
be observed in Fig. 6, there is a community park with paved footway for exercise at
the right-hand side of the air photo. This piece of land can be easily converted to dry
detention pond, without removing a single tree and maintaining its current features.
However, for demonstration here, a smaller area (inset of the figure) is taken for

Swale

Dry Detention 
Pond

Riser

Inlet

Fig. 5 Dry detention pond in
Klinik Kesihatan Taiping
(Perak) [9]

Casa Mabella

Stutong 
River

Community
Park

Fig. 6 Study area—Casa Mabella, Kuching [10]
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study using computer software. The method is to introduce a dry detention pond as
what-if scenarios virtually in Storm Water Management Model (SWMM) envi-
ronment to inspect the potentials of such application.

Storm water drainage system is manmade system to intercept components of
water cycle in urban catchment. From rainfall to runoff, from runoff to infiltration,
these hydrological processes can be represented mathematically. Thus, a computer
model is capable to imitate these processes. SWMM simulates the dynamic
rainfall-runoff processes, in which runoff component of SWMM operates on a
collection of sub-catchment areas on which rainfall and runoff is generated. The
routing component of SWMM transports the runoff through a conveyance system
until it reaches an outfall [11].

4 Results and Discussion

Two scenarios are presented here. Scenario 1 is basically a representation of the
existing rectangular concrete drain (0.45 9 0.60 m). In Fig. 7, a 15-min storm
event with an intensity of 20-year ARI befalls the sub-catchments of S1, S2 and
S3. The design rainfall is estimated at 43 mm. Runoff generated from these roof
catchments is drained through the nodes of J1, J2 and J3 and conduits of C1, C2
and C3. The storm water is discharged in Outfall.

Legend

Flow in C1

Flow in C2

Flow in C3

Fig. 7 Scenario 1: with conventional concrete drain only
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Results are presented in the time series of flows in the conduits. C1 has a peak
flow of 0.22 m3/s for receiving runoff from catchments S1 and S2. C2 has a peak
flow of 0.34 m3/s. When reaching C3, the peak diminishes a bit to 0.32 m3/s. The
storm surge is fully disposed of its excess water to waterways within 3 h.

The modeling set up in Scenario 1 is repeated in Scenario 2, except J3 is
replaced by a dry detention pond. In this case, a pond of 944 m2 wide and 0.3 m
deep is represented as storage unit. Storm water travelling from C1 and C2 is
modeled to enter the dry detention pond first. When the capacity of the pond is full,
only then the storm water is allowed to flow to C3. Figure 8 shows that C1 and C2
remain its flows as in Scenario 1. However, peak flow in C3 is estimated to drop
47 % to 0.18 m3/s. The storm water is expected to take time to spread in the pond
before entering C3. It slows down the running water as the model predicts prolong
full discharge to waterways in 5 h.

5 Concluding Remarks

This is an applied water engineering research by means of computer modeling to
investigate a component of dry detention pond as a way of introducing WSUD
approach to existing housing estate with rigid drainage.

Legend

Flow in C1

Flow in C2

Flow in C3

Fig. 8 Scenario 2: with addition of dry detention pond
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Dry detention pond is capable of to fit into limited land space of urban areas. It
is found to slow down surface runoff to receiving stream. This can reduce the risk
of flash flood. It also introduces natural infiltration process in the urban housing
estate.
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Enhancing Water Resources and Coastal
Engineering Curricula Using Visual Basic
Programs in MS-Excel

Ahmad Sana

Abstract A large number of calculations in the water-related subjects like Fluid
Mechanics, Hydrology, Hydraulics, Water Resources Engineering and Coastal
Engineering involve iterations. In the past, because of limited computational
facilities available to the professional community, approximate formulae were
developed that are still in use. Utilization of Visual Basic for Applications (VBA)
in MS-Excel can tremendously reduce the time incurred on iterations in the
engineering practice and in turn reduce the dependence on approximate formulae.
This study elaborates the enhancements in the curricula of Hydrology, Water
Resources and Coastal Engineering at Sultan Qaboos University, Sultanate of
Oman, by including short VBA programs. Typical examples of such program
usage are calculations of friction factor, design of open channels, design of sanitary
sewers, calculation of cumulative infiltration by Green-Ampt formula, and solution
of wave dispersion relation. This improvement in the curricula would encourage
the students to fully utilize the advanced features of MS-Excel, thus improving
productivity in the fields of water resources and coastal engineering.

Keywords VBA �MS-Excel �Water resources engineering � Coastal engineering

1 Introduction

The commonly available software like MS-Excel is widely used in the engineering
community in order to carry out simple calculations. This software, in fact, offer
more features than usually utilized. In most of the situations, a spreadsheet soft-
ware like MS-Excel can be utilized to carry out detailed analysis of engineering
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phenomena rather than importing data from other specific engineering software
and creating tables and graphs only. In other professional fields like management
and economics, the utilization of the worksheet involves more advanced features.
Therefore, there is a need to educate the engineering students for more advanced
features involving the use of VBA to fully utilize the capabilities of such software.
Moreover, a seamless interface among various Microsoft software enables the user
to use the worksheets in a more effective way. Generally the engineering students
have a good background in computer programming facilitating the usage of VBA.

Here some of the ongoing activities regarding the use of VBA in MS-Excel in
teaching the subjects of Fluid Mechanics, Water Resources Engineering,
Hydrology and Coastal Engineering to undergraduate Civil Engineering students
are described. The present study will be useful in order to improve the Civil
Engineering curriculum in line with the ABET requirements pertaining to the use
of modern techniques necessary for engineering practice.

2 User Versus Developer

The application of computers to carryout engineering design and analysis may be
included in the existing engineering curricula by various means. In case of water-
related courses (Fluid Mechanics, Hydraulics, Water resources engineering,
Hydrology, Coastal engineering etc.) the use of computer becomes extremely
important for practical applications. Reference [1] presented the use of an equation
solver for hydraulic design teaching, [2, 3] have given examples on the use of
worksheets for hydraulic systems analysis and design. The later have shown the
use of Solver add-in in MS-Excel to analyze pipe networks. The use of spread-
sheets in other civil engineering courses is also common; [4, 5] have shown
examples of structural engineering and geotechnical engineering, respectively.

Many engineering situations require specifically developed technical software
those are mostly commercial and therefore very expensive by virtue of the initial
cost as well as that required for update from time to time. However, in most of the
situations small scale programs coupled with the commonly available software
may be effectively utilized for design and analysis. Such type of small programs
are easy to use and update as per field requirements. Moreover, the students using
commercial software are deprived of the understanding of fundamental principles
underlying the solution of the practical problem thus becoming mere users of the
software. Whereas more and more challenging engineering problems faced by
contemporary engineering professionals require a strong background in the basic
knowledge of engineering principles. An engineer with such a background is able
to develop his own small scale applications using the available common software,
conveniently avoiding the use of commercial software in many situations and has a
better capability to tackle the present and future engineering problems. In other
words, an engineering curriculum should be designed to educate the engineers to
perform the role of developers whenever required not mere users of the software.
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In addition, an engineer having background in developing computer applications
may prove to be more efficient learner and user of the commercial software and
therefore more valuable to an organization as compared to the one who does not
have such skills.

3 Problems and Solutions

3.1 Calculation of Friction Factor

In order to calculate head loss in pipes the well known Darcy-Weisbach equation is
used as shown below [6]:

hL ¼ f
L

D

V2

2g
ð1Þ

where, hL = head loss, f = friction factor, L, D = length and diameter of the pipe,
respectively, V = average velocity of flow and g = acceleration due to gravity.
For turbulent flow, generally Colebrook equation is used to calculate the friction
factor given as:

1ffiffiffi
f
p ¼ �2 log

e=D

3:7
þ 2:51

NR
ffiffiffi
f
p

� �
ð2Þ

where, e = Nikuradse’s equivalent roughness height and NR = Reynolds number.
It is evident from (2) that trials have to be made in order to calculate the friction
factor because it is implicitly expressed. For a single pipe, the trials can be easily
done. However, in case of a pipe network analysis the head loss has to be deter-
mined for every pipe at every step. An automated solution procedure may result in
considerable computational economy. Therefore, a VBA function can be devel-
oped as follows to solve (2) to obtain friction factor:

1. Static Function Log10(X)
2. Log10 = Log(X)/Log(10#)
3. End Function
4. Function darcyf(ReynoldsNum, RelRoughness)
5. ‘
6. ‘ Function darcyf
7. ‘ Recorded 2/28/2006 by Ahmed Sana
8. ‘ To calculate friction factor for Darcy-Weisbach
9. ‘ Equation using Colebrook Equation

10. ‘
11. darcyf0 = 0.01
12. 12 darcyf = 1 / (2 * Log10(RelRoughness / 3.7 ? 2.51 / ReynoldsNum /

(darcyf0) ^ (1/2))) ^ 2
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13. If Abs(darcyf - darcyf0) [ = 0.00001 Then
14. darcyf0 = darcyf
15. GoTo 12
16. End If
17. darcyf = Round(darcyf, 3)
18. End Function

Here the line numbers are shown for explanation only. In the program only
those statements have to numbered that have been referred somewhere (for
example statement number 12 here). First three lines are used to define a logarithm
to the base 10. This step can be avoided if Colebrook equation is derived in terms
of the natural logarithm. Here, the equation is used in its original form. Line 4 to
18 pertains to the function darcyf which has two arguments as required by
Colebrook equation, i.e. Reynolds number (ReynoldsNum) and relative roughness
(RelRoughness) of the conduit. The method of successive substitution is used as
might be used in manual calculations in lines 12–16 after initializing the value of
the friction factor in line 11. Line 17 is used just to round off the value of friction
factor to three decimal places. In order to calculate the friction factor darcyf
(Reynolds number, Relative roughness) function has to be invoked like any other
Excel function providing the values of its arguments in parentheses. In order to use
this function the VBA program has to be in the same spreadsheet where the
function is to be invoked, however, it can be stored as an add-in as well to be used
in any spreadsheet.

This program was taught in the form of a tutorial to the undergraduate students
in the subjects of Hydraulics and Water Resources Engineering. In order to elu-
cidate the importance of this method, the students were asked to plot Moody’s
diagram using their own calculations. Obviously, without the use of a program, the
calculations to plot Moody’s diagram would require an extremely long time. Other
useful examples of this methodology relevant to water resources engineering
include the case of a conduit flowing partially full (sewer design), design of
trapezoidal open channels, calculation of velocity of approach in a weir and design
and analysis of culverts.

3.2 Calculation of Cumulative Infiltration

In water resources engineering and hydrology, Green-Ampt method is widely used
in order to calculate infiltration in the soil. Considering the physical process of
infiltration the following equation may be derived for cumulative infiltration,
F [7]:

FðtÞ ¼ Kt þ wDh ln 1þ FðtÞ
wDh

� �
ð3Þ
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where, K = hydraulic conductivity, t = time, w = suction head of the soil and Dh
is the change in moisture content of the soil due to infiltration. It may be noted that
(3) can be solved by a simple successive substitution method. However, in many
situations a large number of iterations are needed to reach the solution. For a few
cases of computation Goal Seek tool may be used in MS Excel. But for a large
number of field conditions a simple VBA program may prove to be very conve-
nient. The undergraduate students in a Hydrology class at Sultan Qaboos Uni-
versity were asked to develop such a program. In order to elucidate the use of this
program the following example was used.

Example: Use the Green-Ampt method to evaluate the infiltration rate and
cumulative infiltration depth for a silty clay soil (w ¼ 29:22 cm, K = 0.05 cm/h,
effective porosity, he ¼ 0:423) at 0.1 h increments up to 6 h from the beginning of
infiltration. Assume initial effective saturation, Se ¼ 20 % and continuous ponding
[7, p. 125].

Solution: From the known relationship between given soil properties and
conditions Dh can be calculated. Also, it is know that infiltration rate,
f ¼ KðwDh=F þ 1Þ. It is clear that in order to solve this problem, (3) has to be
solved 60 times. The solution can be obtained using VBA program written for this
purpose and is shown in Fig. 1.

3.3 Calculation of Wave Length

In the field of coastal engineering, the first quantity that one has to calculate is the
wave length L based on the water depth d and period of oscillation T of the wave.
The simplest formula for this purpose is derived as per small amplitude wave
theory as [8]:

L ¼ gT2

2p
tanh

2pd

L

� �
ð4Þ

where, g is the acceleration due to gravity. This equation is implicit by virtue of the
wave length and therefore, requires iterations. There have been a number of efforts
in the past to propose explicit approximate formulae to calculate the wave length
that gives almost similar result as (4). A simple VBA program similar to the one
used for (2) can be utilized to obtain the exact solution of (4) instantly.

Incorporating simple VBA programs in the undergraduate courses motivate
those students who have interest and potential to develop their own software
applications for engineering problems. One such example is an application based
on small amplitude wave theory by one of the undergraduate students in the
subject of Coastal Engineering at Sultan Qaboos University in Fall 2006 semester.
This application was developed in Visual Basic and computes almost all the basic
wave properties for given wave height, wave period and water depth. The main
menu of this application is shown in Fig. 2.
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The students can be motivated to use programming in solving the relevant
problems by assigning small scale design projects. Such projects could be com-
pleted using manual calculations by handheld calculators, however, it may require
considerable amount of time. On the other hand, the use of programming could
significantly increase the computational efficiency.

3.4 Design of a Sewer Pipe

The sanitary sewers are designed to run partially full as per specifications almost
everywhere. The sewer capacity at a certain location is based on the future
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quantities of wastewater from domestic, commercial and industrial sources. These
quantities are generally estimated using statistical techniques from the population
projections.

For a partial flow in circular pipe, geometry of the cross-section and Manning’s
formula can be used to derive an implicit equation for water surface angle / as
follows [6]:

/� sin /ð Þ5=3

/2=3
� 20:16nQ

D8=3S1=2
0

ð5Þ

where, D is the pipe diameter, n, Manning’s roughness factor, Q, discharge and S0,
slope of the sewer. In a typical design problem, the pipe diameter is assumed in the
beginning and then checked for allowable maximum and minimum velocities,
maximum depth of flow and the Sulfide generation potential. It is obvious that (5)
has to be solved several times for each pipe in order to meet the design specifi-
cations. Such type of implicit equations may be solved using Goal Seek function in
MS-Excel. However, a simple VBA program in MS-Excel would be extremely
efficient in carrying out these computations. The program is listed as follows:

Function theta(dia, manningn, disch, slope)
‘ Calculate theta for partially full circular pipe
‘ using Mannings formula
‘ Enter the arguments in the alphabetical order
‘ e.g. diameter, mannings n, Q and slope

theta0 = 1#
rhs = 20.16 * manningn * disch / dia ^ (8 / 3) / slope ^ (1 / 2)

10 lhs = ((theta0 - Sin(theta0)) ^ (5 / 3)) / theta0 ^ (2 / 3)
If Abs(lhs - rhs) [= 0.01 Then

theta0 = theta0 ? 0.01
GoTo 10

End If
theta = Round(theta0, 3)

‘ theta = lhs
End Function

4 Conclusions

MS-Excel is a widely used spreadsheet application among the engineering com-
munity. However, the advanced features of this software are sparingly used by
most of the practicing engineers. The curricula of water resources related subjects
and coastal engineering leading towards a bachelor’s degree in Civil Engineering
may be enhanced using simple VBA programs in MS-Excel. A few examples of
the efforts made at Sultan Qaboos University in this regard are presented here.
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These improvements in the curricula are in line with the ABET requirements
relevant to the use of modern techniques in engineering practice. In addition, such
enhancements in the curricula may prove to be a source of motivation for potential
engineering software developers.

This approach ensures that the engineering students utilize their fundamental
knowledge in order to solve the problems in an efficient manner. The available
technical software may also be included in the engineering curricula, however, it
must be ensured that the students develop an insight to understand the technical
background of the solution procedure.
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Regression Analysis for Dimensionless
Discharge Ratios Prediction

Issam A. Al Khatib

Abstract Experimental testing of 3 different dimensionless discharge ratios in an
asymmetrical rectangular compound channel was conducted. The geometry effect
of the cross section on the discharge ratios has been investigated. It was found that
both the main channel width, B, and the step height, Z, affected these ratios.
Numerical values of the regression coefficients for the resulting 27 single-variable
models representing 3 types of dimensionless discharge ratios for each of the 9
cross-sections have been derived. Another set of multiple-variable regressions
models has been derived using two additional dimensionless parameters which
take into account the widths of the constructed asymmetric compound channel and
the floodplain water depth. Although scaling of the experimental results requires
further study for application to wide open channels, these findings may be useful in
practical applications for narrow channels.

Keywords Hydraulics � Open channel � Compound cross section � Asymmetric �
Regression analysis

1 Introduction

Accurate flow predictions in compound channels are necessary for solving many
practical problems in river engineering. For example, flood prevention can be
achieved by different measures such as dredging the main channel and lowering or
smoothing the flood plains that depends on total discharge in compound channels
[1–3]. Likewise, the local flow conditions determine the erosion and deposition
rates of sediment in the main channel and flood plains. As a result, prediction of
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the discharge capacity of compound channels is essential to imply in flood miti-
gation schemes [4, 5].

A review of the literature, though not exhaustive, reveals that the primary
contributions have been those of the following authors [6–11].

A compound channel consists typically of a main river channel and floodplains.
Water is present for the majority of the time in the main channel, while the flood-
plains, although dry for most of the time, have a vital role to play during flood events.
These floodplains generally extend laterally away from the main channel and
increase the conveyance capacity during flood events [12, 13]. When water in the
main channel flows in an out-of-bank condition and on to the adjoining flood plain,
owing to the abrupt change of the shape of the cross section and heterogeneous
boundary roughness, there are a bank of vertical vortices found in many experiments
by different authors [14, 15], along the vertical interface between the main channel
and the flood plain. There, flow structure and flow resistance become very complex
and flow shows very strongly three-dimensional characteristics [16–18].

Experimental studies indicate that lateral momentum transfer occurs between
main channels and flood plains and generally slows down the flow into the main
channel while accelerating the flow into the flood plain [19–21]. The whole pro-
cess resists the flow and lowers the discharge capacity of the compound channel.
In order to obtain the discharge, it is essential to accurately estimate the flow
velocities and discharge in each compartment [22].

In nature, the compound channel represents natural rivers where higher dis-
charges will occasionally occur in them, and cause the channel to flow in an
overbank condition, thereby increasing the flow width, depth and area. The
channel cross-section is now different and incorporating the main river channel
and the adjacent floodplains [23, 24]. However, it is still an open channel with a
more complex roughness, geometry and planform. The floodplains are therefore an
integral part of the whole river system. It should be recognized that for overbank
flow, not only does the cross-section shape change significantly from its inbank
shape, but also the streamwise pathways for flow may alter considerably [14]. In
nature, there is a continuum of hydraulic processes coming into action above the
bankfull level. There is also a significant increase in the complexity of the flow
behavior once overbank flow starts. This is to say, once the river flows in out-of-
bank manner as frequently occurs in flood flow conditions, then the discharge in
the whole channel, the main river and its associated floodplains, is considerably
more difficult to calculate than when the river is flowing wholly inbank [25–27] .

The aim of this article was to understand the discharge distribution in channels
with asymmetrical rectangular compound sections having different geometries and
to utilize the regression analysis in the prediction and generalization of dimen-
sionless discharge ratios.
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2 Experimental Setup and Experiments

Nine different models having a rectangular asymmetric compound cross section
and having three different step heights and three main channel widths were tested.
A rectangular glass-walled laboratory flume of 11.5 m length, 0.30 m width, and
0.3 m depth with a bottom slope of 0.0025 was used in the experiments at the fluid
mechanics laboratory, Mechanical Engineering Department, Birzeit University,
Palestine. Discharge was measured volumetrically with a flow meter with 0.1 L
accuracy. A point gauge was used along the centerline of the flume for head
measurements. All depth measurements were done with respect to the bottom of
the flume. A pitot tube of circular section with external diameter of 8 mm was used
to measure the static and total pressures which were used for velocities at required
points in the experiments conducted throughout this study.

Models were manufactured from Plexiglas and placed at about mid length of
the laboratory flume. Figure 1 shows the cross section of the models with symbols
designating important dimensions of the model elements. In this study model types
tested are denoted by (i = 10, 15, 20; j = 2, 4, 6). Here B and Z are the width and
step height of the main channel of the asymmetric compound cross section,
respectively. The subscripts i and j designate the numerical values of B and Z in
centimeter used in this study, respectively. It is worth mentioning that such
dimensions were selected in order to have a wide range of dimensionless values of
geometric parameters.

The required experiments first were conducted in the models of the smallest B
(=10 cm) with varying Z values (=2, 4 and 6 cm) and then B was increased to
15 cm at the required amount of Z (=2, 4 and 6 cm), and finally for B = 20 cm
with the same three values of Z. The length of the asymmetric compound channel
was 2 m.

In order to determine the velocity distribution in the rectangular compound
cross sections the channel cross section was divided by a number of successive
lines normal to the direction of the flow. Then the total and static heads were
measured at several points along these normal lines by the use of pitot (Preston)

Z

Yf

Bf B

BO

h

Fig. 1 Cross-section of the
asymmetric rectangular
compound channel used in
the experiments
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tube. More points were taken close to the channel boundary. Towards the free
surface, the distances between the points where the velocities measured were
increased. The velocity area method was used to find the discharge for each zone
of the cross section, which could then be summed to give the full cross-sectional
discharge in all models.

3 Presentation and Discussion of Results

3.1 Variation of Discharge Ratios Qmc/Q, Qf/Q and Qmc/Qf

with Relative Depth, hr

For any model to be adequate, it must accurately describe not only the total cross-
sectional discharge (Q), but also the main channel and floodplain discharges, Qmc

and Qf, respectively.
Figure 2 shows the proportions of the discharges in the main channel and

floodplain, Qmc/Q (curves on the right hand side), Qf/Q (curves on the left hand
side), for six different models, B10Z2, B10Z6, B15Z2, B15Z6, B20Z2, B20Z6,
respectively. They are related to the relative depth, hr, because it reflects the
geometry effect on the discharge distribution in the channels of compound cross
section since hr is defined as the floodplain to the main channel water depth ratio
Yf/h and also dimensionless quantity.

From Fig. 2, one can conclude that the Qf/Q ratio increases as hr increases
while the Qmc/Q ratio slightly decreases as hr increases for each model tested. This
situation confirms the transfer of momentum from the main channel to the
floodplains. There is a point of intersection between the proportions of flow in the
main channel and floodplain in the models B10Z4 and B10Z6. This means that at
these two points of intersection, the discharges are equal in both the main channel
and the floodplain. The corresponding hr values for these two points of intersection
are 0.486 for B10Z4 and 0.484 for B10Z6. For the other models there are no points
of intersection. This means that the main channel discharge is always greater than
that of the floodplain for any hr value tested because of the increasing main
channel width except for the models B10Z2, B10Z4 and B10Z6 where the main
channel discharge is always less than that of the floodplain for all tested hr values
due to the large value of the floodplain width, Bf with respect to the main channel
width, B. For the other models, there are no points of intersection. This means that
the main channel discharge is always greater than that of the floodplain for any hr

value tested because of the increasing main channel width. However, from the
general trends shown in the figures, it can be concluded that at higher hr values
than those tested, the curves of Qf/Qt and Qmc/Qt intersect each other. However, it
should be kept in mind that as the main channel width increases, the slopes of hr

versus Qf/Qt and Qmc/Qt curves get steeper with the increasing hr value. This
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means that the Qf/Qt and Qmc/Qt curves for a given cross section may not prac-
tically intersect each other.

In addition, it can be stated that the effect of the main channel width on the
discharge ratios is more than that of the step height, Z (Fig. 2). For a given hr the
value of Qmc/Q increases as the main channel width increases. The situation is
different for the variation of Qf/Q with hr; the Qf/Q value increases with decreasing
main channel width for a given hr. For models with a fixed main channel width, if
the step height is increased or decreased, the Qf/Q or Qmc/Q values insignificantly
change for small values of hr. Above certain values of hr, the hr versus Qmc/Q
curves of a model of constant main channel width coincide with each other even if
the step heights of models are different. The same conclusion can also be drawn for
the curves of Qf/Q versus hr.

3.2 Generalization of the Discharge Dimensionless Ratios
Qf/Q, Qmc/Q, Qmc/Qf with the Relative Depth

A generalized single variable regression model has been derived to predict the
dimensionless discharge distribution values Qf/Q, Qmc/Q and Qmc/Qf as a function of
the relative depth, hr. The prediction model is in the form indicated by Eqs. (1, 2).

Qf

Q

� �
¼ a1 hr½ �b1 ð1Þ
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Fig. 2 Variation of the
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depth, hr, for all tested
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Qmc

Q

� �
¼ a2 hr½ �b2 ð2Þ

Table 1 provides the derived numerical values of the regression parameters (a1,
b1; a2, b2) for a total of 18 different models representing three types of dimen-
sionless discharge ratios for each of the 9 different asymmetric compound cross-
section cases. The derivation of the generalized model provided in Eqs. (1) and (2)
has been accomplished based on the optimization of the correlation coefficient (r),
which has been maximized to very high values, which for a line of perfect would
have a value of ±1. In addition, the average correlation coefficients are given in
Table 1.

All of the obtained statistics indicate that the derived regression models are
powerful and can effectively be used to estimate the dimensionless discharge ratios
with a high degree of reliability for constructed asymmetric compound cross-
sections based only on the relative depth. The model regression parameters (a1, b1;
a2, b2) need to be estimated for any particular cross-section geometry since
Table 1 indicates that these coefficients are different for each compound cross-
section type.

The measured dimensionless discharge ratio (Qmc/Q) and the predicted one by
utilizing Eq. (2) are plotted for B10Z4 as shown in Fig. 3. As seen from this figure,
the values of the measured and predicted dimensionless discharge ratio are very
close to each other. Using the procedure described the dimensionless discharge
ratios in an asymmetric rectangular compound cross section can be estimated with
high accuracy with a maximum absolute error of 8.6 and 1.6 % for Qf/Q and Qmc/
Q respectively, and the mean absolute error was 1.3 and 0.5 % respectively. These
error percentages were obtained by introducing the measured and predicted
dimensionless discharge ratios for a given hr value in Eqs. (1) and (2) respectively.

3.3 Multiple-Variable Regression Prediction Models

A generalized multiple-variable regression model has been derived to predict each
of the 2 types of dimensionless discharge ratios as a function of 3 dimensionless
parameters. The first dimensionless parameter is the relative depth (hr) used as the
main parameter in developing the single-variable regression models. The two
additional dimensionless parameters are W and B1 and take into consideration the
channel the channel width dimensions (Bo, Bf and B) used in constructing the
various asymmetric compound cross-section types in addition to hf. The prediction
model is also exponential in form as indicated by Eq. (2).

ln Qið Þ ¼ a4 þ b4hr þ b5W þ c4

B1

� �
þ c5 WB1ð Þ ð3Þ
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where ln = natural logarithm function, Qi = dimensionless discharge ratio (i = 1

and 2). Q1 ¼ Qf

Q ; Q2 ¼ Qmc
Q ; W = Bo/B; B1 ¼ hf =B; a4 = regression constant, b4,

b5, c4 and c5 = regression coefficients.
According to Eq. (3), a multiple-variable predictive model can be derived for

each two types of dimensionless discharge ratios resulting in two different
regression models. Therefore, the dimensionless discharge ratios as obtained from
the 9 different compound cross-section types will be pooled together for the
purpose of developing one multiple-variable regression model for each of the two
dimensionless discharge ratios. Although the relationship between the dependent
variable and the independent variables in Eq. (3) is a non-linear one, the equation
is linear in terms of the coefficients, hence, the linear multiple-variable regression
techniques can be applied which are mainly dependent on the minimization of the
sum of squared errors.

Table 2 provides the derived regression parameters (a4, b4, b5, c4 and c5) for the
2 dimensionless discharge ratios. When deriving the generalized model provided
in Eq. (3), optimization of 3 main regression statistics was done to arrive at the
best possible estimated regression equation. The first main statistic is the model
coefficient of determination (R2), which has been maximized to very high values
ranging from 0.971 to 0.982. These R2 values are considered high but relatively
smaller than those associated with the derived single-variable regression models.
This can be attributed to using more variables in the multiple-variable regression
models compared to the single-variable models and to the more homogeneity of
the data used to develop the single-variable models as compared to the data used in
the multiple variable models. The adjusted R2 has ranged from 0.969 to
0.981which means that 96.9 to 98.1 % of the variation in the dimensionless dis-
charge ratio is explained by the variations in the three dimensionless parameters
(W, B1 and hr). The second main statistic is the standard error (SQi) associated with
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the dependent variable (Qi), which has been minimized to the lowest possible
values as provided in Table 2. The third main statistic is the coefficients of vari-
ation (CVi) wherein their values are acceptably small with values below 5 % (2.6
and 4.8 %). The fourth main statistic is the Student t-value associated with the
independent variable coefficients (b4, b5, c4 and c5). The corresponding t-values
have been maximized to reflect a confidence level exceeding 99.8 % which reflects
a very high level of reliability in the predictive strength of the developed models.

4 Conclusions

In this study, a series of laboratory experiments was conducted to investigate the
effect of the main channel width, B, and the step height, Z, of channels with
asymmetric rectangular compound cross sections on different dimensionless dis-
charge ratios as a function of the relative depth, hr. It was found that both the main
channel width, B, and the step height, Z, affected these ratios.

A generalized three different dimensionless discharge ratios for 9 different
asymmetric rectangular compound cross-section types have been presented. The
derived numerical values of the regression parameters (a1, b1; a2, b2) for a total of
18 different single variable prediction models, representing two types of dimen-
sionless discharge ratios for each of the 9 different asymmetric compound cross-
section cases, have been derived. All the obtained statistics have indicated that the
derived prediction models are good, and can effectively be used to estimate the
dimensionless discharge ratios with a high degree of reliability for the constructed
asymmetric compound cross-sections based only on the relative depth.

The dimensionless discharge ratios for the nine different compound cross-
section configurations were pooled together for the purpose of generating a

Table 2 Regression
coefficients and statistics for
multiple-variable prediction
models

Statistic Q1 Q2

R2 0.982 0.971

R2
adj 0.981 0.969

SQi 0.03724 0.09
CVi(%) 2.6 % 4.8 %
a4 0.612 -2.55
b4 -0.656 -1.1013
b5 -0.297 0.601
c4 -0.006 -0.078
c5 -0.068 -0.168
tb4 -15.437 9.822
tb5 -20.282 16.879
tc4 -2.255 -12.215
tc5 -4.946 -4.991
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multiple-variable regression model for each mean flow type. The result is three
distinct multiple-variable predictive models which are function of three dimen-
sionless dependent parameters. The three dimensionless parameters include the
channel relative depth and two other dimensionless parameters defined in terms of
the channel widths dimensions. The four main statistics outlined earlier have
indicated the high reliability and significance of the derived multi-variable pre-
dictive models. These findings may be useful in practical applications to narrow
asymmetric compound channels with. To extend the results, further study with a
large-scale model under different hydraulic conditions is required.
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Potential of Estuary Transverse Flow
Salinity Intrusion Due to Extreme
Estuarine Flooding

Farhan Haron Nuryazmeen, Tahir Wardah and Irma Noorazurah
Mohamad

Abstract During normal flow conditions, the phenomenon of estuary salinity
intrusion influences the changes along the estuary. The changes can be seen on the
water quality along the estuary and river downstream. However, during the
extreme estuarine flooding, the water quality condition will decrease, due to the
influences of the transverse flow salinity intrusion. At the same time, it will reduce
the productions of aquatic life. Besides, a significant impact will affect public and
the surrounding area due to the extreme estuarine flooding leads to the estuary
transverse flow salinity intrusion. This paper presents the potential and on-going
research of estuary transverse flow salinity intrusion due to extreme estuarine
flooding.

Keywords Estuarine flooding � Transverse flow � Salinity intrusion � Estuary

1 Introduction

Estuaries are places where seawater (saltwater) is measurably diluted by inflow
freshwater (river). Distribution of salinity in the estuary changes gradually
depending on various factors such as space, time, movement of tides in the
estuarine system, fresh water discharge from river, difference in fluid density,
shape of estuary, wind effect, and Coriolis effects.

Estuaries, which are rich in nutrients, act as a habitat to some aquatic lives.
Estuaries also have economic importance such as fishery, recreation. Furthermore,
estuaries have been the main focus of human as a route of communication and
trade, especially for people in rural areas far from the coast. Recently, human-
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induced activities such as dredging of shipping lanes along the bottom estuarine,
the disposal of industrial wastes into the water system and shoreline development
influence estuarine dynamics which include mixing process. These activities might
contribute to salinity changes and further adversely affect the estuarine ecosystem.
The presence of resisting structures in the estuary or along its banks might also
affect the salinity patterns.

Other than that, the pollution in the estuary and the surrounding area will
become more serious during flood. Flood events can be defined as the changes of
wet and dry conditions. It is a common condition in estuaries, and rivers or
flooding due to dam breaks and also prolonged rainfall [1]. For example, the
phenomenon of extreme flood events in Malaysia, specifically in Johor in 2006 and
2007 as well as in Pahang in 2001 and 2007, would give adverse effects to humans
when they use contaminated water such as food poisoning, hepatitis A, and blue
baby syndrome. Besides, it gave significant impact to animals, and plants as well.
In addition, the salinity level in the areas also had decreased dramatically. When
such phenomenon occurs, aquatic life along the estuaries and river area will be
affected due to the decline of water quality level.

This paper explains briefly the pilot study of the potential of estuary transverse
flow salinity intrusion due to extreme estuarine flooding. The aim of this research
is to identify the effect of extreme estuarine flooding leads to salinity intrusion flow
in transverse direction. Hence, it will affect the populations and the environments
along the affected area.

2 Estuary Transverse Flow Salinity Intrusion and Extreme
Estuarine Flooding

2.1 Estuary Transverse Flow Salinity Intrusion

The extreme estuarine flood events do not only influence the changes along the
estuary (longitudinal or x-direction), but it also affects the land due to the trans-
verse flow (horizontal or y-direction) (Fig. 1). The extreme estuarine flooding
leads to transverse flow salinity intrusion affect the water quality and the envi-
ronment. For example, the productions of aquatic life will decrease gradually.
Humans, animals, and mangrove areas will be affected as well.

2.2 Extreme Estuarine Flooding

The phenomenon of extreme flood events had occurred in Johor in 2006 and 2007,
and also in Pahang in 2001 and 2007. The extreme flood events had impacted the
estuaries like Pulai River estuary in Johor, where the estuary salinity reduced
significantly. When the estuary salinity declined, the dissolved oxygen (DO) level
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increased, and vice versa, as also reported in the study by Reynolds-Fleming and
Luettich [2] at Neuse River estuary, North Carolina, USA. During the phenome-
non, the economically important shellfish and aquaculture industry in Western
Johor Strait suffered significantly from the storm-driven low salinity event [3]. In
addition, the production of mussels in Johor Straits reduced due to high fresh water
inflow (Fig. 2). The mussel production must meet a minimum quality requirement
or standard in order to get a certificate for export purposes.

Fig. 1 An example of
transverse flow (y-direction)
in estuary due to extreme
flood event

Fig. 2 The decline in
mussels production on Johor
Straits due to flood event
(Source [3])
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3 Potential Estuary Transverse Flow Salinity Intrusion due
to Extreme Estuarine Flooding

In 2001 and 2007, during the northeast monsoon season, district of Pekan, Pahang
was hit by severe flood waves. Houses near the estuary and coastal were destroyed
by high tides and severe flooding due to prolonged rainfall (Fig. 3). However, the
Sungai Pahang estuary along Pekan also flooded even though there was no rain
because of siltations at the mouth of the river.

Other than that, salinity level in estuarine system also changes during flood.
Salinity level declines dramatically during monsoon season, for examples, in 2001
and 2007. Figures 4 and 5 show the locations of water quality monitoring stations
at Sungai Pahang estuary, and the graph of salinity level near Sungai Pahang
estuary at eight river stations from 2001 until 2011 respectively. Figure 5 indicates
salinity level changes dramatically in some monitoring stations and other stations
changes gradually along the Sungai Pahang estuary between 2000 and 2011.
Meanwhile, Fig. 6 shows hydrological stations in Pahang. The changes of salinity
level along Sungai Pahang estuary specifically during extreme flood events in 2001
and 2007 due to prolonged rainfall in Pahang (Fig. 7). Other than that, fluctuation
of water level (Fig. 8) and the high stream flow (Fig. 9) near Sungai Pahang basin
lead to estuary transverse flow salinity intrusion from 2000 until 2012. Hence, it
will impact to populations and the environment along the affected area due to
water quality along the estuary and river deteriorate.

Fig. 3 Sungai Pahang along
Pekan, Pahang was flooded in
2001 and 2007 during the
northeast monsoon season
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Fig. 4 Locations of water
quality monitoring stations at
Sungai Pahang estuary
(Source http://www.
enviromalaysia.com.my/
wqm_pahang.php)

Fig. 5 Salinity level near
Sungai Pahang estuary at 8
river stations from 2001 until
2011 (Source DOE Malaysia)
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Fig. 6 Hydrological stations
in Pahang (Source DID
Malaysia)

Fig. 7 Hydrograph near
Sungai Pahang basin from
2000 until 2012 (Source DID
Malaysia)
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4 On-Going Research

Many studies have been done to evaluate the estuarine characteristics such as
changes in estuarine salinity [4–11], sediment from various aspects of the shear
effect [12–19], influence of wind [20–24], tidal effects [25–29], and runoff effects
[6, 7, 30], using numerical modelling. However, there is still lacking of numerical
modelling and experimental studies to see the mixing process between saltwater
and freshwater in estuary during normal flow and high flow in transverse flow.

Estuarine flooding and transverse flow salinity intrusion in estuarine system can
be modelled using the Shallow Water Equations (SWEs). Most previous studies
only develop 1-Dimensional (1D) [31, 32] or 2-Dimensional (2D) [18, 33–37]
model using SWEs for several cases such as improving the grid-based, studying
the general fluid density differences, and studying the sediment transport. Other
than that, previous studies have built models using SWEs for solving problems
such as wetting–drying fronts [34, 38, 39], dam breaks [39–41], one-layer flows
[41, 42], two-layer flows [43, 44], and mud flow intrusions [42]. It is applied to the
various conditions in many rivers, lakes, and the sea. However, these previous

Fig. 8 Water level near
Sungai Pahang basin from
2000 until 2012 (Source DID
Malaysia)

Fig. 9 Stream flow near
Sungai Pahang basin from
2000 until 2012 (Source DID
Malaysia)
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studies do not investigate the problem of salinity intrusion in the estuary during
flood. Therefore, the use of SWEs to develop shallow water modelling (SWM) is
expected to reveal the flood hydrodynamics and salinity intrusion in the estuary
and their impact on the water quality and the environment.

The SWEs are one of hyperbolic partial differential equations (PDEs) governing
fluid flow in coastal regions, estuaries, rivers, and channels. The principles of
conservation of mass and conservation of momentum have been used in deriving
the Navier–Stokes equations. Vertical integration allows the vertical velocity to be
removed from the SWEs because the value of the parameter in z-direction is much
smaller than the value of the parameter in y-direction.

The SWEs consist of three independent variables, which are time, t, and two
spatial coordinates, x and y (1, 2 and 3). The dependent variables are the fluid depth,
h, and the fluid velocity, u and v. From the equations below (2, 3), g represents for
acceleration of gravity. With the selection of the correct unit, mass conserved
quantity, which is proportional to h, and momentum, which is proportional to uh
and vh, the PDEs in case of no Coriolis, friction or viscous forces are:

oh

ot
þ oðuhÞ

ox
þ oðvhÞ

oy
¼ 0: ð1Þ

oðuhÞ
ot
þ

o u2hþ 1
2 gh2

� �
ox

þ oðuvhÞ
oy

¼ 0: ð2Þ

oðvhÞ
ot
þ oðuvhÞ

ox
þ

o v2hþ 1
2 gh2

� �
oy

¼ 0: ð3Þ

5 Conclusion

In order to overcome the various problems caused by flood, flood management is
one of the important tasks for the Government and other authorities. Other than
that, to assess flood hazard, safety measure, and eradication, various accurate and
efficient flood modelling tools are required. To identify the impact of transverse
salinity intrusion due to extreme estuarine flooding on the water quality and the
environment of the affected region, a shallow water modelling (SWM) for salinity
intrusion in estuarine system will be developed. SWEs will be used in order to
develop the flood and salinity intrusion model accurately and efficiently for the
Government and private use in the future.

This research is part of the water quality aspects and flood risk management that
needs to be done in order to maintain the water in good quality specifically in
estuarine systems.
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Assessing Pedestrians’ Perspective
on the Walkability of Pedestrian
Environment Under Mixed-Use
Development

Noor Iza Bahari, Ahmad Kamil Arshad and Zahrullaili Yahya

Abstract Walkability is define as to which extent does the built environment
support and encourage walking. Many challenges faced by local authorities in
providing a highly walkable built environment to the pedestrian causing the
facilities being abandoned by the users. In order to encourage walkability, the
qualities of built environment must meet the pedestrians’ expectation. On-street
questionnaire survey was conducted on two different sidewalk segments within
mixed-use development in Kuala Lumpur City Centre in order to assess the
pedestrians’ perception and expectation on sidewalk facilities. The respondents
were asked to give rating on different sidewalk attributes and the results were
analyzed using simplified weighted factor analysis. It was found that only the
sidewalk width was given positive result for both sidewalks whereas different
results were given for other sidewalk attributes. Besides that, even though safety
while using the sidewalk was the most important factor that influence walking
decision, the pedestrian felt that improvement should be made in term of sidewalk
facilities rather than safety for both sidewalk. In conclusion, the pedestrians do not
satisfied with almost all of the existing sidewalk attributes. Improvement should be
made in term of sidewalk facilities in order to increased walkability in Malaysian
city.

Keywords Pedestrian environment � Walkability � Pedestrian perception �
Sidewalk facilities � Pedestrian travel behaviour
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1 Introduction

Over the past decade, the world is shifting from auto-centric development towards
providing a more walkable city due to the undeniable benefits of walking to human
health, economic development, energy conservation to environmental friendly.
Walkability linked to the quality of built environment and usually was define
differently depending on what areas it covers and how it is being interpreted.
Reference [1] define walkability as to what extend does the built environment
support and encourages walking. He also added that a richly connected path
network that provides access to various places, safe and comfortable street which
can be used for varied age and degree of mobility will produce a highly walkable
city that invites walking [1].

However, current Malaysian City is not a pedestrian-friendly city due to
existence of major deficiencies in the pedestrian facilities. Only minimum facilities
were provided for the pedestrian caused physical challenge to the elderly and
person with disabilities. Inadequate pedestrian facilities will cause constant con-
flict to occur between pedestrians, traffic and roadside development [2]. This
scenario were worsens when the sidewalk was used by unlicensed vendor or
hawker for their business purposes [3].

The quality of walk path is an adequate predictor of walkability and the key to
increased walkability which contribute towards pedestrianisation [3, 4]. Urban
environment plays an important role towards pedestrian preference and decision to
walk because pedestrian sees, hear, smell and felt the surrounding environment [5, 6].
The likelihood of walking are also affected by the quality of walk path and path
context [1, 7]. In order to create a positive walking experience to the pedestrian, the
walk path network must engage with their interest [8]. This means that aesthetic and
amenities elements should be incorporated in the design because it is one of the
aspects that can influence walking experience positively [1]. People tend to walk
more frequently and further in high sidewalk qualities environment [3, 9–11].

The Malaysian Government is aware of the benefits contributed from areas with
high pedestrian activity towards increasing the economic growth in Malaysia.
Currently, a program to construct and upgrade the existing pedestrian network has
been initiated between Dewan Bandaraya Kuala Lumpur, DBKL and private
sector. This development consists of a total length of 4.5 km of covered and
elevated pedestrian linkage in the city center to be completed by the year 2012 for
short term plan and full pedestrian network across KL city with total of 45 km for
long term plan and is expected to be completed by the year 2014 [12, 13].

Reference [14] state that planning and engineering question should be answered
in proving facilities for the pedestrian. However, providing adequate pedestrian
facilities are harder than expected especially in urban mixed-use development. This
is because the pedestrians are not engineer and sometimes they do not understand
the function of each sidewalk facilities from engineering perspective. Usually
pedestrian perception was not incorporated in urban design world-wide [15]. Since
the pedestrian facilities are designed for pedestrians, their perception should be
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considered in order to ensure convenient pedestrian mobility [16]. Reference [17]
emphasize that the concept of sensibility ergonomics which is define as the
application of human sensitivity into engineering approach to a product should be
apply in designing the sidewalk facilities so that pleasant and comfortable walking
environment can be developed.

Reference [18] found that satisfaction of pedestrian is strongly associated with
emotional perception rather than physical components. Reference [5] added that
the pedestrian faces variety of sensation which will cause them to make a series of
decision and judgments for navigating the environment once they are exposed to
the public environment.

Different pedestrian perception may be experienced according to the same
general design criteria with specific sidewalk design element and components
under the various environments [3]. Therefore, the objective of this paper is to
assess the walkability of the pedestrian environment under mixed-used develop-
ment in Kuala Lumpur city from pedestrians’ perspective. The objective is
accomplished through pedestrian on-street questionnaire survey to assess on the
pedestrian perception on the existing facilities and what expected improvement
that they want to see towards the existing facilities. The results were analyzed
using simplified weighted factor analysis.

2 Methodology

Pedestrians’ perception and expectation towards the existing sidewalk facilities in
the mixed land use area within Kuala Lumpur City Center was assessed through on-
street questionnaire survey. A total of 60 respondents were chosen and divided
equally into two in which 30 respondents were in being interview at Jalan Tuanku
Abdul Rahman and another 30 respondents were in Central Market (Lebuh Amp-
ang) area. Therefore, travel purpose of the pedestrian may be closely related
shopping, leisure, work, school, access to public transportation and also heritage.
The survey parameters considered in this study are sidewalk condition, personal
safety, crossing, street furniture, adjacent traffic, aesthetic and amenities, overall
travel experience, factors that influence walking decision and improvement needed.
Commercial areas that have the same characteristics were selected in this study.

2.1 Study Area

Kuala Lumpur has the fastest population and economic growth among other
metropolitan region within the country. The draft KL City Plan 2020 has identified
commercial areas that are in line with the distribution of urban center the Kuala
Lumpur Structure Plan 2020 known as City Center Commercial (CCC) which have
the potential to support Kuala Lumpur’s economic growth. These CCC are
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commercial zones that allow broad range of commercial activities to be conducted
towards pioneering highest order of commercial activities [13].

Two study areas were selected within the CCC in Kuala Lumpur as shown in
Figs. 1 and 2. These areas have the same mixed-use development characteristics
with the same numbers of building of interest (13) as stated by KL Heritage center
[14]. Both of these areas consist of business center, shopping complex, heritage
interest area, public transport station and education center within walking distance.
This area offers similar range of pedestrian activities from shopping, leisure, transit
commute, and school. Therefore, the pedestrian perception while using the side-
walk facilities can be assessed.

2.2 On-Street Questionnaire Survey

Paper-based on-street questionnaire method was used in order to assess the pedes-
trian perception and expectation while using the sidewalk at the studied location
during the working weekdays’ peak hour. In this method, the interviewer waits at the
end of the sidewalk and aim at the selected pedestrian that was walking from the
beginning towards the end of the sidewalk. When the pedestrian reached the end, the
pedestrian was invited and asked to participate in the questionnaire survey. If they
agreed, they were interviewed. The Survey question comprises four sections in
which Sect. 1 focused on the pedestrian personal information and their familiarity of
the sidewalk. Section 2 assess on the pedestrian perception on the existing sidewalk

Fig. 1 Study location 1 in
Jalan Tuanku Abdul Rahman,
Kuala Lumpur [14]
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condition through the parameters as states earlier. In Sect. 3, the pedestrian were
required to give their rating on their overall impression of travel experience. Lastly,
the pedestrians were required to give their suggestion on how to improve the existing
sidewalk facilities subjectively in Sect. 4. The key factors for improving pedestrian
facilities were also identified through the results that are collected.

2.3 Data Analysis

The questionnaires survey was analyzed by combining factor analysis as in [16,
18] and conversion of semantic scale to numeric scale as in [9] to produced
simplified weighted factor analysis. Weighted factor analysis is carried out by
converting the data that were collected to weighted score. The weighted score were
calculated through multiplying the numbers of respondent involved to the
weighing factor. Table 1 shows the weighing factors and examples of ‘‘weighing
scoring’’ for the data obtained. The average weighing score is calculated by
dividing the total weighted score with the number of respondent involved in the
survey. The positive (+ve) value indicates that the respondent is satisfied with the
existing sidewalk while negative (-ve) value indicates that the respondent is not
satisfied with the existing sidewalk. Whereas, values that are approaching zero (0)
indicate that the sidewalk condition is acceptable.

Fig. 2 Study location 2 in
Market Square, Lebuh
Ampang area, Kuala Lumpur
[14]
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3 Result and Discussions

The location of the study areas are mixed-use development in Kuala Lumpur city.
The study population consists of people who travelled for the purposed of shop-
ping, leisure, work, school, access to public transportation and also heritage. The
respondents’ age groups were from 18 to above 50 years old. The age variation
may be closely related to income, occupation, sex and other socioeconomic
characteristics.

3.1 Pedestrian Perception on the Existing Sidewalk
Facilities

Different results were seen for both sidewalks when the pedestrian perception was
assessed for different sidewalk attributes as shown in Table 2. Jalan Tuanku Abdul
Rahman received five out of fifteen positive responds with the highest value of
0.41667 were obtained for sidewalk width and location of the sidewalk and the
sidewalk attributes of curvilinear were rated as acceptable (0.00000) by the
pedestrians. Whereas Lebuh Ampang only received positive value for the sidewalk
width (0.09091) and acceptable value of 0 were obtained for the levelness of the
sidewalk.

Overall, most of the pedestrian were not satisfied with the existing sidewalk
attributes’ condition. This is proven by the negative (-ve) values obtained for
almost all of the sidewalk attributes with different highest negative value for both
roads. The pedestrians group from Jalan Tuanku Abdul Rahman gives highest
negative value (0.83333) for protection against weather.

On the other hand, pedestrian at Lebuh Ampang were not satisfy the most in
personal safety against adjacent traffic and facilities for the elderly and person with
disabilities which received highest negative value of (0.81818). The same attri-
butes which is facilities for elderly and person with disabilities also obtained
second highest (-0.75000) at Jalan Tuanku Abdul Rahman. This proof that other
groups of pedestrian are aware of the importance to provide facilities to this and

Table 1 Weighted factor and calculation example for sidewalk condition and overall travel
experience

Scale of agreement Weighing factors No. of respondents Weighted score

Very satisfy 2 3 6
Satisfy 1 9 9
Acceptable 0 6 0
Unsatisfy -1 4 -4
Very unsatisfy -2 4 -8
Total 3
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lack in provision of the facilities will cause safety problem to this group of
pedestrian. The condition of the sidewalk in Jalan Tuanku Abdul Rahman and
Lebuh Ampang are shown in Figs. 3 and 4 respectively.

Fig. 3 Pedestrian’s view of the sidewalk facilities in Jalan Tuanku Abdul Rahman (Image from
field survey by author)

Fig. 4 Pedestrian’s view of
the sidewalk facilities in
Lebuh Ampang (Image from
field survey by author) [19]
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3.2 Pedestrian Perception on the Overall Travel Experienced

Six parameters namely pathway or sidewalk, crossing, street furniture, personal
safety, adjacent traffic, aesthetic and amenities were assessed in term of the
pedestrian perception on the overall travel experienced.

The results obtained were shown in Table 3. Different pedestrian perceptions
were received for both sidewalks again. Pedestrian in Jalan Tuanku Abdul Rahman
give equally positive respond (0.16667) for most of the sidewalk attribute except
for crossing and adjacent traffic that obtained negative value of -0.33333 and
-0.25000 respectively.

On the other hand, pedestrians in Lebuh Ampang rated as unsatisfied for their
overall travel experience. The pedestrian give negative comment for all six of the
sidewalk parameters. They also agreed that the street furniture (-0.81818) and
also aesthetic and amenities attributes (-0.72727) were not provided or very
minimum provision and the location is not appropriate causing obstruction to them
as shown in Fig. 4.

3.3 Pedestrian Expectations

In order to assess on the pedestrian expectations, the pedestrians were asked on the
key factor that influences their travel decision as presented in Fig. 5. Next, they were
questioned on area of the improvement needed to improve the sidewalk facilities in
order to encourage more people to walk as presented in Fig. 6. Figure 5 shows that
all the respondents agreed that safety is the most important factor influencing
pedestrian walking decision compared to other factors. As for other factors, the
pedestrian gave different level of factor affecting walking decision according to their
needs and purposes of using the sidewalk facilities for both sidewalks.

Surprising result was shown in Fig. 6 on the improvement needed for both Jalan
Tuanku Abdul Rahman and Lebuh Ampang. The pedestrians felt that even though
safety were the highest factor that influence walking decision for both sidewalk
areas, more improvement were needed in term of sidewalk facilities compare to
safety for both sidewalks. This is because to them, safety depends on the pedes-
trian ability, awareness and limitation while using the sidewalk. The pedestrian felt
that they are the one who is responsible for safety purpose and only minimum
provision is needed for safety purpose such as street lamps at night, separation
between traffic and sidewalk, law and enforcement for driver that parked their
vehicle non-parking area within the sidewalk and motorcyclists that parked or ride
their motorcycle on the pedestrian sidewalk.

However, the respondent from Lebuh Ampang expected that improvement for
safety purposes should be done which is shown in Fig. 6 where safety have the
second highest value for area should be improved. In contrast, safety was the least
area of improvement needed for respondent from Jalan Tuanku Abdul Rahman.
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Respondent from Jalan Tuanku Abdul Rahman expected to see more
improvement in term of crossing and aesthetic and amenities to be done after
sidewalk. Whereas both of the attributes as said above were the least areas of
improvement needed for respondent in Lebuh Ampang. Pedestrians in Leboh
Ampang would like to see improvement in term of public transportation station for
other areas.

4 Conclusion

The objective this paper is to assess the walkability of the pedestrian environment
under mixed-used development in Kuala Lumpur city from pedestrians’ per-
spective. The objective is fulfilled through assessing the pedestrian perception,
preference and expectation towards various existing sidewalk facilities in Kuala
Lumpur city by means of questionnaires survey. From the result, it was found that
pedestrians who travelled at Jalan Tuanku Abdul Rahman were satisfied with their
overall travel experience compared to pedestrian who used the facilities at Lebuh
Ampang. This is proven through the positive responses received on the current
sidewalk facilities condition from them on the existing sidewalk facilities when
they were asked to rate and give their opinion.

Fig. 5 Factor that influence
walking decision

Fig. 6 Areas of
improvement needed
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In contrast, the respondents from Lebuh Ampang were not satisfied with their
overall travel experienced which could be seen by the negative values given for
most of the parameters that were assessed. Respondents from both sidewalk areas
agreed that there were no or minimum provision on facilities for elderly and
person with disabilities even though they are the groups of pedestrian that depends
the most to the sidewalk facilities provided for their mobility.

In conclusion, most of the pedestrians were not satisfied with the existing
sidewalk facilities provided to them. They suggest that improvements should be
made especially in terms of sidewalk pedestrian crossing and sidewalk safety in
order to increase the walkability in Kuala Lumpur city. Findings from this research
are expected to help the transport planners and traffic engineers to understand the
current walkability condition in Kuala Lumpur city from pedestrian perception and
expectation towards existing sidewalk facilities.
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An Analysis of User Satisfaction on Public
Transport Terminal Based on Users
Survey

Nornikmah Mohammad Noor, Ahmad Kamil Arshad, Ismacahyadi
Bagus Mohd Jais and Masria Mustafa

Abstract The main objective of this research is to do an analysis of the user
satisfaction on the service provided by a public transport terminal by distributing
the questionnaire. The survey had been carried out to the users of two public
transport terminals which are Terminal One Seremban and Klang Sentral. These
terminals had been recently upgraded with a variety of facilities but there were still
complaints from the users about their deficiencies. The methods used were face to
face interview and questionnaires distribution to the users of the terminals. The
data obtained was analyzed by weighted parameter method to determine the sat-
isfaction level. From this study, it had been determined that the most user con-
sideration was safety and security and Cleanliness and comfort of the terminals as
their top priority, followed amenities, information and lastly access and
connection.

Keywords User satisfaction � Public transport terminals services � User survey

1 Introduction

User satisfaction is the main concern in any services provided. Therefore the
evaluation of the significant that related to user satisfaction is a priority. User
satisfaction is defined as the overall level of compliance with user expectations,
measured as a percentage of really met expectations [1]. The Government of
Malaysia has targeted that by 2012 Malaysia’s public transport system become the
mode of choice of urban commuters. In order to achieve the target, terminal’s
condition also play a very important role to attract the user to commute by public
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transport. Travel by public transit involves much more than moving about on buses
and trains. It involved walking from one’s origin to a bus stop or train station,
waiting for the vehicles to arrive, boarding the vehicle, travelling in the vehicle,
alighting from the vehicle, and then walking to one’s final destination [2]. Hill
et al. mentioned that user satisfaction represent a measure of company perfor-
mance according to the customers need. This means by measuring the user sat-
isfaction, the service quality can be measured. Customers express their points of
view about the services by providing judgments on some services aspects by
means of ad hoc experimental surveys, known in the literature as customer sat-
isfaction survey [3].

The contribution of this paper is the analysis of the user satisfaction on the
service provided by a public transport terminal by distributing the questionnaires.

2 Literature Review

Several studies on the user satisfaction have been carried out before. Castillo and
Benitez [4] had studied about methodology for modeling and identifying users
satisfaction issues in public transport systems based on users surveys. This paper
presents a methodology to identify and quantify the relationship between the
ratings given to the overall satisfaction and those given to specific aspects of the
service or specific rating. Eboli and Mazzulla [5] had proposed the structural
equation modeling for analyzing passengers’ perceptions about railway services.
In this work a tool for analyzing passengers’ perception in terms of satisfaction
with transit services is proposed. In addition, Eboli and Mazzulla [6] also had
study about a methodology for evaluating transit service quality based on sub-
jective and objective measures from the passenger’s point of view. In this paper
the methodology considering both passenger perceptions and transit agency per-
formance measures involving the main aspect characterizing a transit service.
Gromule [7] also had done the analysis of the quality of service of the Riga Coach
Terminal from the viewpoint of travelers. The main attention for this research is
analysis of the reason why travelers choose train rather than bus in some regional
direction in Latvia. Iseki and Taylor [8], Eboli and Mazulla [9], Cantwell et al.
[10], and Ismail et al. [11] also had done studies on user point of view. In these
studies, different attributes on customer satisfaction were determined such as
analysis of user perceptions of transit stops and stations, examining the factors that
impact public transport commuting satisfaction, a new customer satisfaction index
for evaluating transit service quality and transit manager’s perspectives on eval-
uating performance. Therefore studies in user perception are required in order to
recover user satisfaction for the services provided.
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3 Methodology

3.1 Site Study

The site study was conducted to know the real conditions of the terminals. The
existing services and facilities provided by the terminals were determined. The
main objective of this study is to analyze user satisfaction on the existing terminals
condition. In the survey questionnaire, questions on customer satisfaction were
provided with responses using the scale of 1–5. The survey form was divided into
three sections, which are A, B, and C. Section A covers customer information or
respondent’s demography such as gender, age, profession, monthly income, pur-
pose of using terminal, how commute to the terminal, frequency of using terminal
and how the terminal attract the customer. Section B is about the effectiveness and
service quality of the terminal. The parameters cover the availability of the
information, safety and security of the terminals, adequacy and maintenance of the
amenities, cleanliness and comfort of the terminal atmosphere, access and con-
nection to and from the terminal, and lastly the overall performance of the services
provide at the terminal. Finally, Section C covers the customer point of view on
factors that is important in service quality and any other comment or suggestion
from them that they think necessary to improve the terminal services. Two ter-
minals were considered in these studies which are Terminal One Seremban and
Klang Sentral. Terminal One located at the centre of the Seremban town which has
1,400 parking bays and 70 bus bays with the 40,000 sq meters of space at the
terminal. This terminal was attached with Terminal One Shopping Center. This is
one of the reasons this terminals always pack with users. As shown in Fig. 1 the
waiting area of Terminal One Seremban.

In addition, Klang Sentral is a new commercial hub in the northern part of the
royal town of Klang in Selangor, Malaysia. It is situated about 9 km away from the
Klang town centre. Klang Sentral is also the new controversial and highly-debated
ultra-modern transport terminal for the local and intercity bus and taxi services in
Klang. This terminal equipped with CCTV and Fully air-conditioned terminal,
including waiting area, ticket counter and others. Figure 2 shows the waiting area
of Klang Sentral.

These two terminals were considered due to more or less similar on its con-
dition. The study was conducted both in weekdays and weekends during peak hour
and off peak hour. Peak hours were determined of off office hour. Which means at
7–8 am, during lunch break 1–2 pm and starting at 5 until 7 pm. While off peak
hours is any time during office hour and late at night. Target participant for this
study is students and educated youth.
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3.2 Data Analysis

The data gathered from the questionnaire was analyzed by using weighted
parameter method. The weighted factor (W) used was -2, -1, 0, 1 and 2. From
the questionnaire for the scale 1 the weighted factor is -2, scale 2 the weighted
factor is -1, scale 3 the weighted factor is 0, the scale 4 the weighted factor is 1
and lastly for the scale 5 the weighted factor is 2. The number of respondent score
for the scale was multiplied to the weighted factor to determine the satisfaction
value (SV). Then all the satisfaction was sum up to get the total satisfaction Value
(TSV). It can be shown by the equation below:

SV ¼ No:ofparticipant � W ð1Þ

No of participant represent the number of respondent respond to the scale while
weighted score was the value mentioned above. The satisfaction value (SV) will

Fig. 1 Waiting area in
terminal one Seremban

Fig. 2 Waiting area in Klang
Sentral
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varies from negative value to positive value. The total satisfaction value (TSV)
was the summation of satisfaction value of the same element. It can be simplify by
the equation below:

TSV =
X

SV ð2Þ

The value of Satisfaction and total satisfaction will be varies from negative to
positive values. By considering the zero value as the boundary condition, the
satisfaction value will be analyzed. Negative value means the facilities still do not
meet the satisfaction level they required. Zero values mean average or neutral level
of satisfaction. Positive values show the user satisfied with the services provided.
The higher value shows the greater their satisfaction on that element. While for the
important elements should take into consideration based on user surveys can be
obtained by calculating their vote on the elements. In the questionnaire had been
included spaces where the users have to choose by their own which elements they
want to be take into consideration.

4 Result and Discussion

After calculating the satisfaction of each of the elements in the questionnaires, the
results obtained are as shown in Table 1. The first column represent the elements
had been outlined in the questionnaires. Second column represent the category or
the parameters been considered in this study. The third column is the code of the
elements being analyzed in the questionnaires. The code was used so it is easier to
analyze the satisfaction level. The satisfaction column represent the Total Satis-
faction Column had been calculated by using the method mentioned in Method-
ology which considered both formula. For Element I1 the satisfaction value was 7
which show the information provided at the terminals really satisfied the user
perceptions. While for element SS1 the satisfaction value is -6. Negative sign
represent the unsatisfied. Therefore the safety and security for both terminals was
in very poor conditions. Average value for element CC shows that user still not
satisfied with the cleanliness and comfort of the terminals. Klang Sentral was
equipped with air-condition but the atmosphere still not comfortable for the user.
Terminal do not have specific waiting are therefore it deserved to get negative
value from user satisfaction. Access and connection (AC) for both terminals sat-
isfied the users. It is easy to be there either by private vehicles or public vehicles.
Both terminals provide local bus and taxis services to ease the user. As for user
attendance, for elements UA2 get -2 values. It showed that users feel that the
staffs do not be nice to them. Most of the users give the same comment about the
staff behavior. Overall performance only gets 1 satisfaction value. This shows the
terminals still in poor condition. More improvements need to be taking into
measure to improve the satisfaction values.
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Table 2 shows important element of public transport terminal services had been
outlined by the users. Security and safety is their main consideration so do with the
comfort and cleanliness. Each element gets 34.8% consideration by the user.
Follows by the amenities (17.4%), information (8.7%) and access and connection
(4.3%) safety and security always be the first consideration based on the previous

Table 1 Satisfaction value

Question on the survey Category Code Satisfaction

The information is available and easy to understand Information I1 7
The user feel safe and secure at any time Safety and security SS1 -6
The facilities provided adequate and fulfill the user

needs
Amenities A1 -1

The facilities are well maintained and always in good
condition

A2 0

Average -0.5
The terminal’s coziness Cleanliness and

comfort
CC1 -3

The terminal’s conservation and cleanliness CC2 -10
The terminal’s illumination CC3 -11
This terminal provides adequate visual arrival of busses

at the terminal
CC4 -7

The facilities provided always clean and well
maintained

CC5 -4

Average -7
The terminal is easy to access from user origin location Access and

connection
AC1 4

The terminal merge different mode of transit to ease the
users

AC2 2

Average 3
Driver kindness User attendance UA1 2
Staff kindness UA2 -2
Average 0
Are the user satisfied with the service quality of the

terminal
Overall

performance
OP 1

Table 2 Important element of public transport terminal services

Characteristic Category Percentage
(%)

Important element of public transport terminal services Information 8.7
Safety and security 34.8
Amenities 17.4
Cleanliness and

comfort
34.8

Access and connection 4.3
User attendance 0
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research. This element also the main reason the users choose to use the terminals.
Based on face to face interview most of them admit they have to use the terminals
but the terminals condition did not attract them at all.

5 Conclusions

In this paper, the user satisfaction on the services provided by Terminal One
Seremban and Klang Sentral had been determined. The data was analyzed by using
weighted parameter method to determine the user satisfaction level. The man-
agement of both this terminals should take certain steps to improve the existing
services provided by the terminals to give the satisfaction to the users.

Based on the study done, the services provided by the terminals that did not
satisfy the customer were the safety and security, and the cleanliness of the ter-
minals. Its means the users concern more on their safety and comfort while being
at the terminals. After all the deficiencies had been identified and appropriate
actions had been implemented, the satisfaction of the customer towards the ter-
minals can be increased.

Further study will be conducted at different terminals to compare the findings.
Thus the Customer Satisfactions’ Model is expected to be developed.
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Evaluation of Pedestrian Level of Service
for Tehran Crosswalks; Case Study
of Nabovat Square in East of Tehran

Seyed Abdolhadi Daneshpour, Mohadeseh Mahmoudi
and Bushra Abbasi

Abstract Walking, as the first mode of transportation, has an effective role in
human life. Quality of walkways is also a major factor which encourages walking.
The increase of vehicular traffic in recent decades turned the pedestrian safety of
the conflicted zones, like crosswalks, to one of the main concerns of urban
dwellers. In this research, pedestrian safety in Tehran is evaluated through
determining the level of service of crosswalks. As a multifunctional public urban
space, Nabovat square, which is located in the eastern part of Tehran, is selected as
the case study of the research. This empirical study tends to determine the level of
service of crosswalks around Nabovat Square using the models presented in
Highway Capacity Manual 2000. Consequently, the risk which a pedestrian takes
in order to pass the crosswalks is also determined. Most of the data was collected
through direct observation of the area at different times of the day. Additionally,
some statistical data such as traffic flow and width of crosswalks were collected
from Tehran Comprehensive Transportation & Traffic Studies Company. Finally,
the result of this study provides evidence which clarifies lack of safety in the
crosswalks of Tehran. The evaluated result can be considered as one of the great
concerns of Tehran’s residents, therefore, recommended improvement measures
have been included to enhance level of service of crosswalks, and some sugges-
tions have been presented for further studies.

Keywords Nabovat Square � Level of service � Walkways’ safety � Walkability

S. A. Daneshpour � B. Abbasi
School of Architecture and Environmental Design, Iran University of Science and
Technology, Tehran, Iran

M. Mahmoudi (&)
Faculty of Built Environment, University of Malaya, Kuala Lumpur, Malaysia
e-mail: Mohadeseh.mah@gmail.com

R. Hassan et al. (eds.), InCIEC 2013, DOI: 10.1007/978-981-4585-02-6_33,
� Springer Science+Business Media Singapore 2014

377



1 Introduction

By the growth of mega cities from different perspectives such as size, distance,
population and simultaneously increasing number of the motorized vehicles’ in the
cities during the last century, pedestrian movement gradually decreased. This issue
has brought several concerns to the society from socio-economics and environ-
mental aspects to health problems [1].

Therefore, most related professions have sought to improve the walking issue in
todays’ modern life. Meanwhile, urban designer, urban planners and traffic engi-
neers play one of the most significant roles in changing the built environment in a
way to encourage and support pedestrian walking.

In the famous book of ‘‘Public Spaces, Public Life’’, three main criteria for
having a walkable environment have been demonstrated as; protection, comfort,
and enjoyment [2]. Protection against traffic and accidents, protection against
crime and violence, and protection against unpleasant sense experiences are three
major groups under the protection category. The activities which are categorized
under the enjoyment scale are grouped as the possibilities for walking, standing,
staying or sitting, possibilities to observe, possibilities for hearing or talking, and
possibilities to play. Possibility of enjoying positive aspects of climate, aesthetic
quality or positive sense-experiences, are groups which are categorized under the
scale of comfort. The importance of qualities related to enjoyment and comfort
may vary to pedestrians in choosing their path, but protection-feeling safe and
secure-has the highest priority for pedestrian route choice, regardless of their
destination [3].

Pedestrians are undoubtedly considered as the vulnerable users of the streets. In
2010, the fatalities involving pedestrians in London accounted for 46 % [4]. Also,
in Iran pedestrian safety is one of the major concerns. Statistics show that 30 % of
people who are killed in the accident are pedestrians [5]. This problem is one of
the main barriers which discourage Tehran’s residents to walk, rather than trav-
eling by motorized vehicle [3]. For instance, lots of parents do not let their children
to walk to school, even when it is not too far. They prefer to travel by car, just
because of their concern about safety from vehicular traffic [6]. Therefore, in order
to evaluate the pedestrian safety in Tehran, one of Tehran’s urban spaces with high
pedestrian flow, is selected as the case study of the research.

Tehran is composed of 22 districts with 686 km2 urban area [7]. District 8 is
called Narmak area and is one of the earliest planned residential areas of Tehran.
Due to its special structure, Narmak is known as a sustainable district for its safe,
accessible and livable environment [8]. Nabovat square is a multifunctional urban
space which is considered as the regional center of this area [9]. Nabovat square is
like a plaza that is surrounded by various commercial and administrative buildings
as well as a religious center. This square, which is highly recognized for its
walkability, is considered as the case study of this research. Figure 1 shows the
situation of Nabavot square as a regional center of eastern Tehran in whole, and
district 8 in particular. Also, Fig. 2 illustrates the location of this square in the plan
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of district 8. Figure 3, then, presents the aerial view of this area and Nabovat
roundabout with multi lines for vehicular transportation and the pedestrian
crosswalk. Indeed Nabovat Square is a great sample of shared space that is
accessible by rapid public or private transportation and pedestrians. Since this area
works as a semi pedestrian mall, more than thousands of pedestrians pass the
pavements every day. So, because of the importance of this square and high
volume of its traffic, as well as large number of pedestrians passing the above
mentioned area, the crosswalks of studied area are evaluated to determine whether
pedestrians are protected against the traffic movement and accidents or not.

Fig. 1 Centers of spatial
structure of Tehran master
plan and the situation of
Nabovat square in district 8
source [9]

Fig. 2 Location of Nabovat
square in district 8 plan
source [9]

Fig. 3 Aerial view of
Nabovat square
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2 Pedestrian Level of Service

Level of Service is generally used to measure the quality of walkway accommo-
dation in accordance to pedestrian travelling demands. The concept of Level of
Service (LOS) was firstly used to describe the quality of stream and traffic in
Highways; however, this notion is also used for other travelling modes in the
current days. The first performance measure is the sidewalk capacity which was
developed in the early 1970s [10]. Additionally, the only established method of
quantifying sidewalk capacity and assessing the facilities provided for pedestrians,
illustrated in Highway Capacity Manual [11]. In fact a guideline was made like
what was provided for vehicular movement, by applying Level of Service concept.
The research was done by Lautso and Murole and was one of the first studies on
Level of Service that incorporated many significant factors with computation of
Pedestrian Level of Service [12]. This study was also expanded by later researches.

Khisty considered the qualitative environmental factors for evaluation of
pedestrian facilities so that the conditions of sidewalks are measured by the
pedestrian Level of Service. Convenience, comfort, safety and security were some
of the factors measured by using parameters such as speed of walkers, travel time,
pedestrian’s freedom to maneuver and traffic interruption [13]. Hence, the traffic
volume can affect the pedestrian comfort, which means there will be restrictions in
walking route and speed where the pedestrian traffic volume is high. Therefore,
comfort level and consequently the pedestrian LOS will be low. On the other hand,
where the pedestrian is not facing a high traffic volume, the comfort degree usually
increases [14].

In Iran, the pedestrian Level of Service standards is categorized under six
classes [15], as it is shown at Table 1.

Table 2 shows the suggested criteria for this classification. As it is visible in this
table, the operational capacity of Iran’s sidewalks is 68 p/min/m of effective width
that is considered for Level of Service E, and the movement space for every person
is 0.6 m2.

It is also important to notify that LOS standards are applicable only to effective
width of walkways, deducting the space close to walls or any obstruction in
walkway space. Pedestrians usually keep away about 15 cm from walls, shop
windows or Krebs, therefore, the effective width of walkways are used for analysis
and applying the standards, rather than the whole sidewalk width [16]. The effect of
platoon flow is the other notion that should be considered for this analysis. For-
mation of different groups of pedestrians is always seen in sidewalks and cross-
walks. These groups are created around the corner of intersections while waiting
for the red traffic light, and move all with each other when the traffic light turns
green. This case may also happen near to public transport stations. To consider the
effect of platoon flow in sidewalks, it is advised to add averagely 13 p/min/m to the
volumes that are more than 1.65 p/min/m [17].
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3 Research Method

Time–Space (TS) method is generally used to examine walkways quantitatively,
and evaluate the adequacy of space where the peak-period demand of pedestrians
is predicted. TS method is one of the first methods used to determine the level of
service for sidewalks and signalized crosswalks [16]. This method shows the
pedestrian level of activities in the space as well as the pedestrian safety. In the
development of New York City, TS method was approved as a validated measure
for street conditions and pedestrian traffic in sidewalks, crosswalks and corners
[18]. This method is one of the first approaches, yet, it is not the only method of
evaluation. In order to determine level of service of crosswalks, different methods
are used based on existence of signal on the intersections and different patterns of
pedestrian traffic. Since Nabovat Square crosswalks are unsignalized crosswalks,
the analysis techniques are demonstrated as follows:

Table 1 The classification of level of service in Iran

LOS Description

A Pedestrians usually move in their favorite route, by their favorite speed, without changing
their track for others (free flow). It is less likely for one to collide with other

B There is enough space for pedestrians to choose their favorite speed of walking to pass each
other. There is minor conflicts and speed restrictions

C There is enough space for pedestrians to choose the usual speed of walking to pass each
other in one-way flows. But the cross or reverse flows are difficult

D Freedom of choosing their walking speed is limited. There is intermittent shuffling and
significant conflict among pedestrians. They also need to change their speed frequently

E Pedestrians are usually experiencing a shuffling walk. Passing, reverse and cross flows are
very difficult. All pedestrian have problem walking by a normal speed and need to
adjust their steps repeatedly. The movement is very slow, with intermittent stopping

F Critical density strongly limits the walking speed and having contact with others is
inevitable. The reverse or cross flows in these sidewalks are impossible. The flow looks
more like queuing rather than a pedestrian movement

Source [15]

Table 2 The suggested criteria for pedestrian level of service in Iran

Level of
service

Average area
(m2/p)

Traffic and speed

Average walking
speed (m/min)

Pedestrian flow rate
(p/min/m)

Ratio of volume to
capacity

A 6 C76 B13 B0.18
B 6–4 76–74 13–19 0.18–0.27
C 4–2.6 74–71 19–27 0.27–0.4
D 2.6–1.6 71–65 27–41 0.4–0.6
E 1.6–0.6 65–40 41–68 0.6–1
F \0.6 \40 Varied Varied

Source [15]
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3.1 Evaluation of Unsignalized Crosswalk

The unsignalized pedestrian crossing is a conflict zone between the pedestrian flow
and vehicular traffic which is not controlled by any signal or traffic light. Most
crashes occur within this area of high risk. Considering this problem, Effective
Critical Headway (ECH) is defined as minimum time headway needed by a
pedestrian for a safe cross [19]. If the headway between vehicles arrival is more
than the required time for passing, the pedestrian will pass through the crosswalk,
otherwise he/she should wait to find the required time. In these situations,
pedestrians usually judge themselves to determine whether the available headway
is long enough to cross safely or not. In order to analyze the level of Service and
safety of unsignalized intersection, Highway Capacity Manual 2,000 provided a
model to compute the pedestrian delay time at the unsignalized intersection [20].
This model and its equations are presented as follows:

The effective critical headway for a pedestrian is computed using Eq. (1):

tc ¼ L= Sp þ ts ð1Þ

where
tc Effective critical headway for a pedestrian (s)
Sp Average walking speed of a pedestrian (m/s)
ts Start up time and end clearance time of pedestrian (s)
L Length of crosswalk (m)

In order to find out the group critical headway in the cases that platooning exists
in the area, the pedestrian spatial distribution is going to be computed according to
Eq. (2). Additionally, for computation of spatial distribution, the platoon size
should be discovered by field observation, or is estimated by using Eq. (3)

Np ¼ INT 0:75 Nc � 1ð Þ = WE½ � þ 1 ð2Þ

where
Np Pedestrians’ spatial distribution (p)
Nc Total number of pedestrians in the crossing platoon (p)
WE Effective crosswalk width (m) 0.75 = the distance used by a pedestrian for

avoiding interference with others while passing (the default effective width)

Nc ¼ vpevptc þ ve�vtc
ffi �.

vp þ v
ffi �

e vp�vð Þtc ð3Þ

where
Vp Pedestrian flow rate (p/s)
V Vehicular flow rate (veh/s)

tG ¼ tc þ 2 Np � 1
ffi �

ð4Þ
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where:
tG Group critical headway (s)

Finally the delay of pedestrians are considered as the LOS measure, which is
computed using Eq. (5). Table 3, also shows the classification of LOS based on the
delay time of pedestrian at unsignalized intersection.

dp ¼
1
v

evtG � vtG � 1ð Þ ð5Þ

where:
dp Average pedestrian delay time (s)

Consequently, level of service of crosswalks is determined based on delay time
at Tables 4 and 5.

4 Result

Data collection was conducted through two phases for the crosswalks located in
four sides of the Nabovat square—north, west, south, and east. Figure 4 shows
locations of the studied crosswalks. At the first phase, the physical data like the
length and width of crosswalks were collected through field measurement. The
other statistical data which was mostly related to the pedestrian behaviour, like the
speed of walking and pedestrian flow rate, was collected at the second phase
through direct observation. The studied crosswalks were observed over two
months, from September to October 2012, during eight times (once a week). Since
the crosswalks are usually designed for the peak hours, the observation process
includes two periods of peak hours in weekdays. This process takes place, each
time, during a fifteen-minute period, within the normal and routine condition of
crosswalks in their peak hours, from 7:00 am to 10:00 am in the morning and
4:00 pm to 7:00 pm in the evening.

However, except for the increase of pedestrian flow rate in evening, no other
special difference was seen in pedestrian behaviour between morning and evening.

Table 3 Suggested criteria for determination of LOS in unsignalized crosswalks

Level of service Average delay per pedestrian (S) Likelihood of risk-taking behavior

A \5 Low
B \5–10
C \10–20 Moderate
D \20–30
E \30–45 High
F [45 Very high

Source [11]
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Since it was not possible to use the surveillance camera, all the data collection and
the observation process were done by the authors. Figure 5 illustrates nabovat’s
pedestrians passing the studied crosswalks.

Fig. 5 Pedestrians passing the crosswalks around Nabovat square; a North crosswalk; b East
crosswalk; c South crosswalk; d West crosswalk

Fig. 4 Red line shows the location of crosswalks in Nabovat square
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By using the presented model for data analyzation, the effective critical head-
way for a pedestrian, pedestrians’ spatial distribution, group critical headway, and
finally pedestrian delay, were computed for each studied crosswalk in the morning
and the evening separately. The above mentioned step is taken after the data
collection process is completed. The collected data and the result of the analysis
have been illustrated in Tables 4 and 5.

Conducting this analysis shows the average delay of a pedestrian to pass these
crosswalks safely and the level of service of crosswalks. As shown in the Tables 4
and 5, the average delays at all crosswalks in both morning and evening time are
more than 45 s, especially at the evening which include high number of passing
pedestrians. The highest evaluated delay times, like 24,969 s—in north crosswalk
at evening time—include such long period of time that keep no patient for
pedestrians to wait. Therefore, based on Table 3, level of service of all crosswalks
are determined as F, and are certainly not estimated as a safe crossing space for
pedestrians. As the result, serious conflict between vehicular traffic and crossing
pedestrians are usually seen on the sidewalks.

5 Discussion and Conclusion

This study has investigated the safety of unsignalized crosswalks around nabovat
square by determining their level of service. While the statistical analysis shows
that pedestrians should take a high risk in crossing the studied areas, high number
of people are still walking through this area daily and the area is well known for its

Table 4 Level of service of crosswalks (data collected during peak hours in the morning)

Crosswalk L
(m)

W
(m)

Sp

(m/s)
V
(veh/
s)

Vp

(p/s)
tc (s) Nc Np tG (s) dp (s) LOS

North 7.45 3 1.2 0.44 0.04 9.21 5.55 2 11.21 301.77 F
West 12.6 3 1.2 0.57 0.09 13.50 303.15 76 163.50 5.2264E ? 40 F
South 7.5 3 1.2 0.37 0.09 9.25 6.22 2 11.25 159.647032 F
East 11.9 3 1.2 0.31 0.08 12.92 11.89 3 16.92 591.64 F

Table 5 Level of service of crosswalks (data collected during peak hours in the evening)

Crosswalk L
(m)

W
(m)

Sp

(m/
s)

V
(veh/
s)

Vp

(p/
s)

tc (s) Nc Np tG (s) dp (s) LOS

North 7.45 3 1.2 0.49 0.16 9.21 22.22 6 19.21 24,969.2206 F
West 12.6 3 1.2 0.71 0.15 13.50 2,620.54 655 1,321.5 Very large

number
F

South 7.5 3 1.2 0.73 0.18 9.25 166.47 42 91.25 1.1644E ? 29 F
East 11.9 3 1.2 0.53 0.60 12.92 476.26 119 248.92 3.7252E ? 57 F
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walkability in the city of Tehran. However, pedestrians who are averse to take
unnecessary risks, face serious difficulties while passing these crosswalks. Since
there are other areas in Tehran with similar conditions to nabovat square and its
crosswalks, the findings of this study do provide clear evidences for unsafe
crosswalks as one of the main concerns of pedestrians in this Capital City. Also,
these results illustrate the reason for Tehran’s high pedestrian fatalities, which
needs to receive special attention, as well as cooperation of different experts and
organizations. Urban designers, traffic engineers and Tehran municipality are all
responsible for improving the level of service for crosswalks and enhance the
pedestrian safety, and can only succeed through keen synergy.

In addition, some suggestions such as installing the signals at the intersections
and wide overpasses with elevators for the elderly and disabled, specially at the
west crosswalk, which accommodate the highest volume of pedestrian flow, are
recommended. Also pedestrian priority to vehicular traffic, in crossing the streets,
has significant effect on pedestrain safety. Performing operational measures, such
as changing the paving and the furniture of streets near to the crosswalks around
the square, will help to decrease the speed of vehicles and therefore, dedicate
higher priority for pedestrians. Finally, further studies on interaction between
pedestrian and vehicles are suggested for better understanding of pedestrian
crossing behaviour in these conflicted zones.
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2. J. Gehl, L. Gemzře, Public spaces, public life. copenhagen: Danish architectural press and the
royal Danish academy of fine arts. School of Architecture (1996)

3. L.W. Chau, H.N. Ismail, S. Hamidi, Effects of trip purpose on preferred walking environment
and route choice of pedestrians in Narmak, Tehran. CIDP Monograph, Universiti Teknologi
Malaysia, No. 6. Nov 2010

4. B. Li, A model of pedestrians’ intended waiting times for street crossings at signalized
intersections. Transp. Res. Part B: Methodol. 51, 17–28 (2013)

5. Unknown. 30% of people who are killed in accident are pedestrian, Asre Iran (2013).
Retrieved from http://www.asriran.com/fa/news/254569/

6. R. Shokoohi, N.R. Hanif, M.M. Dali, Children walking to and from school in Tehran:
associations with neighbourhood safety, parental concerns and children’s perceptions.
Procedia—Social Behav. Sci. 38, 315–323 (2012)

7. Tehran municipality: Tehran. Public and international relation department (2013). Retrieved
from http://en.tehran.ir/Default.aspx?tabid=104

8. M.M. Azizi, Sustainable residential neighbourhood: the case study of Narmak
neighbourhood, Tehran. J. Honare-ha-ye Ziba 27, 35–46 (2006)

386 S. A. Daneshpour et al.

http://www.asriran.com/fa/news/254569/
http://en.tehran.ir/Default.aspx?tabid=104


9. Tehran district 8 municipality: Detailed plan of Tehran district 8. (2006) Retrieved from
http://region8.tehran.ir/Default.aspx?tabid=157

10. J.J. Fruin, Pedestrian Planning and Design (Metropolitan Association of Urban Designers
and Environmental Planners Inc, New York, 1971)

11. TRB, National Research Council: Special report 209: Highway capacity manual.
Washington, DC., (1994)

12. K. Lautso, P. Murole, A study of pedestrian traffic in Helsinki: methods and result. Traffic
Eng. control 15(9), 446–449 (1974)

13. C.J. Khisty, Evaluation of pedestrian facilities: beyond the level-of-service concept. Transp.
Res. Rec.: J. Transp. Res. Board 1438, 45–50 (1994)

14. T. Dandan, W. Wei, L.U. Jian, B. Yang, Research on methods of assessing pedestrian level of
service for sidewalk. J. Transp. Sys. Eng. Inf. Technol. 7(5), 74–79 (2007)

15. Research and Technical Criteria Office, Pedestrian Facilities; Technical Basics, vol. 1
(Planning and Budget organization Publications, Tehran, 1996)

16. J.J. Fruin, Designing for pedestrians: A Level of Service Concept (Prentice Hall, Englewood
Cliffs, NJ, 1992)

17. B. Hosseini Yarandi, Examination of problems of pedestrian traffic and parking spaces in
Nabovat square with providing the improvement measures. Tehran Municipality: Tehran
Comprehensive Transportation and Traffic Studies Co. 2008

18. J.J. Fruin, B.T. Ketcham, P. Hecht, Validation of the time-space corner and crosswalk
analysis method. Transp. Res. Rec.: J.Transp. Res. Board 1168, 39–44 (1988)

19. B. Li, A model of pedestrians’ intended waiting times for street crossings at signalized
intersections. Transp. Res. Part B: Methodol. 51, 17–28 (2013)

20. TRB, National Research Council: Highway capacity manual. Washington, DC. (2000)

Evaluation of Pedestrian Level of Service for Tehran Crosswalks 387

http://region8.tehran.ir/Default.aspx?tabid=157


Physical Properties of Modified Asphalt
Binder with Nanopolyacrylate

E. Shaffie, J. Ahmad, A. K. Arshad, D. Kamarun, F. Kamaruddin
and M. A. Shafiee

Abstract Modification of asphalt binder using polymers has been increasingly
used by our government to enhance the properties of bituminous mixes and to
prolong the lifetime of roads in the face of increased traffic. This paper reports the
procedure for determining the physical properties of asphalt binder using pene-
tration grade binder of 80/100 with nanopolyacrylates (NPA). The asphalt binder
was modified with different percentages of NPA (0, 2, 4, 6, 8 and 10 % by weight
of asphalt binder) in order to determine the appropriate proportion of asphalt
binder and NPA that can provide special potential in enhancing the properties and
strength of the bituminous road to achieve the specifications required. Asphalt
binder properties were evaluated in penetration, softening and penetration index.
The results of this investigation indicated that the 6 % by weight of NPA in asphalt
binder is the most effective proportion, having potential to improve physical
properties of asphalt such as increasing softening point and decreasing the pene-
tration and high penetration index. The results also demonstrate that the NPA
binders outperformed conventional asphalt binder in term of engineering proper-
ties and it can be concluded that NPA polymer is feasible to be used as asphalt
modifier and has potential for improvement in the field of pavement material and
construction in future.
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1 Introduction

Conventional bituminous mixture has shown satisfactory results as binder for road
construction for so many years. However, for the past few years, states experi-
enced problems in severity and permanent deformation on the road pavement. This
problem with permanent deformation, or rutting, was attributed to an increase in
truck tire pressure, axle loads, and volume of traffic [1].The situation is evident for
the last three decades, that the pavement has been facing more demands than
before resulting in the need for an enhancement in the properties of bituminous
materials [2].

Due to this problem, many researchers have conducted bituminous modification
to improve the physical properties as well as the rheological properties of the
bitumen using modifier. Several additives and modifier such as natural rubber latex
(NR), Styrene Butadiene Styrene Block Copolymer (SBS), Styrene Butadiene
Rubber Latex (SBR), and Ethyl Vinyl Acetate (EVA) have been studied by pre-
vious researchers to improve the asphalt binder properties, but only few types are
suitable and compatible with binder for modification [3]. A study conducted by
Nrachai [4] found that the natural rubber latex is the best alternative for road
making due to flexibility and stability improvement in asphalt pavement and
extend service life of the road pavement. In another study, Isacsson and Lu [5]
reported that SBS improves resistance to flow at high temperature without making
the binder become stiffer at low temperature.

As the focuses are more on modification of asphalt using conventional polymer,
there is lack of work on modification of asphalt using nanocomposite polymer.
Recently, researchers showed their interests on asphalt binder’s modification using
nano composites materials. From literature review, several studies have been
conducted using polymer nano composites which consist of a blend of one (or
more) polymer(s) with various nanomaterials such as nanoclays, carbon nanotubes,
etc. [6, 7]. Mojtaba studied the potential benefits of nano-SiO2 powder and SBS in
asphalt mixtures. This study concluded that the asphalt mixture modified by 5 %
SBS plus 2 % nano-SiO2 powder could be the optimum proportion which
increases physical and mechanical properties of asphalt binder and mixtures [8].
Abdullah studied the potential of nanoclay and warm asphalt additives on the
asphalt binder properties. It was found that the addition of nanoclay and warm mix
asphalt additives (WAA) in asphalt binder can improve the physical properties of
asphalt [9]. According to Ref. [10] the addition of nanoclay and carbon microfiber
improves the stripping performance mixtures or decreases the potential of moisture
damage. Sureshkumar [11] studied the influence of adding clay in polymer
modified asphalts. Results show that the polymer modified asphalt influences the
final rheological properties of asphalt binder due to clay which have compacti-
bilizing effect on asphalt and polymer, thus lead to better dispersion of the polymer
in the asphalt.

The addition of nanomaterials in asphalt pavement mixes has the potential to
enhance further the mechanical properties of asphalt mixes and overcome the
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shortcomings of using polymer in asphalt pavement mixes. However, the use of
nanopolyacrylate (NPA) has not been explored in improving the properties of
asphalt binder. Hence, in this study, a new asphalt binder based on nanosized
polyacrylates was conducted. NPA modified asphalt binders were prepared by
incorporating NPA into asphalt binder. The properties of the modified binders
were evaluated using the conventional test methods such as penetration and
softening point test. The application of NPA in modified asphalt binder is expected
to improve engineering properties of asphalt binder.

2 Materials and Method

2.1 Aggregate and Asphalt Binder

Granite aggregates used in this study were obtained from Blacktop Quarry,
Rawang located in Klang Valley. The aggregates were processed by washing, oven
drying and sieving. All the aggregates were sieved to the appropriate size using
sieving machine and then stored in individual bins according to the size of
aggregates. The specific gravity of the coarse and fine aggregate was determined
according to ASTM standard procedures. The asphalt binder used in this study was
80/100 penetration grade. The asphalt binder physical properties were tested and
fulfilled the standard requirements.

2.2 Nanopolyacrylate Polymer

Nanopolyacrylate (NPA) used in this study was provided by the Nan Pao Resins
Chemical CO., Taiwan. Polyacrylate, also commonly known as acrylics belongs to
a group of polymer which could be referred as plastic. This polymer is commonly
used for their transparency and its ability to resist breakage and elasticity. The
nanopolyacrylate consist of 39–40 % polyacrylate resin with the average diameter
of 50 nm. Table 1 shows the properties of the nanopolyacrylate.

2.3 Preparation of Nanopolyacrylate Modified Asphalt
Binder

In this study, preparation of Nanopolyacrylate modified binder is developed by
adding the base binder of 80/100 penetration grade with NPA. An initial study to
investigate the essential amounts of polymers to be mixed with binder manually at
various temperatures and mixing time was conducted. However, this technique
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was not able to produce a homogeneous binder mix. Therefore, there is a need to
evaluate the effect of possible changes in temperature and time of blending on the
properties of the binder. Due to this reason, the binder samples were prepared at
various blending velocity, mixing time and mixing temperatures and then tested
for their physical properties.

The wet process mixing method was selected to prepare polymer modified
binder in which the NPA is added to the base binder before introducing into the
aggregates. The NPA binder was processed in the laboratory using a cylindrical
flask equipped with a propeller. To determine the optimum proportion of polymer,
three variables were considered in the preparation process; mixing time, mixing
temperature and mixing velocity. The NPA was added to the base binder using
four interaction blending velocity (500, 1,000, 1,500 and 2,000 rpm), two inter-
action blending time (30 and 60 min), two different blending temperature (140 and
160 �C) and five NPA percentages (0, 2, 4, 6, 8, and 10 % by weight of binder)
respectively. For the preparation of a sample, 500 g of base asphalt binder was
melted at 110 �C and poured into a 500 ml container. Then, the asphalt binder was
heated in the oven at 150 �C until it liquefies. The NPA is then added slowly into
the liquid asphalt binder and sheared using a high shear mixer with mechanical
stirrer at different blending velocity and time. Figure 1 shows the equipment and
sample preparation process. The polymer modified asphalt binder is then evaluated
for further physical properties test to determine the effect of the possible changes
in temperature, time and blending velocity.

3 Results and Discussion

3.1 Determination of Optimum Blending Velocity

To determine the optimum blending velocity, a trial blending mixture using 3 % of
NPA was selected and mixed at 160 �C for 30 min. Four trial mixing speed
between 500 and 2,000 rpm at an increment of 500 rpm were used. Trial mixing
speed was terminated at 2,000 rpm due to the mixer motor capability. Physical
properties (softening point, penetration and penetration index) of the modified
binder were then conducted to determine the best blending velocity. Results in

Table 1 Properties of nanopolyacrylate (NPA)

Property Value

Diameter (nm) ±50 nm
Appearance Milky white
PH value 6.5–8.0
Viscosity Less than 200 cps (LVT NO: 2/60 rpm, 25 �C
Solid content 40 ± 1.5 %
Tg point 55 ± 1 �C
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Table 2 shows that, the blending velocity has a significant effect on physical
properties of the binder. The ductility value shows downward and upward trend
throughout the test. When the blending velocity was increased beyond that speed,
the penetration value started to decrease. However, the blending velocity does not
have significant effect on the softening point and the value is almost constant
throughout the test. Based on previous study [12] the blending velocity was
selected based on the average PI value obtained. Monograph was used to deter-
mine the PI value based on penetration and softening point results. Therefore, the
average of PI value of 0.85 was used to determine the appropriate blending
velocity to be used. Figure 2 shows the appropriate blending velocity of 1,650 rpm
which is selected as the appropriate blending velocity in this study.

3.2 Determination of the Blending Time and Blending
Temperature

Further evaluation to determine the blending time and blending temperature is
obtained using the appropriate blending velocity of 1,650 rpm. The appropriate
mixing variables for blending time and blending temperature was carried out at
160 �C/30 min, 160 �C/60 min, 140 �C/60 min, and 140 �C/30 min respectively.
Physical properties (ductility, softening point, penetration and penetration index
(PI)) of the binder were considered to determine the best blending time and
temperature as shown in Fig. 3. Combination of blending temperature and
blending time at 140 �C/60 min produced higher PI which indicates that the
bitumen is more resistant to temperature susceptibility compared to the other three
mixing time and mixing temperature combinations. Results also show that an

Fig. 1 Mixing process of polymer modified asphalt binder
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increase in blending time at 140 �C also increases the softening point from 54 to
57 and its penetration index (PI) value. A similar trend could be seen at 160 �C
mix temperature whereby an increase in the blending time from 30 to 60 min also
increases the softening point temperature from 50 to 60. A possible explanation for
this phenomenon may be the dispersion of NPA in asphalt binder which shows that
longer blending time is gave better dispersion of NPA in asphalt binder which also
resulted in stiffer asphalt binder, hence increasing the softening point value [13].
Meanwhile, the blending time appears to not have any significant effect on the
penetration value except for the blending time at 160 �C. Based on these results,
the blending velocity of 1,650 rpm at blending temperature of 140 �C with
blending time of 60 min were selected as mixing variables in this study.

3.3 Determination of Optimum Polymer Content

The final evaluation of this study is to determine the optimum proportion of NPA.
The amount of polymer used in this study varies from 0 to 10 % by weight of
asphalt binder with an increment of 2 % for each blend. The blending time of
1,650 rpm at blending temperature of 140 �C with blending time of 60 min were
used as mixing variables. Further evaluation using physical properties testing
[Penetration, softening point and penetration index (PI)] were conducted to
determine the best proportion NPA content. Figure 4 shows the physical properties

Table 2 Physical properties of modified asphalt binder using different blending velocity

Mixing speed
(rpm)

Penetration
(dmm)

Softening point
(�C)

Ductility
(cm)

PI
value

Mean of
PI

500 77 47 22.7 -0.9 -0.85
1,000 62 51 19.5 -0.4
1,500 52 51 22.5 -0.9
2,000 45 51 27.5 -1.2

Fig. 2 Appropriate blending
velocity
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[softening point, penetration and penetration index (PI)] of the binder in deter-
mining the optimum proportion of NPA. Based on this figure, the penetration value
of conventional binder (80/100 penetration grade) is 92 dmm. The result shows
that, the penetration value decreased from 92 to 70 and 64 respectively with the
addition of 2 and 4 % NPA, which shows the tendency of strength. The penetration
value then increase as more NPA is added which resulted in lacked of homoge-
neity in the binder mixture. At 6 % NPA by weight, the penetration value shows a
return point to the value of 64. After that, the addition of more NPA content (8 and
10 %) increased the penetration value from 64 to 65 and 66 respectively. Again,
these penetration results have shown that, excess NPA content will affect the
dispersion of NPA in asphalt and will cause the mixture to become softer which is
indicated by the higher penetration value [13].

In terms of softening point, it can be seen that the softening point temperature
increases with an increase in NPA content at the initial stage (2 and 4 %). After
that, the softening point gradually decreased as more NPA is added. The maximum
softening point temperature was achieved at 4 % NPA content. This phenomenon
may have happened due to the condition of NPA. When mixing, NPA which

Fig. 3 Appropriate blending velocity
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consists of a complex molecular chain in the asphalt tends to harden the mix which
will cause difficulties to soften the mixture. However, at a high NPA content (6 and
8 %) the softening point temperature tends to decrease from 48 to 46. The low-
ering of the softening point temperature may be due to the excess NPA content.
The excess NPA content will affect the dispersion of polyacrylate in the asphalt
and cause the mixture to become softer [13].

This figure also shows the penetration index value of the modified binder.
Penetration index indicates temperature susceptibility. The penetration index (PI)
shows the sensitivity of asphalt to temperature change. Higher PI values indicate
lower thermal susceptibility which is that the roads have sensitivity to temperature
changing and can be indicated the trend on durability of the roads. According to
[14] the value of PI ranges from around -3 for highly temperature susceptible
bitumens to around +7 for highly blown low-temperature susceptible (high PI)
bitumen. Generally, asphalt binder has negative PI value. Figure 4 shows the graph
of PI results. Based on this result, it shows that adding more NPA polymer could
increase PI value. It means NPA polymer helps reduce temperature susceptibility
due to an increase in softening point and reduction in penetration value. This
shows that adding more percentage of NPA will increase PI value at 2 and 4 %.
The PI value showed a decrease after adding 6 and 8 % of NPA, however
increased again when NPA is added to 10 %. This shows that excess of NPA
affects the dispersion of polymer in asphalt causing the mixed asphalt with high

Fig. 4 Physical properties of asphalt binder at different NPA content
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penetration value (asphalt would be softer.). The optimum content of NPA that
should be added as modifier is 6 % by the weight of binder because at 6 % the
penetration and softening point value shows a return point. This means that per-
centage of modifier has exceeded the limit and cause the modified binder become
softer. At that particular point the percentage for optimum content of polyacrylate
is selected. Therefore, based on these result, 6 % of NPA content was selected as
the optimum amount of polymer that could be added to the conventional binder.

4 Conclusions

Based on the results obtained from this study, the following conclusions have been
reached:

1. The optimum mixing speed, temperature and time for NPA is 1,650 rpm,
140 �C and 60 min.

2. The optimum percentage of the NPA selected is 6 % by weight of the binder.
3. The addition of the NPA to the binder will decrease the penetration value and

increase the softening point of the bitumen.
4. The PI value of the bitumen increase as more NPA is added to the bitumen. The

penetration and softening point have demonstrated the increased in stiffness
(hardness) and improve the temperature susceptibility of the NPA polymer
modified binders.

5. Based on the PI value, the presence of NPA polymer improves the temperature
susceptibility of the asphalt. The asphalt mixtures containing asphalt binder
with higher PI are more resistant to low temperature cracking as well as per-
manent deformation (rutting).

As a conclusion, the NPA is feasible to be used as asphalt modifier to enhance
the properties of the binder in terms of temperature susceptibility and physical
properties. The NPA also has potential for strength and durability improvement in
the field of pavement material and construction compared to conventional asphalt
binder.
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How Much Money Can Be Saved? Impact
of Driving Style on Bus Fuel Consumption

M. Rohani and R. Buhari

Abstract This paper presents the influences of driving style on bus fuel con-
sumption. The study conducted was based on real data collected in Southampton
UK using two research buses. This study has confirmed that the aggressive driving
consumed significantly higher fuel consumption than economic and normal driv-
ing. It was estimated that, driving shifting from aggressive toward economic style
can reduce approximately 16.86 l diesel fuel consumption and save about GBP
25.46 daily for a single bus.

Keywords Component � Formatting � Style � Styling

1 Introduction

There is no standard definition of eco-driving that existed in the literature.
Available definitions of eco-driving suggested by a previous researchers tend to
relate the driving behaviour with fuel economical. For example, ECOWILL [1]
describes eco-driving as a smarter and fuel-efficient driving that represents a new
driving culture. Eco-driving makes the best use of advanced vehicle technologies
and improves road safety. Other researchers, Baltuti [2] describes the ‘eco’ in eco-
driving as a driving style which takes ecologic and economic benefit consider-
ations. The ecological and economical benefits are significantly reduced fuel
consumption and green house effect.

Boriboonsomsin et al. [3] suggested the eco-driving as one of the conservation
programs that can be very cost effective. Various advice such as shifting to a
higher gear as soon possible, maintaining steady speeds, anticipating traffic flow,
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accelerating and decelerating smoothly, keeping the vehicle and keeping the
vehicle in good maintenance through the eco-driving tips are aimed to minimise
fuel consumption while driving [3].

Many eco-driving projects conducted to date concentrate on providing eco-
driving advice, by mean of training to drivers. For example, CIVITAS [4], a bus
company in Tallinn, provides eco-driving training for its drivers. The bus company
looks an eco-driving as an element to address problems such as pollution, noise,
emission and also to improve the company’s passenger satisfaction in comfort and
safety. In Australia, a pilot study conducted by Rose and Symmons [5] suggested
that heavy duty bus driver who attended the full eco-driving training significantly
use lower fuel consumption than the driver who did not attend the training.

Other methods applied for eco-driving monitoring is by the application of a
special device. For example, Boriboonsomsin et al. [3] found that an on-board eco-
driving device has made an improvement in driver behaviour. The use of the
device is to make real-time instantaneous fuel consumption as a result from
driving behaviour available to be seen by the driver. The fuel data guides the
driver to a more economical driving. As a result average fuel economy improves
6 % on city streets and 1 % on highway.

Stagecoach is a bus company in the UK that invested multi-million pound
sterling on eco-driving technology [6]. The investment includes the installation of
GreenRoad system in 6,500 buses in Scotland, England and Wales. The scheme is
targeted to reduce 4 % fuel consumption and accident rate. GreenRoad system
used is an on-board system that provides driver with real-time feedback on their
driving style. The information provided includes speed, braking, acceleration,
lane-handling and turning. Further to the system, the Stagecoach also is one of the
first UK bus companies that applies a new GreenRoad’s new engine idling solu-
tion. This new system is able to monitor specific trips by identifying unnecessary
idling based on agreed thresholds.

Foot-LITE is an ongoing UK-based project on eco-driving that provide both
online and offline feedback for driver. The project is aimed to address an important
parameter in vehicle driving such as engine speed, gear choice and throttle position
[7]. In the system proposed, driving feedback will be delivered to the driver in
order to promote the take up and retention of eco-driving efficient and safe driver
behaviour. The system is also able to monitor driver’s behaviour, road network
conditions and vehicle metrics [7]. The advance system in Foot-LITE project
analyse all gathered data via an on-board device. From the analysis driver will be
provided all related information, advice and useful reminders.

Bus driver eco-driving substantially benefit to bus operational cost, environ-
ment and safety. Specifically, Vogel [8] list the advantages of eco-driving as
follows;

• More cost-effective driving
• Less pollution
• Quicker journeys
• Greater road safety
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• Less wear and tear on vehicle parts
• Longer life-span of tires
• More driving comfort

In Europe, eco-driving program has started to establish more seriously in 2001
[9]. The program is partly financed by the former European Energy Efficiency
Programme (EEEP). It is co-ordinated by the Austrian Energy Agency (AEA). The
project was targeted at specific groups of driver and successfully reduced 5–20 %
fuel consumption in various countries such as German, and Switzerland.

2 Research Setting and Approach

2.1 Research Aim

The objective of this research is to compare the bus fuel consumption between
different driving styles (economic, normal and aggressive). It is also estimate how
much saving can be attained from driving style changes.

2.2 Research Approach

This study was conducted in urban driving environment in Southampton, UK
areas. During the period of data collection, 54 UniLink bus drivers driving styles
were monitored within the same route continuously during bus service operation
hours. However, for the analysis purposes, the focus has been given only on
instantaneous driving style 10 s after the driver leaving from stationary at selected
bus stops, signalized intersections and roundabout. The selection of these 10 s data
is based on the highest rate of acceleration and fuel consumption observed from
the real data that strongly considered for research analysis.

2.3 Research Equipment and Data

Data used in this study was collected on-board using 2 research buses; a Mercedes-
Benz Citaro and Scania Omnicity which were equipped with an automatic trans-
mission of 6 and 5 gears respectively. The engines of the buses are also different.
The Mercedes Citaro complies with Euro 4 emission standard while Scania Om-
nicity complies Euro 5 and EEV. Both buses were operated by UniLink, a bus
company from Southampton, UK.
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On-board device, a Portable Vehicle CANBus Systems (PVCS) was installed
on research buses to collect real time data. The PVCS iLogCAN data logger
developed by Squarell technology is designed with a Fleet Management System
(FMS) interface to monitor a CANbus activity under actual on-road driving. This
special device was used to capture bus location, speed, and the behaviour of the
driver who controls the accelerator pedal as well as the instantaneous fuel
consumption.

Seven study sites selected in this study are 3 bus stops, 3 signalised intersec-
tions and 1 roundabout. For all study sites the general characteristics of the site and
data collected are summarised as follow:

• On each site, the road segment has one lane for both directions and is fairly flat
with a minor grade.

• The traffic condition between sites in the same group is fairly similar.
• The bus stop type for each study site is ‘bus stop marking on the carriageway’,

which is referred as ‘bus cage’.
• Only behaviour from passing straight ahead at signalised intersection is included

in the data analysis at such intersections (no right or left turn is counted).
• Only behaviour from passing through is included in the data analysis at such

roundabout.

2.4 Clustering driving Style

Bus driver driving behaviours data were clustered into three driving styles;
aggressive, normal and economic. In this study, the cluster analysis applied
involved 4 steps of analysis

• Selection of variables,
• Determination of cluster hierarchy in the variables using hierarchical analysis
• Cluster analysis using K-mean method and
• Cluster validation using discriminant analysis

Further explanation of cluster analysis in this study is available from [10].

3 Results and Discussion

In this study, the correlation between fuel consumption and clustered driving style
was assessed. Spearman Rho correlation analysis was conducted aim to explore the
relationship between clustered driving style with average fuel consumption. Result
from analysis for both Mercedes and Scania buses is shown in Table 1. The finding
from this result indicated that, the driving style has a significant correlation with
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average fuel consumption. This also can be seen graphically from Figs. 1, 2 and 3
which demonstrated that the fuel consumption increase as the driving behavior
change from economic to normal and aggressive respectively.

Further analysis for the research data was also conducted to test the significant
different in fuel consumption from one behavior to another. To conduct this, a
Mann–Whitney test was used. The result from Table 2 shows that, for both
research buses, the aggressive bus driving at most of study sites consumed sig-
nificant higher fuel consumption than that of normal and economic bus driving
(p \ 0.016). However, this result is not significant at Site D for Scania bus.
Nevertheless the higher mean found in aggressive driving (see Fig. 3) indicated
that the driver used slightly higher fuel consumption than the normal driver.

Regarding the how much the fuel cost can be saved from driving style change
when leaving from bus stop, signalized intersection and roundabout, Table 3

Table 1 Spearman Rho correlation between average fuel consumption with clustered driving
style

Bus Clustered driving style

Mercedes Citaro Average fuel consumption 0.472a

Clustered driving style 1.000
Scania OmniCity Average fuel consumption 0.300

Clustered driving style 1.000
a Correlation is significant at 0.05 level (2-tailed)

Fig. 1 Comparison of bus fuel consumption between economic, normal and aggressive driving
at difference study sites (bus stop)
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Fig. 2 Comparison of bus fuel consumption between economic, normal and aggressive driving
style at different study sites (signalised intersection)

Fig. 3 Comparison of bus fuel consumption between economic, normal and aggressive driving
style at roundabout
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Table 2 Comparison test for instantaneous fuel consumption between aggressive, economic and
normal driving

Clustered driving style Stop type Site Bus Sig. (2-tailed)

Economic versus normal driving Bus stop Site A Citaro 0.0000001
OmniCity 0.0000001

Site E Citaro 0.0000001
OmniCity 0.002

Site F Citaro 0.0000001
OmniCity 0.0000001

Signalised intersection Site B Citaro 0.0000001
OmniCity 0.0000003

Site G Citaro 0.0000001
OmniCity 0.000004

Site C Citaro 0.000001
OmniCity 0.000001

Roundabout Site D Citaro 0.0000001
OmniCity 0.078

Normal versus aggressive driving Bus stop Site A Citaro 0.00000003
OmniCity 0.0000001

Site E Citaro 0.00000001
OmniCity 0.00004

Site F Citaro 0.000001
OmniCity 0.001

Signalised intersection Site B Citaro 0.000002
OmniCity 0.00001

Site G Citaro 0.000005
OmniCity 0.000001

Site C Citaro 0.0000001
OmniCity –

Roundabout Site D Citaro 0.0000003
OmniCity 0.000001

Aggressive versus economic driving Bus stop Site A Citaro 0.0000001
OmniCity 0.0000001

Site E Citaro 0.0000001
OmniCity 0.0000001

Site F Citaro 0.0000003
OmniCity 0.0000001

Signalised intersection Site B Citaro 0.0000001
OmniCity 0.0000001

Site G Citaro 0.0000001
OmniCity 0.0000002

Site C Citaro 0.0000005
OmniCity –

Roundabout Site D Citaro 0.0000001
OmniCity 0.0000001
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presents the calculation of the mean of instantaneous and percentage of fuel saving
from driving style shifting from normal to economic, aggressive to normal and
aggressive to economic. The estimation within all the study sites and research
buses indicated that, the percentage of fuel saving from driving style shifting
varied between 17 and 77 %. The analysis conducted also shows that driving
shifting from normal to economic and aggressive to normal can promote fuel
saving of up to 37 and 24 % respectively. The greatest fuel saving was observed to
be from aggressive to economic (52 %) driving shift. This result is considerably
accepted since fuel consumption is dependent on various factors such as road
geometry, traffic condition and bus technology.

Saving benefit from driving style shift can be further estimated based on a daily
and monthly trip basis. To estimate the bus fuel cost, a real driving profile from
sampled data was taken (data was collected in Southampton, UK). The driver took
2 h 30 min to complete the journey from Southampton General Hospital (SGH) to
Dock Gate 4 at Southampton city centre and getting back to SGH. Within the
journey, the driver stopped 60 times at bus stops, 12 times at signalised inter-
sections and 2 times at roundabouts. Assumption was made that the driver always
adopted normal driving style at all stop types.

Figure 4 shows the percentage of each driving phase (acceleration, decelera-
tion, stationary, and constant speed) observed from the data. Time spent within the
bus trip at stationary, acceleration, deceleration and constant speed were 38, 29, 31
and 2 % respectively. Within the acceleration phase, 30 % of the times were spent
to accelerate the bus away from bus stop, signalised intersection and roundabout
(percentage was considered only the 10 s strong acceleration). The proportion of
fuel consumption within the trip is shown in Fig. 5. The calculation of fuel con-
sumption of the driving profile showed that, driver spent 74 % of the fuel con-
sumption on acceleration, 13 % on deceleration, and 13 % on stationary and
constant speed. It was also observed from the data that, driver used 16.99 l diesel

Fig. 4 Percentage of time spent on stationary, acceleration, deceleration and constant speed
observed from normal driving and specific acceleration events behaviour
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to complete 1 trip duty. From this figure, percentage fuel spent on acceleration was
calculated as 12.63 l (refer Fig. 5 and Table 3).

Tables 4, 5, 6, 7, 8 presents daily fuel consumption from sample data and the
calculation of estimated fuel consumption and fuel cost for economic, normal and
aggressive driving. For economic driving, it was estimated that fuel consumed
from acceleration phase leaving bus stops, roundabouts and signalised intersec-
tions were 1.69, 0.04 and 0.29 l respectively. By assuming that the fuel con-
sumption from other driving events were at the same rate, the result of total fuel
consumption for the entire trip was observed to be lower than normal driving
(19.85 L). Similarly, aggressive driving was estimated to consume 22.66 l diesels
for the whole trip.

From the estimation of fuel consumption, the daily fuel usage can be calculated.
Assume that the bus operated 6 trips daily; therefore the total fuel consumption for
economic, normal and aggressive are 119.1, 128.04 and 135.96 l respectively.

The analysis conducted show that, fuel saving from driving shift benefit to
reduce bus operational costs. For example, driving shift from aggressive towards
economic, save 16.86 l diesel daily. If the diesel price is GBP 1.51 per litre, the
bus company can save GBP 25.46. Across the fleet, if the company owned 10
buses, this can save GBP 256.6 daily or GBP 7,637.58 monthly.

2%

11%

13%

74%

0% 10% 20% 30% 40% 50% 60% 70% 80%

Constant speed

Stationary

Deceleration

Acceleration

Fuel Consumption (Litre)

Fig. 5 Proportion of fuel Consumption of normal driving
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Table 4 Daily fuel consumption from sample data

Driving
profile

Time spent from
sample trip (s)

Percentage Average fuel
consumption (l/h)

Fuel
consumption
(l)

Fuel
consumption
(%)

Constant
speed
(A|)

129.4 1.56 6.84 0.25 1.45

Acceleration 2,441.6 29.45 18.62 12.63 74.36
Deceleration

(B)
2,564.8 30.93 3.17 2.26 13.30

Stationary
(C)

3,155.7 38.06 2.11 1.85 10.89

Total fuel consumption 16.99 100
Total fuel consumption excluding fuel from acceleration,

(A ? B ? C)
4.36 25.64

Table 5 Estimated fuel consumption for normal driving style

Acceleration
from

Time spent
from sample
trip (s)

Percentage Average fuel
consumption
(l/h)

Fuel
consumption
(l)

Total fuel
consumption from trip
(l)

Bus stop 600 26.53 17.34 2.89 16.98 ? 4.36 = 21.34
Roundabout 20 0.88 17.12 0.10
Signalised

intersection
120 5.31 15.96 0.53

Other points
(e.g.
overtaking)

1,521.6 67.28 – 9.11

Table 6 Estimated fuel consumption for economic driving style

Acceleration
from

Time spent
from sample
trip (s)

Percentage Average fuel
consumption
(l/h)

Fuel
consumption
(l)

Total fuel
consumption from trip

Bus stop 600 26.53 10.15 1.69 15.49 ? 4.36 = 19.85
Roundabout 20 0.88 8 0.04
Signalised

intersection
120 5.31 8.6 0.29

Other points
(e.g.
overtaking)

1,521.6 67.28 9.11
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4 Conclusion

Research findings suggested that in general, driving style can affect bus fuel
consumption and bus operation cost through fuel cost. Aggressive driving after
leaving from bus stops, signalized intersection and roundabout were found to
consumed extra 23.9 and 52.4 % fuel than the normal and economic style
respectively.

The result of this study provides evidence and support previous report of benefit
of eco driving on bus fuel consumption [5, 8]. By changing driving style from
aggressive to economical style, bus operator can save 16.86 l daily. This amount is
worth for GBP 25.46 daily or GBP 763.76 monthly for a single bus. The finding of
this study is practically important to ease bus operation cost.
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Neglecting Helmet Usage in Rural Area:
Behavioral Causal Factors According
to Different Age Groups
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Abstract Helmet law is established to reduce the fatal head injury to motorcy-
clists when the motorcycle accident occurs. Despite its proven effectiveness, the
rate of use of a helmet is actually still lower than what could be achieved by proper
legislation and inexpensive enforcement especially in rural areas. This study is
focused on the underlying behavioral factors related to different ages of motor-
cyclist neglecting helmet behavior. The data for this study were obtained by using
self-reported questionnaire survey involving 459 motorcyclists in rural area. For
analysis purposes, the respondents were divided into three age groups, which are
16–25 years old, 26–40 years old and above 40 years old. The relationship
between psychological factors and the neglect of using helmet behavior was
analyzed by using ordinal logistic regression. The findings showed that attitude
was the strongest affecting factor for helmet use of all groups. The respondents
aged 16–25 were affected by their perception of danger and what they perceived on
others behavior. The respondents of 26–40 years were affected by perception
towards others and the perception of being caught. For respondents aged 40 years
and above their neglecting helmet behaviors were influenced by their accident and
being ticketed experience.
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1 Introduction

Compliance towards helmet usage is an important factor that needed to be
addressed in reducing the fatality rate of motorcyclists. Neglecting the helmet
usage is regarded as risky behavior because it could lead to death or fatal injury if
the motorcyclists involve in an accident. Previous study in Malaysia reported that
more than 60 % of all documented fatal injuries to motorcyclists in Malaysia
involved head injury cases [1]. Meanwhile, the statistical data from the Royal
Malaysian Police (PDRM) in 2002 showed that the head injury was 87 % of the
fatal injuries involving motorcyclists [2]. In addition, it is agreed that the use of
helmet could reduce the risk of head injury up to 72 % [3].

Actually, helmet legislation in Malaysia started to be enforced in early 1970s.
However, the helmet compliance was reported in many versions. According to
Krisnan [4] and Radin Umar et al. [5] only 55 % of motorcyclists used helmets
properly in 1995 during the absence of the policemen and 41 % in 1998, as
reported in the Research Report for National Road Safety Council. Another study
reported in [6] showed that 54.4 % of motorcyclists used helmet properly, 13.6 %
tied the helmet loosely, 8.0 % did not tie the helmet and 24.0 % did not use the
helmet in rural areas.

To increase the awareness on helmet usage in Malaysia, advertisements due to
motorcycle campaign were carried out in the national television by the Ministry of
Transport, Malaysia [7]. 94.4 % of road users claimed that their awareness on road
safety has increased and 97.7 % agreed that the television was the main source for
the awareness. In addition, outdoor billboard and newspaper advertisements fea-
turing proper usage of helmets were also used to enhance the awareness [8].
However, the violation towards helmet law was still not resolved, especially in the
rural area.

The location factor, between rural and urban locations, was found to be sig-
nificant to affect the behavior of not using the helmet. Therefore extra effort is
needed in order to increase the helmet usage [6]. Similar research was done in
Vietnam found that the use of helmet depended on the road hierarchy used by the
motorcyclists. The study indicated that the motorcyclists in Vietnam were likely to
use the helmet when they used the national road rather than other provincial roads
[9]. In Thailand, the usage rate in rural area was also very low compared to in the
streets of urban areas [10].

In addition, to understand the factors that influence the motorcycle accident, age
has been recognized as one of the risk factors. Chang and Yeh [11] and Crundall
et al. [12] reported that the major contribution leading to the risky behaviors in
young male motorcyclists is their lack of experience in riding motorcycles.
However, Rutter et al. [13] previously reported contradictory results. They claimed
that experience factor was not significantly with age. Instead, young motorcyclists
tend to show risky behavior because they are young and not because of lack of
experience and skills. Meanwhile, older motorcyclists were assumed to be matured
and less involved in risky behaviors.
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Besides of acknowledging the socio-demographic factors, it is important to
investigate the motorcyclists’ behavioral and psychological perspective in order to
understand the underlying factors that contribute to the neglecting helmet
behavior. According to Roger and Rothengatter [14] the application of psychology
and behavioral understanding about road users is needed to deal with the com-
plexity of human behavior. It is also supported by Chesam et al. [15] that the study
of the behaviors of motorcyclists based on cognitive aspects could be an effective
contribution to the policy and engineering practice.

The theory of Planned Behavior is an established behavioral theory that usually
used in the studies that relate to risky behaviors [16]. This theory consists of three
important elements, which are attitude, perceived behavioral control and sub-
jective norm that lead to the intention of performing the behavior. The attitude was
defined as the tendency to evaluate an entity with some degree of favor or disfavor,
ordinarily expressed in cognitive, affective and behavioral responses [17].

Meanwhile, perceived behavioral control in the Theory of Planned Behavior
can be measured by direct questions on the basis of belief about the ability to deal
with specific situations. High level of perceived behavioral control could
strengthen a person’s intention to perform the behavior. Another component in the
Theory of Planned Behavior which is a subjective norm is referred as belief about
what important others expect the person to do and coupled with the person’s
motivation to comply with the expectation. The theory of Planned Behavior has
distinguished the social influence to be focused more on the important others such
as family and peers. However, descriptive normative element is also suggested to
be added in the theory [18]. This is to observe on how the behavior of other
peoples in the same the environment could give influence.

Another behavioral theory that is usually concerned with understanding the
human behavior is the theory of risk perception [19]. The theory suggests that
human actually has a preferred level of risk which they are willing to accept. In
parallel, human also adjust their behavior to maintain that preferred level of risk.
The perceived danger is believed to be linked with the perception of risk [20].
Persons with low perceived danger would have a higher tendency to engage in
risky behaviors than those with lower perceived danger.

Perception of being caught is another factor that related to the violation
behavior. In order to avoid the violation behavior, enforcement and rules are
necessary because motorcyclists cannot be expected to learn about the negative
consequences of behavior from their own experiences [21]. The effectiveness of
enforcement is directly related to its perceived threat, which is mostly affected by
the likelihood of being arrested.

To date, there are still many gaps in motorcycle safety research in Malaysia that
focusing on motorcyclists’ psychology and behavioral as causing factors. There-
fore this study was aimed to investigate the underlying factors of not wearing a
helmet by using the extended Theory of Planned behavior. In reporting this study,
this paper is organized as follows: Sect. 2 describes the questionnaire and statis-
tical method that implemented; Sect. 3 presents the results of the analysis of data;
finally, Sect. 4 is devoted to discussion and conclusion from the found results.

Neglecting Helmet Usage in Rural Area 415



2 Methodology

In this study, a self-report survey was carried out in typical rural areas in Muar,
Johore from June to August 2009. The purpose of the survey was described in the
front page of the questionnaire form and the motorcyclists were asked for their
willingness to participate in the survey. Those who were willing to answer the
questionnaire received souvenirs as a token of appreciation. After excluding the
survey forms with missing answers, only 459 survey forms were suitable for further
analysis, yielding an effective response rate of 93 %. Overall, the respondents with
the age from 16 to 25 years old formed the majority of the sample (62 %). All
respondents selected for this study were purposely focused on male.

The behavior of not using a helmet was chosen as the main motorcyclists’ risky
behavior investigated in this study. The respondents were asked to report their
frequency of not using a helmet in the past month according to the 4-point Likert
scale (Table 1).

Based on the psychological theories related to the risky behavior, the relevant
questions for psychological determinants were constructed. The respondents were
asked to answer the questions according to a 4-point Likert scale, ranging from
1 = strongly agree to 4 = strongly disagree (Table 2). In addition to psychological
determinants, respondents’ history of motorcycle accidents and experience of being
ticketed due to the violation behavior were also investigated. For analysis purposes,
the data were divided into three levels of age groups namely from 16 to 25 years old,
26 to 40 years old and more than 40 years old. This is to gain an in-depth under-
standing of not using helmet behavior according to different level of age groups.

Ordinal logistic regression was used as statistical method in this study because
the independent variable (not using helmet) consists of ordinal response. Ordinal
logistic regression is the extension of logistic regression for dichotomous out-
comes. Thus, the equation for ordinal logistic regression is as follows:

logit Y � ið Þ ¼ ln
P Y � ið Þ

1� P Y � ið Þ

� �
¼ ai þ b1x1 þ b2x2 þ � � � bimxm i ¼ 1; . . .k

ð1Þ

P (Y) in this study is the probability that a motorcyclist involves in violating the
use of helmet behavior, which is the function of a vector of independent variables
X. The constant in the equation is ai, and bi is the coefficient of the m-th inde-
pendent variable. In order to examine the psychological factors that contribute to
the risky behaviors, logistic regression by using the forward stepwise method was
applied. The analysis was done by using the SPSS Ordinal Regression procedure,
or Polytomous Universal Model (PLUM), which is an extension of the general
linear model to ordinal categorical data. For ordinal logistic regression result, a
positive sign for the coefficient relates to the higher score for the dependent
variable, while a negative sign of coefficient relates to the lower score of the Likert
Scale.
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Table 1 Question regarding not using helmet behavior

Behavior Question Answer scale

Not using a
helmet

My frequency of riding without using helmet in the past
month is

1. Never
2. Once
3. More than once
4. More than five

times

Table 2 Statement regarding not using helmet behavior

Definition Question and answer scale

Attitude towards helmet Using helmet is not enjoyable for me
Respondents’ likeliness of not using a helmet Answer scale

1. Strongly agree
2. Agree
3. Disagree
4. Strongly disagree

Perceived behavior control It is hard for me to use the helmet while riding
the motorcycle

Respondents’ perception of their ability whether
it is hard or easy to use helmet while riding

Answer scale
1. Strongly agree
2. Agree
3. Disagree
4. Strongly disagree

Perceived danger of not using helmet For me, riding without using a helmet is
dangerous

The respondents feeling of being threatened
while riding without using the helmet

Answer scale
1. Strongly agree
2. Agree
3. Disagree
4. Strongly disagree

Fear of being caught I fear to be caught by the policemen when I
ride a motorcycle without using the helmet

Respondents’ fear of being caught by policemen
while not using a helmet

Answer scale
1. Strongly agree
2. Agree
3. Disagree
4. Strongly disagree

Perceived others’ behavior In my opinion, the percentage of motorcyclists
not using the helmet is

Respondents’ perception on other human not
using a helmet

Answer scale
1. 10–20 %
2. 30–40 %
3. 50 %
4. 60–70 %
5. 80–100 %
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3 Result

Table 3 presents the proportion analyses for motorcyclists’ self-reported data on
not using helmet behavior. The mean values show that young respondents aged
16–25 years were more likely not to use the helmet, as compared to the elder
motorcyclists. Only 47 % of young respondents claimed that they never neglect
the use of helmet in the past month. Meanwhile, 83 % of elder respondents aged
more than 40 years claimed that they never neglect the use of helmet in the past
month, while 68 % of respondents aged between 26 and 40 years claimed that they
never did so. This is in line with the other violation scores where young motor-
cyclists tended to involve in neglecting the use of helmet behavior compared to the
elder motorcyclists.

Tables 4, 5 and 6 below show the psychological factors that influence the
motorcyclists’ behavior of neglecting the use of helmet according to their age
distribution. Attitude and perception of others who neglected the use of helmet
behavior significantly affected the respondents’ behavior in all cases. This revealed
that motorcyclists, regardless of age, would be likely to neglect the use of helmet if
they did not prefer using the helmet while riding. In addition, the more they
perceived that other motorcyclists tended to neglect using the helmet, the more
they were likely to do the same action.

Table 4 shows the psychological determinants that influenced the behavior of
not using a helmet for the motorcyclists aged 16–25 years. Other than the attitude
and perception other human behavior, the tendency of not using a helmet for this
group was also influenced by their less perception towards danger. This reveals
that the young motorcyclists, who likely disagree that not using a helmet is a
dangerous activity, would be likely to neglect the use of helmets.

Meanwhile, for the respondents aged 26–40 years, their behavior of not using
the helmet were also influenced by the less perception of being caught (Table 5).
This indicates that the more they perceived on the presence of policemen, the more
likely they will comply with the use of helmet however, for the motorcyclists aged
more than 40 years, the result in Table 6 shows that their experience of being
involved in the accident was the strongest factor that avoids them from violating
the use of helmets. This is followed by their attitude, where the respondents who

Table 3 Proportion of scores for self-reported data on not using helmet behavior

Age range Distribution of scores (%) Mean/SD

Never Once More than once More than 5 times

16–25 years
N = 248

47.20 16.70 19.70 16.40 2.05/1.15

26–40 years
N = 111

68.30 9.90 14.90 6.90 1.60/0.98

[40 years
N = 100

83.30 7.30 6.30 3.10 1.29/0.72
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do not enjoy using the helmet would be likely to neglect the use of helmets.
Besides that, the motorcyclists’ experience of being ticketed due to the violation of
traffic rules would be likely to cause them to comply with the use of helmets.
Similar to other age groups, the respondents who perceived that many other
motorcyclists involved in not using helmet behavior, they were more likely to
engage with the neglect of using helmet behavior.

4 Discussion and Conclusion

The ignorance of helmet law has been considered as an important safety issue
especially in the countries that have a high number of motorcyclists [22, 23]. This
study aimed to investigate the underlying psychological factors that influenced the
motorcyclists’ tendency to not using helmets in rural area by comparing the
respondents in three groups of age.

Table 4 Logistic regression results from not using a helmet (16–25 years)

Variable Unstandardised
coefficient

Standardized
coefficient

t-stat Sig

Attitude -0.904 -0.504 -7.008*** 0.000
Perceived others not using a

helmet
1.011 0.462 7.777*** 0.000

Perceived danger 0.404 0.037 2.711** 0.007

***p \ 0.001; **p \ 0.01; *p \ 0.05; # p \ 0.1

Table 5 Logistic regression results from not using a helmet (26–40 years)

Variable Unstandardised
coefficient

Standardized
coefficient

t-stat Sig

Attitude -1.559 -0.870 -4.599*** 0.000
Perceived others not using a

helmet
0.738 0.337 2.436* 0.015

Perception of being caught 0.543 0.258 1.953# 0.051

***p \ 0.001; **p \ 0.01; *p \ 0.05; # p \ 0.1

Table 6 Logistic regression results from not using a helmet (more than 40 years)

Variable Unstandardised
coefficient

Standardized
coefficient

t-stat Sig

Own accident experience -2.286 -0.910 -3.093# 0.082
Attitude -1.610 -0.899 -2.489*** 0.000
The experience of being

ticketed
-1.833 -0.727 -3.309** 0.001

***p \ 0.001; **p \ 0.01; *p \ 0.05; # p \ 0.1

Neglecting Helmet Usage in Rural Area 419



First of all, negative attitude towards helmet was found as the most important
psychological determinant that instigated the occurrence of neglecting the use of
helmet in this study. The attitude was found significant to affect the behavior of all
age groups in this study. The effect of attitude towards risky behaviors were con-
firmed by previous studies [24, 25]. Furthermore, this study also found that the
respondents aged 16–25 years had the less perception towards the danger that
caused them to not use a helmet. This indicates that for any action to increase the
level of helmet use compliance for young motorcyclists, it is needed to understand
their level of risk taking behavior and factors that contribute to the risk taking action.

In contrast with the motorcyclists aged 26–40 years, the presence of policemen
was found to influence their not using helmet behavior. However, in this study, the
level of helmet use compliance for this group was more than 60 %. This finding
indicates that to increase the helmet use compliance for the middle age group in
the rural area, the enforcement by the presence of policemen is needed. Mean-
while, for the respondents aged more than 40 years, their experience of being
involved in accident showed the strongest factor that influenced the use of helmet
behavior. It is also supported by another factor namely the experience of being
ticketed. This reveals that with age, the motorcyclists would be likely to obey the
traffic rules might because of their experience on the accident or experience of
being ticketed. In addition, it also shows that the motorcyclists aged 40 and above
were already matured and more experience compares to the younger motorcyclists.

In addition, perceived behavior of others also influenced the helmet use in this
study. The motorcyclists were tended to be affected by other motorcyclists’
behavior on neglecting the use of helmets. This is accordance with previous
studies by Yechiam [26], Rosebloom [27] and Fleiter et al. [28] that human tend to
rely on the behaviors that displayed by others. Based on this finding, further study
is recommended to consider the effect of implementing conformity strategy [29].
According to this strategy, to increase the awareness of using a helmet, motor-
cyclists should be convinced that many other motorcyclists actually tend to wear
the helmet compare to small numbers of motorcyclists that choose to violate the
law. They also should be encouraged to conform themselves into the group that
complies with the helmet law. However based on the findings in this study the
conformity strategy might not influence the motorcyclists with aged 40 and above.
This is because this study revealed that if the older motorcyclists had an accident
experienced or being ticketed by police, they would likely not involved with the
neglecting helmet behavior.

In general, the present study gives some glimpse for road safety policy and
practice. It is suggested that in order to tackle the helmet usage problem, it is needed
to consider different approaches for different level of age. For example, the young
motorcyclists are needed to be tackled through their risk perception. They need to be
educated on how to reduce their risk taking behavior while riding on the road. It
should be started through the driving/riding school curriculum all over the country.
Meanwhile for the older motorcyclists, enforcement in the rural areas seems to be
the best implementation that needs to be reinforced. It is believed that by strict
continuous enforcement, the rate of using a helmet in rural areas will be increased.
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As a conclusion, motorcycle safety cannot be tackled by only focusing on
certain issues. The combination of policy, education, inputs from mass media,
support from the community and also research that combining the engineering
practice and behavioral studies is obviously needed. Therefore, it is hoped that this
paper could fill in the gap of the road safety engineering practice especially in the
motorcycle safety study.
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Pedestrian Egress Behavior During
Classroom Evacuation: A Simulation
Approach

Masria Mustafa, Zanariah Abd Rahman,
Mohamad Noor Faiz Mohamad Najid and Yasmin Ashaari

Abstract Pedestrians evacuation is a multi-agent system which composed of
pedestrians with interaction. Usually, special flow of pedestrians’ evacuation
occurs in emergency situation such as in case of fire. Interactions between
pedestrians become more complicated, when all pedestrians moving towards a
bottleneck area. The objective of this study was to examine the egress behavior of
pedestrians during panic situation in a classroom environment. The results
revealed that the pedestrians behave aggressively in order to evacuate themselves
from the bottleneck area and different number of exit in the classroom gives
different route choice during the evacuation process.

Keywords Evacuation � Bottleneck � Pedestrians simulation � SimWalk

1 Introduction

An increasing amount of literature is devoted to discuss about the pedestrians
movement pattern in indoor or outdoor environment. A better understanding of
human behavior is the key to plan to manage the pedestrians flow. In order to
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determine the pedestrians’ behavior some parameters should be measured such as
walking speed, spatial use and person counts [1].

Panic refers to pedestrians’ behavior during an emergency situation. Panic is
defined by breakdown of ordered, cooperative behavior of individuals due to
anxious reactions. Often, panic is characterized by attempted escape of many
individuals from a real evacuation process, which may end up in interaction of
people in a group [2]. An example of emergency situation is when a building is on
fire and pedestrians compete to save themselves through the exit area. High density
of pedestrians made the situation become worst which can contribute to pedes-
trians’ accident. In some emergency cases, if the person is not sure the best thing to
do at that time, there is a tendency of them to show a herding behavior. Herding
behavior as in [3] is defined as ‘‘go with the flow’’ or ‘‘follow the other
pedestrians’’.

The initial hypothesis for this study is pedestrians’ behavior during a building
evacuation which can be determined by analyzing their walking speed. There are
different factors affecting the walking speeds of pedestrians as in [4], such as the
personal characteristics of pedestrians like age, gender, weight, height and breadth.

The particular problem of pedestrians’ behavior during classroom evacuation
was found to be important. This study will benefit the users to evacuate the
building especially for non-familiar users of the building where often with visiting
purposes.

2 Emergencies and Evacuation

Evacuation planning involves constructing plans for rapid movement of people
from an emergency affected area. However, these plans are actually constructed
only to prepare for emergency, before more information is available about the
actual threat. The same evacuation plans are to be used regardless of the origin of
hazard and location of people, which might render them unsafe. However, recent
new technology of pedestrians’ simulation gives advantages to plan an evacuation
with more complicated simulated scenarios with different characteristic.

The emergency evacuation processes are affected by many uncertain factors.
The factors for real evacuation are traffic accidents, number of deaths from the
hazard and number of injuries caused by the evacuation [5]. For trial evacuation,
some people are spontaneously evacuated before being told to do so. However,
some people refused to be evacuated because they have already know it is only a
trial version. In addition, people stated that the alerting method, pedestrians’
cooperation and well trained emergency responders contribute to the efficiency and
effectiveness of the evacuation process.

In case of emergency, the movement of a pedestrian is more straightforward
than in the general cases [3]. The movement of commuters in a railway station for
example is more complicated because they choose the route to reach their desti-
nation which is usually guided by signboard or map. However, in case of a
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building evacuation, the aims and routes used are known and usually the same; i.e.:
the exit way. That is why pedestrians’ movement in an emergency case is more
straightforward than general cases.

In an emergency situation, pedestrians from any areas or angle who rushed to an
exit way would block the pedestrians movement and increase pedestrians density.
Therefore, a formation of an arch shape blockings at exit bottlenecks, which
instantaneously causes a cease in evacuation flow will occur. When the arches
break, the pedestrians will suddenly leave just like avalanche bunches. More
seriously, this phenomenon can cause psychological panic that could lead to more
dangerous situation. For example, a pedestrian stampede which is one of the most
disastrous forms that often leading to fatalities as people are trampled [2]. Figure 1
shows the example of pedestrians’ movement in bottleneck situation where in an
emergency situation, crowd route from any areas rushing to an exit would block
the crowd movement and increase crowd density and then form an arch shape
blockings at exit bottlenecks, which instantaneously causes a cease in evacuation
flow. When the arches break, pedestrians will suddenly leave just like avalanche
bunches. More seriously, this phenomenon can cause people psychological panic
that could cause dangerous situation like a crowd stampede which is one of the
most disastrous forms that often leading to fatalities as people are trampled [6].

A well-developed skill in assessing a complex traffic situation and being able to
choose and execute an appropriate response are an essential key for a safe
pedestrians’ behavior [7]. A model for pedestrians flow and pedestrian dynamics
are based from a series of force which include will forces (the desire of the
pedestrian to reach a place at a certain time), pedestrian collision avoidance forces,
obstacle or wall avoidance forces, pedestrian contact forces and obstacle or wall
contact forces. The forces are the results from internal and external forces. The
forces are considered as follows:

1. Internal forces: will force, pedestrian collision, obstacle or wall avoidance
forces.

2. External forces: pedestrian contact forces, obstacle or wall contact forces.

When the pedestrians’ motion is accurately predicted, it can be used to assess
the possibility of safety hazard and operational performance at the event for
example in the cinemas or conference center where many people are gathered [8].

Fig. 1 Bottleneck situation
as in [6]
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Pedestrians’ behavior was investigated during the emergency evacuation at Shu-
angjing Station in Beijing. The result from the evacuation capacity model shows
that 8,942 people can be evacuated within 6 min under emergency. It was found
that the critically affected elements during the emergency evacuation process were
the characteristic of the evacuees, the evacuation facilities and the evacuation
organization and management [9].

An evacuation of pedestrians in a transit terminal such as subway station was
studied where an agent-based model was used for the evacuation process. The
effective evacuation time considered the effect from the density of the occupant
and the width of the exit door and automatic fare gates. It was found that the
evacuation time becomes longer with the increasing of the occupants’ densities
and different occupant densities correspond to a different critical exit width. The
automatic gates however played the roles of making the evacuation process more
orderly [10].

In this study, the focus was on pedestrians’ evacuation in case of fire in a
building. Pedestrians’ evacuation means the method and solution for the pedes-
trians to move from a danger area to a safer area. Whilst, it means that pedestrians
must move using the correct route to ensure their safety.

3 Pedestrian Simulation Model

Modeling a wide range of pedestrians behavior is not simple and some model
developed from discrete choice and social force can be used to describe how
pedestrian deviate from their free flow behavior due to the presence of other
pedestrian [11]. There are several types of Microscopic Pedestrian Simulation
Model (MPSM) and to be exact are the Benefit Cost Cellular Model, Magnetic
Force Model, Queuing Network Model, Cellular Automata Model and Social
Force Model. Many simulation models have been designed and available in the
market. Each simulation package has its characteristics and advantages. Some of
the examples include AnyLogic, Arena, PanicSim, Exudox, Legion, ProModel,
PedGo, Simul8 and KanbaraSim. The pedestrian simulation software has been
used widely as a tool in managing the operational and strategies of pedestrians’
movement. Social Force Model (SFM), for example has been widely used by
simulation software where SimWalk software (developed by Savannah Simulation
AG Switzerland) was used as a test bed of this study uses SFM as its fundamental
equation to determine the path of the pedestrian [12].

The greatest advantage of the SFM which differentiate it from other MPSM
model is the ability in representing the communication between pedestrian in more
realistic way. For this distinction, most researchers considered SFM as the rep-
resentative model for the environmental phenomena that are triggered by the
interaction among pedestrians such as congestion. SimWalk is capable to design
the pedestrians walking areas and simulating the movement of pedestrians through
the shortest route in order to reach destination after evading all the obstacles [12].
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There are two types of SimWalk which are SimWalk Pro and SimWalk
Transport. SimWalk Pro is use to analyze the safety evaluation of stations, air-
ports, sports stadium, building, etc. while SimWalk Transport is use more on to
stimulate and analyze the passenger movements in trains, metro and bus station.
Besides, SimWalk can also help to optimize timetable, passenger transfer times
and connections. Furthermore, by using this software, we can measure the effec-
tiveness of a transportation system such as density, personal count such as exits or
self-defined in space, walking speeds, travel times, space, pedestrians’ trails as
well as Level of Service (LOS).

4 Methodology and Data Collection

Generally, pedestrian modeling is divided into two different scales which are
microscopic models and macroscopic models. In microscopic models, each
pedestrian is represented separately as an individual agent and his/her behavior is
explored independently. While in macroscopic models, pedestrians are analyzed in
groups where it is generally described by mass densities, flow and average velocity
[13]. In this study, the simulation method using SimWalk software is categorized
as microscopic model that have different types of pedestrians with individual
properties such as route selection. Figure 2 shows the example of SimWalk
configuration.

SimWalk can be define as a flexible pedestrian simulation software focusing on
evacuation, transportation and urban application and it is decision support software
for traffic engineers, transit planners, architects and urban planners [14]. The
software use a flexible model which allow users to define the density, agent flow,
the range of speed for pedestrians, the level of service (LOS), time step and speed
loss.

Video recording is a method used for collecting data in this study. Portable
Vision Based Traffic Analyser (PVBTA), Video Based Traffic Analysis (TRAIS)
and Semi-Automatic Video Analyser (SAVA) software were used for data
extraction. Video recording has become common and suitable equipment for
empirical pedestrians study. Automatic evaluation of pedestrians’ trajectories
could be the advantage, but video recording also has its limitations where some
recording software such as TRAIS requires user to specify the starting and fin-
ishing points of pedestrians manually and the position of the camera should be at
suitable place. It is often imply small areas of recording and oblique camera
positions. The pedestrians could be hidden in the video in a huge pedestrians’
crowd [15].

Data were obtained from a video recording during a trial fire drill that has been
conducted in a building at Faculty of Civil Engineering, Universiti Teknologi
MARA (UiTM). The fire drill started with the fire alarm and whistle to notify the
students in the class that there is an emergency case. They have to move quickly to
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a safe area by using stairs. When all people have left the building and reached the
safe area, the evacuation process is considered finished.

PVBTA device had been placed in one of the classroom located at Level 8,
Faculty of Civil Engineering, during a fire drill session. Figure 3 shows the exit
door in the classroom and the use of a wide lens of the PVBTA enabled the camera
to view the entire walking area in the classroom. During the trial, there were 35
students in the class. TRIAS or Video Based Traffic Analysis in Fig. 4 was used to
specify the parameter needs in recording the video using PVBTA. SAVA in Fig. 5
is the software that provides a basis for analyzing traffic film data. The basic
functionality of the program includes being able to forward the film one frame at a
time using the media player controls, arrow keys or the mouse wheel.

Fig. 2 Configuration in
SimWalk

Fig. 3 Exit door in the
classroom
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There is a pedestrian application in SAVA which can be used to extract the
pedestrian’s speed and counting the pedestrians. It was used as the data extraction
tools for the video recorded. TRAIS is used only for the video recording with the
specific parameters and then SAVA will take place to extract the pedestrians’ data
of the speed and person counts. After the data was extracted from SAVA, Sim-
Walk was used to validate and simulate the data where some output can be
measured such as route selection, walking speed and density.

5 Results and Discussions

5.1 Route Selection

Figure 6 shows the differences between pedestrians’ trail during real time (video
recording) and simulation. Figure 6a shows pedestrians at the left side of the
classroom chosed to use the left lane to go to the exit door. Same goes to the
pedestrians at the right side of the classroom. They chosed the right lane to make a
move towards the exit door. For pedestrians in the middle row, some used the right
lane and some used the left lane to walk to the exit door. On the other hand, in
SimWalk simulation (Fig. 6b), the different trail for the pedestrians at the middle
row could be seen. All of them used the right side lane to evacuate themselves.
That could cause congestion at the right lane and more time will be taken by the
pedestrians to reach the exit door. The pedestrians cannot overtake each other
because the space is not enough.

Fig. 4 TRIAS

Fig. 5 SAVA
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Figure 7 shows the pedestrians’ trail in SimWalk software if only one door
open and two doors open. There are many differences if we compare between these
figures. Using only one door for evacuation, longer time was needed by the
pedestrians to exit the classroom. The evacuation result when only one door was
opened is 38s. When both doors are opened, 36s was needed by the pedestrians to
leave the classroom.

Figure 7a also shows all pedestrians from the right row and the middle row used
the right lane to go to the exit door while pedestrians at the left row of the
classroom used the left lane to go to the exit door. The pedestrians from the two
lanes will then meet at a point which was at the front lane. The pedestrians can
choose to exit the classroom through the front or back door and make a better
decision to choose their route to evacuate in a shorter time if any of the exits is
congested.

5.2 Pedestrians’ Density

Figure 8 shows the difference in maximum density between two situations in a
classroom whether only one door open and both door open. Figure 8a (one door
open) shows that there are four different colors covering the classroom area.
Yellow color ([1.72P/m2) shows a restricted movement for most pedestrians (LOS

Fig. 6 Comparison of pedestrian’s trail between a real (video recording) and b simulation
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Fig. 7 Comparison of pedestrian’s trail between a one door open and b two doors open in a
classroom

Fig. 8 Different maximum density between a one door open and b two doors open in a
classroom
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D). In Fig. 8b, with both door open for exit, there is no restricted movement area.
The blue color is the major color represented in both situations where it shows a
free flow condition of pedestrian’s movement (LOS A). Free flow movement can
be found more frequently when two doors are open during the evacuation (Fig. 9).

5.3 Walking Speed

Figure 10 depicted the comparison of walking speed for each pedestrians between
real (video recording) and simulation. It can be seen that in real evacuation, the
speed has more variation as compared to the simulated one. In Fig. 10a, the
highest speed of pedestrians is 0.92 m/s which is lower than the highest speed in
Fig. 10b which is 1.23 m/s. The lowest speed of pedestrians in real (video
recording) is 0.22 m/s as compared to 0.52 m/s as the lowest speed using simu-
lation. Besides that, the average speed for real (video recording) is 0.40 and
0.63 m/s for simulation.

Fig. 9 Exit door in the
classroom
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6 Conclusion and Recommendation

This study investigated the egress behavior during a classroom evacuation. The
simulation approached used shows the variations in route selection when the
people are on a panic situation. Door is the important function in any classroom
that will be used as an exit way for the pedestrians to evacuate themselves. In this
study, only one door was open when we observed the pedestrians using video
recording. However, many scenarios can be created using simulation. It is rec-
ommended that both doors in every classroom are open to be used to ease and
fasten the pedestrians’ evacuation process. The simulation results have verified
that the time taken for all pedestrians to exit when only one door was open is
longer than both doors were open. A better use of exits door consists of more
differentiated path with less congestion and reduced evacuation times is advisable.

This study has utilized one of the applications of SimWalk which are the
pedestrians’ trail and density in route selection during the evacuation process in
classroom. In the future, studies involving realistic condition of pedestrians
dynamic such as bottlenecks at the exit with variation dimension of door can be
conducted.
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Groundwater Level Detection by Using
a Two-Dimensional Electrical Resistivity
Imaging

A. Derahman, H. Awang and N. M. Osman

Abstract Groundwater level is one of the main factors that should be considered
in slope stability analysis. Generally, surface water resulted from rain infiltrates to
the ground will increase the groundwater table, thus can trigger slope failures.
Many methods can be employed to explore and investigate the presence of water
in the sloping areas. One of the conventional methods that are commonly used is
observation well where piezometer is installed in the well. The purpose is to
measure the level and hydraulic head of groundwater in aquifers. However, this
kind of technique needs to be dealt with tedious works as drilling is to be carried
out for standpipe installation. Even though this technique is technically easy to
understand, it only can provide one single point water level data of the area unless
there are a numbers of well to be drilled. This means that the observation well can
only provide the information at a discrete point. In order to obtain continuous
ground water level and other underground profile a technique that can provide the
continuous sub-surface information should be carried out. This paper presents
findings of a study of groundwater detection using a non-destructive method
namely electrical resistivity imaging. The objective of the study is to determine
how reliable the method can be used in detecting ground water level and to what
extent it can provide the sub-surface information. A 2-D electrical resistivity
imaging was carried out on two slope areas where a landslide was taken place at
one of the areas. The groundwater level was also monitored using the observation
well at very limited borehole points. The results of the 2-D electrical resistivity
imaging and piezometer then were compared.
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Keywords Groundwater � Two-dimensional electrical resistivity imaging �
Slopes

1 Introduction

In tropical country like Malaysia, natural hazards such as slope failures are very
common. One of the factors that contribute to this hazard is groundwater which
plays an important role as an agent that triggers to the slope failures. The
groundwater occurs in two distinct zones which are separated by the water table or
also known as phreatic surface. The phreatic zone is subjected to the gravitational
forces. It saturates the pore spaces in the soil below the water table. It also has an
internal pore pressure that is greater than the atmospheric pressure and the water
tends to flow laterally. The vadose water zones are located above the water table
where the water percolates and moving downwards to link together with the
phreatic water below the water table. Increasing of groundwater level beneath the
slopes is assisted by infiltration of rain water as rains are very frequent in the
tropical region. The effect of wetness on shear strength of soil is characterised
based on a stress state variable known as suction. The suction effect is derived
from the surface tension force on the water meniscus, which clings between soil
particles [6] and generally its magnitude increases as moisture decreases. How-
ever, shear strength does not indefinitely increase with suction since it started to
decrease beyond residual suction [3, 5, 9, 12]. The apparent shear strength
reduction due to the surface water infiltration is actually governing the rain
induced slope failure [10]. Therefore determination of groundwater level in any
areas of concern is significant as a prevention measures.

There are many methods that can be carried out to investigate the presence of
groundwater level. One of the common methods used is piezometer. This con-
ventional method is widely used where a hole need to be drilled for observation
well and also for the installation of the piezometer. This method requires more care
during the installation work to ensure a proper installation is done. Besides, if the
vibrating wire of piezometer is to be used, the electric units have a risk to damage
due to lightning. Furthermore the power source needs to be maintained by
replacing a new battery periodically. Even though this method is technically easy
to understand, the information provided is limited to a single data point. Meaning
that for an area it needs more than one point to represent enough information of the
groundwater level as it may varies from one point to another. Due to these reasons,
a method that can provide continuous information of groundwater levels, a non-
tedious and a non-destructive works is highly recommended. Friedel et al. [4]
investigated a case study of a slope endangered by rainfall-induced landslides
using 3D resistivity tomography together with geotechnical assessment. They
found that the combination of electrical resistivity survey and geotechnical survey
able to help in optimizing the design of forthcoming monitoring experiment. Rosli
et al. [11] used the resistivity technique for slope failure monitoring and they found
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that the factor which cause landslide is the subsurface boulders and the saturated
zone which result subsidence of the surface.

Even though many researches have been carried out in using resistivity method,
but there is still no finding of reliability in detecting groundwater level using this
non-destructive method at slope areas. In reflection to the above problem and the
gaps in the previous researches, a study on detecting groundwater level using
electrical resistivity imaging method was carried out at two locations of slope
areas in the states of Johor and Perak. A landslide was taken place at one of the
areas few years ago. The objectives of this study are to determine the groundwater
level of the slopes using resistivity images and to compare the groundwater level
between the values of piezometer and the image provided by resistivity method.
Thus it is hope that this study will show how reliable electrical resistivity imaging
can be used as a groundwater level detector and to what extent it can contribute
information related to slope instability.

2 Materials and Methods

2.1 Site Locations

Two sites of Southern and Northern Peninsula Malaysia were selected for this
study. The southern site is located in Senai, Johor and the northern is located at
Slim River, Perak as shown in Fig. 1.

The site in Senai had experienced slope failure in 2007. This slope has a height of
about 24 m and a width of 240 m. It was surrounded by palm trees plantation before
the tragedy of the slope failure. Meanwhile the site in Slim River is a very steep slope
which is higher than slope at Senai. It is also surrounded by palm trees plantation.

2.2 Borehole and Piezometer Test

Four boreholes were drilled where two boreholes were sunk at each site. From the
boreholes record the soil profiles of the slopes were prepared to shows the each
layer of the soils material. The soil profiles are to be used in analysis in order to
predict the presence of groundwater level at the slopes area. Several data are
needed such as coordinates of the boreholes point and reduced ground level for this
process such as borehole name, total depth of boreholes, coordinates, water level,
SPT ‘N’ values etc.

The application of the piezometer was used in measuring the groundwater
levels and pressures in the boreholes. The piezometers were installed inside of the
boreholes which is similar as the observation well. The electrical dip meter used to
measure the head inside of the piezometer. Installation of piezometer is referred to
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Carter [2], where the equipment of piezometer consists of a porous pot connected
to a vertical pipe which is installed in a borehole or driven into the ground. The
installation of piezometer in boreholes usually uses Polyvinyl Chloride or also
known as PVC pipes. This kind of materials is the ultimate in simplicity, reliability
and cheapness where it is the most common types of piezometer in use. The
piezometer tip is surrounded by a sand filter and it is usual to seal off test section
with plugs of bentonite clay, which forms a water tight seal. Besides, the bentonite
powder also used and mixed with water in a bucket so that it can be moulded into
balls in the hands. Then the balls are thrown down into the borehole. Otherwise,
the bentonite pellets may be poured down the hole. When the electrodes at the
bottom of the dip meter touched the water surface, an electrical circuit is closed
and a buzzer sounds inside the reel will activated, during that time, then record the
reading of the water surface.

In Senai site, there are two piezometers that were installed at BH1 and BH2
namely as PSS4-1T and PSS4-1B respectively as in Fig. 2a. Also in Slim River
site, there are two piezometers were installed at BH1 and BH2 namely as PSC2-1T
and PSC2-1B, respectively in Fig. 2b.

2.3 Electrical Resistivity Imaging

The main equipment used in the electrical resistivity measurement is ABEM
Terrameter SAS 4,000 with multi electrodes system. It consists of 41 stainless steel

Fig. 1 Location of study sites at Senai, Johor and Slim River, Perak
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electrodes that were pinned to the ground along a survey line. Two cables were
laid and connected to each electrodes starting from electrode number one (E1) and
end up with electrode number 41 (E41). Each of the cables has 21 take outs where
E1 and E21 were connected to first and last take out of cable number one
respectively. The first takeout of cable number two was also connected to E21 and
the last takeout to E41. Both cable number one and cable number two were
connected by electrode selector (ES64) at the centre of the survey line where the
main unit of Terrameter SAS 4,000 was then connected to ES64. The schematic
layout of the resistivity line is shown in Fig. 3. Spacing between the electrodes at
Senai site is 5 m and at Slim River site is 2.5 m. These lines were located near to
the boreholes locations which were at the top and bottom of the slopes. The
location of resistivity lines at both sites is shown in Fig. 4.

Data collected by Terrameter were transferred to computer for data conversion
and interpretation. A software named as RES2D Inversion was used to process and
to convert the resistivity data into resistivity image. All methods of electrical
resistivity imaging including field procedures and data conversation were referred to
Instruction Manual for Terrameter SAS 4000 Version 8 [1] and Loke and Baker [8].

Fig. 2 a Locations of piezometer installation in Senai. b Locations of piezometer installation in
Slim River

Fig. 3 Schematic layout of the resistivity line
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3 Result and Discussion

3.1 Boreholes Result

The borehole results for Senai site is shown in Tables 1 and 2 and for Slim River site
the results is shown in Tables 3 and 4. BH-1 and BH-2 for Senai site shows there are
three layers of soils which indicate the CLAY, GRAVEL and SILT. This type of
soils is categorized in the associated group of fine grained, gravel and fill, respec-
tively. BH-1 and BH-2 for Slim River site shows there are shows four layers of soil
which indicate the SILT, SAND, GRAVEL and SANDSTONE where the soils is
categorized in the associates groups as fill, sand, gravel and rock, respectively.

3.2 Piezometer Results

The results of groundwater level were collected from the piezometers that were
installed at the both sites. The result of groundwater level at Senai site is shown in
Table 5. The groundwater level reading was taken from PSS4-1T at the top and
PSS4-1B at the bottom of the slope which is 15.77 and 3.94 m respectively below
the ground level. As well as for groundwater level at Slim River site the reading of
groundwater level is shown in Table 6. The groundwater level reading at this
location was taken from PSC2-1T at the top and PSC2-1B at the bottom of the
slopes which is 15.72 and 3.00 m respectively below the ground level.

3.3 Results of Electrical Resistivity Imaging

The results of electrical resistivity imaging were obtained in resistivity images and
values. The results of resistivity images are displayed as scaled resistivity-depth
pseudosections. In this study the blue colour region represents a lower resistivity

(a) (b)

Fig. 4 a Locations of resistivity lines in Senai. b Locations of resistivity lines in and Slim River
site
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area, yellow or green colour region represents a medium resistivity area while the
red or purple colour regions represent a relatively higher resistivity area. The
images of the resistivity measurement for both site studies were correlated with the
piezometer and borehole results. The resistivity values was correlated to the
borehole and was interpreted as in Table 7. The resistivity value for Line 1 is
1.00–1,000 ohm m for Senai site as in Fig. 5. Meanwhile, the resistivity value for
Line 2 is 10.00–12,000 ohm m for Slim River site as shown in Fig. 6.

Table 2 BH-2 Senai site

Depth (m) Thickness
(m)

Soil description ‘N’
value

0.00–1.50 1.50 Top soil: dark reddish brown silty CLAY –
1.50–3.00 1.50 Medium stiff light yellowish brown clayey SILT 5
3.00–6.00 3.00 Medium stiff light yellowish brown silty CLAY 7
6.00–7.50 1.50 Hard dark greenish grey gravelly SILT 50
7.50–9.00 1.50 Very dense dark greyish grey very silty sandy GRAVEL 50
9.00–10.50 1.50 Medium dense dark greenish grey very silty very sandy

GRAVEL
20

10.50–13.50 3.00 Stiff dark greyish green slightly sandy CLAY 9, 18
13.50–15.00 1.50 Stiff dark yellowish orange silty CLAY 10
15.00–15.45 0.45 Stiff light brownish red silty CLAY 12

Table 1 BH-1 at Senai site

Depth (m) Thickness
(m)

Soil description ‘N’
value

0.00–1.50 1.50 Top soil: dark brownish yellow silty CLAY –
1.50–3.00 1.50 Medium dense dark reddish brown silty sandy GRAVEL

(laterite)
18

3.00–4.50 1.50 Stiff dark reddish orange clayey SILT 6
4.50–7.50 3.00 Stiff to medium stiff dark reddish orange clayey SILT 9
7.50–9.00 1.50 Stiff light yellow brown clayey SILT 13
9.00–10.50 1.50 Very stiff light yellowish brown sandy SILT 23
10.50–12.00 1.50 Stiff dark reddish yellow slightly sandy SILT 14
12.00–13.50 1.50 Very stiff dark reddish yellow clayey SILT 19
13.50–15.00 1.50 Very stiff dark reddish yellow mottled brown clayey SILT 17
15.00–18.00 3.00 Very stiff dark yellowish red mottled brown clayey SILT 17, 18
18.00–19.50 1.50 Stiff light yellowish brown clayey SILT 11
19.50–21.00 1.50 Very stiff dark yellowish brown clayey SILT 20
21.00–22.50 1.50 Stiff dark yellowish brown clayey SILT 14
22.50–24.00 1.50 Stiff dark reddish yellow clayey SILT 10
24.00–25.50 1.50 Stiff dark reddish yellow clayey SILT 12
25.50–27.00 1.50 Very stiff dark reddish brown slightly sandy SILT 20
27.00–28.50 1.50 Very stiff dark yellowish brown spotted white clayey SILT 22
28.50–30.00 1.50 Very stiff light red spotted white clayey SILT 17
30.00–30.45 1.50 Very stiff dark red spotted white clayey SILT 25
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The groundwater level for Senai which is 15.77 m below ground level for BH-1
is located at the top of the slope. However, the BH-2 indicated the groundwater
level is 3.94 m below ground level. The piezometer reading shows that the
groundwater level is matched and fell within the area of resistivity values that
indicated the low resistivity and consist of higher water content. The results also
shown that BH-2 was fallen at clayey material which is the typical resistivity

Table 3 BH-1 Slim River site

Depth (m) Thickness
(m)

Soil description ‘N’
value

0.00–1.50 1.50 Top soil: brownish sandy SILT –
1.50–3.00 1.50 Stiff light grey red slightly sandy SILT 15
3.00–4.50 1.50 Hard yellowish brown slightly gravelly SILT 50
4.50–6.00 1.50 Hard yellowish brown slight sandy SILT 50
6.00–7.50 1.50 Hard light grey clayey SILT 50
7.50–9.00 1.50 Hard yellowish gravelly SILT 50
9.00–10.50 1.50 Hard yellowish sandy SILT 50
10.50–11.60 1.10 Hard light grey sandy SILT 50
11.60–13.10 1.50 Weak rock light grey mottled red fractured moderately

weathered medium strong rock SANDSTONE
–

Table 4 BH-2 Slim River site

Depth
(m)

Thickness
(m)

Soil description ‘N’
value

0.00–1.50 1.50 Wash bore –
1.50–3.00 1.50 Hard brownish gravelly SILT 50
3.00–4.50 1.50 Hard brownish clayey SILT 50
4.50–6.00 1.50 Very dense brownish very silty very sandy GRAVEL 50
4.50–6.00 1.50 Very dense brownish very silty very sandy GRAVEL 50
6.00–7.50 1.50 Encounter rock light brown grey moderately weathered medium

strong rock SANDSTONE
50

Table 5 Groundwater level
(GWL) statistic from 15-05-
2011 to 16-05-2011 at Senai
site

Boreholes Highest GWL (m.b.g.l) Lowest GWL (m.b.g.l)

BH-1 15.77 15.77
BH-2 3.94 0.00

Table 6 Groundwater level
(GWL) statistic from 15-05-
2011 to 16-05-2011 at Slim
River site

Boreholes Highest GWL (m.b.g.l) Lowest GWL (m.b.g.l)

BH-1 15.72 15.72
BH-2 3.00 0.00
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values is around 1–100 ohm m. It is shown that the groundwater level for Senai
site was fell at the lower resistivity values which is around 1–800 ohm m, where
the soil materials is consist of clayey and silt materials.

The groundwater level for Slim River site which is 15.72 m below ground level
for BH-1 is located at the top of the slope. The BH-2 indicated the groundwater
level is 3.0 m below ground level. The result also shown that BH-2 was fallen at
silt material which is the resistivity values is 3,000 ohm m. It is shown that the
figure indicated that the groundwater level for Slim River site fell at a medium
resistivity values and near to the lower resistivity area where consist of water
content.

Table 7 Results of resistivity values at Senai site and Slim River site with soil profiles by
referred the typical resistivity values

Types of soils and
waters

Typical resistivity values
of soil/rock materials
(Ohm m)

Line 1 (Senai) Line 2 (Slim River)
Resistivity value
(Ohm m)

Resistivity value
(Ohm m)

Clay 1–100 30–100 and 1–50 –
Alluvium (silt and

gravel)
10–800 50–300 200–800

Groundwater (fresh) 10–100 10–100 10–100
Sand 200–3,000 – 1,000–3,000 and

1,500

Notes Typical resistivity values of soil/rock material, Loke [7]

Fig. 5 Comparison between soil profiles and resistivity values at location 1 Senai
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4 Conclusions

The two-dimensional electrical resistivity imaging is carried out to predict the
presence of groundwater level at slopes area. In order to study the resistivity
images together with other destructive methods such as boreholes and piezometer
the application on how to run the equipment’s were also discussed.

Therefore, it can be concluded that the two-dimensional electrical resistivity
imaging is suitable as application in geotechnical engineering works, mining,
hydrology, environmental, especially in slope engineering as it may help to pro-
vide some data to minimize chances of slopes failures and landslides tragedy. It
was proven that the application of this survey is appropriate to measure the dis-
tribution of resistivity on the ground surface. With the results from the resistivity
images the layers of the ground’s subsurface can be determined. It also can help to
monitor the presence of the groundwater level at every soil layers. This is meets
the objective of these studies.

Collectively, the results data from piezometer can also use to detect the
groundwater level at the slope areas arise and results from resistivity survey were
analyzed to ensure their similarity. This kind of resistivity survey is a good indirect
predictor of water content and is an instrument that can measure the depth of slope
profile. The cross section of the slope can also be made and visualize the distri-
bution of the resistivity of the ground subsurface.

Finally, the result shows that a groundwater level by piezometer and resistivity
images located at the area where a slope failure occurred matched to each other. It
is also proven that the increasing groundwater level contributed to the slope
failures. This finding meets the objective of the study where it is reliable to detect
groundwater using electrical resistivity as a non-destructive method.

Fig. 6 Comparison between soil profiles and resistivity values at location 2 Slim River
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PFA-Cement Mixture for Sand Column
Parameter Stabilization

S. Shakri, M. A. Hafez and S. Norbaya

Abstract Most of the waste materials produced by construction practice and
factories are considered as waste products to be disposed. Disposal of these
materials in landfills can inculcating ecological pollution and chemical effects on
the environment. Rather than disposing and letting these waste materials unat-
tended, finding a solution or method to recycle these waste materials are better,
particularly for Fuel Ash. Therefore, this study was premeditated to investigate the
effectiveness of using Pulverized Fuel Ash (PFA) in improving the geotechnical
parameters. Shear Box Test and Unconfined Compression Test (UCT) were con-
ducted on this study. Shear Box test was prepared by combining three materials;
sand, cement and PFA and 7 days of curing time. The results show the average rate
for the treated samples of shear strength increased in the range between 130 and
145 kPa, in parallel with the increase in percentage of sand and PFA. While for
UCT test, the samples were prepared based on two different conditions: with and
without lime to examine whether it would affect the strength of the cement (Sand-
PFA) mixture or by using cement alone to see if it is enough to get the desired
results. Samples were prepared by using various percentages of materials and
28 days of curing time. The results show the average rate of Unconfined Com-
pression Strength (UCS) of samples are between 2 and 18 MPa which increases
proportionally with increase in percentage of material. Based on data obtained
from the experiments, it can be concluded that, the parameters of soil will be
treated by increasing the percentage of material used. However, there are limita-
tions on the addition of materials that are used because the graph will begin to
show a decline if the percentage increase is added to the mixture exceeds the
optimal dose.
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1 Introduction

Sustainable development is an important concept to be considered as a ground
improvement method to replace the conventional construction practices, especially
in terms of projects that impose massive impact on environment. Since 1980s, any
solution introduced for ground improvement method must abide by extremities.
Based on Environmental Impact Assessment (EIA), each of project undertaken
should investigate the possible negative effects of a man-made structure on sur-
rounding environment with regards to the biosphere elements. EIA might prohibit
use of certain technologies and solutions to mitigate the probability of anticipated
excessive noise, vibration, remolding the ground, ground water contamination and
compromising available resources of material in vicinity of site. Therefore, the
planning and the use of environmentally friendly methods is very important in
construction practises. When considering the eco-friendly methods, materials to be
used are also included in the judgment and it is a profitable bonus if the materials
used are the materials from the waste disposal such as fly ashes.

In order to achieve this, one of the easiest scheme would be to salvage the way
advances in reduction and saving resources is to replace the new material rather
than conventional sources of construction materials. Prabakar and Dendorkar [1]
reported that fly ash can be successfully used to improve the geotechnical
parameters such as bearing capacity and shear strength. Guleria and Dutta [2] have
been conducting research on the impact of tire chips mixed with lime, gypsum, and
fly ash composites for quantification of unconfined compressive strength. Research
has found that the use of the mixture can increase the potential for implementation
of road sub-base medium with light traffic. Najim and Hall [3] have shown through
their research, the use of pulverized fuel ash (PFA) can improve the bearing
capacity and at the same time solve the problems of settlement under the road
embankment clay. Most of the materials mentioned above are considered as waste
products to be disposed. Disposal of these materials in landfills can deduce eco-
logical pollution as inclusion chemistry and top of it, it becomes worst if the
wastes are harmful to the environment and human health.

2 Ground Improvement and Process of Pozzolanic

Method of ground improvement has been practiced since many decades before,
reported by McDowell [4] the ancient Egyptians and Mesopotamians had created
and applied the stabilization methods for ground modification works to stabilize
the earth roads works by increasing some of soil properties. In 1906, USA
introduced the first experiment on stabilization work by studying the strength and
weakness of admixing sand and clay [5], and in 1980 and 1982, the first experi-
ment on case of deep soil stabilization was successfully reported and executed in
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practice by using cement powder and method adopted and this method was known
as DJM (Dry Jet Mixing) method [6].

Cement and lime are the common materials that have been used as a binder
under chemical stabilization to stabilize and remediate soft soil. Based on previous
study, between 1 and 3 % of lime and cement is needed for stabilization process
and 2–10 % for cementation process [7], and according to [8] the amount of
cement between 4.5 and 5.6 % and lime between 4.5 and 6.8 % of dry soil weight
are recommended among these binders as appropriate mix design to increase the
UCS of remediated column. However, this percentage ratio used can be less or
more based on type of soil, water ratio, chemical effect due to the material used
and method of preparation.

Chemical stabilization is referred to procedures, in which chemical additives
are mixed with soil to enhance a number of geotechnical characteristics such as
axial and shear strength, axial and radial strains, and permeability indexes. Dif-
ferent chemical procedures are involved in improvement of chemical stabilization
techniques including surface ion exchange of clay particle or chemical reactions to
strengthen the bonding of soil elements or filling the voids with expansive nature
of admixed materials [9]. Pozzolanic reaction is a process that will increase the
strength and durability of the soil. Actual impact will depend on several factors
such as; characteristic of stabilizing agent, characteristic and condition of soil,
mixing condition and curing condition. Following are the chemical reactions under
pozzolanic reaction.

Ca OHð Þ2þ SiO2 ¼ CSH ð1Þ

Ca OHð Þ2þAl2O3 ¼ CAH ð2Þ

The higher the ratio of Al, Si and Ca, the pozzolanic process will be smooth and
will stabilize the soil. In addition, pozzolanic reaction also reacts with the tem-
perature where, high temperature and fast cooling greatly affects the best material
to be installed as a stabilizer to give a round shape and the nature of the particles
are amphioxus.

3 Experimental Investigation

3.1 Material Used

Pulverized fuel ash (PFA), cement, lime, sand and natural soft soil were used for
the experimental investigations. PFA is a solid waste from the combustion of coal
with a high temperature (about 1,000 �C) in coal based power stations coal. For
this study, the source of the PFA have been taken from Power-plant Stesen of
Sultan Salahuddin Abdul Aziz at Kapar Selangor Malaysia. This stesen is one of
the power plant under the purview of TNB Malaysia Bhd. Portland cement has
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been used as a type of cement based on the availability of this product and
according to [10] this type of cement has an ideal ratio of material properties
needed for this study. Sand particles passing through 4.75 mm sieve were used to
mixed with other materials. The moisture content of sand used are ranged between
5.28 and 6.7 % when it is in a natural state. The particle density of sand has been
obtained and recorded as 2.45 Mg/m3. Thus, the soil classification of sand used is
Well Graded SAND. For type of lime, natural hydraulic lime was used in this
study. It has been chosen due to it clay contents in the range of 10–20 % and
providing flexibility on mixture and pozzolanic reaction. Summary of the chemical
composition of PFA, cement and lime have been presented in Table 1. While for
natural soft soil, it has been prepared as second layer for shear box test. It has been
used to study the effects between sample of mixture with natural of soil. Table 2
shows the properties of soft soil used in this study.

3.2 Preparation of Shear Box Test

Shear box or direct shear box tests were performed on various mixture of samples
in general accordance with [11] standard test method for direct shear tests of soils
under consolidated drained conditions. According to ASTM D 3080-90, the direct
shear box test has several particle-size to box size requirements when preparing
specimens for testing. It is recommended that the minimum specimen width should
not be less than ten times the maximum particle-size diameter and the minimum

Table 1 Chemical composition of PFA, cement and lime

Component PFA (%) Cement (%) Lime (PFA)

Silica (SiO2) 40–60 20.65 12.25
Alumina (Al3O3) 20–30 5.87 7.78
Iron oxide (Fe2O3) 4–10 2.52 3.82
Calcium oxide (CaO) 5–30 63.55 69.67
Magnesium oxide (MgO) 1–6 2.75 0.88
Sulphur trioxide (SO3) 0–2 1.63 2.77
Sodium oxide (Na2O) 0–2 0.85 0.12
Potassium oxide (K2O) 0–4 0.63 0.79
Loss on ignition (LOI) 0–3 1.54 1.95

Table 2 Properties of
natural soft soil

Properties Ratio

Moisture content, wc (%) 58–60
Plastic limit, wp (%) 30.83
Liquid limit, wl (%) 50.52
Plastic index, Ip (%) 19.69
Parti cal density (Mg/m3) 2.23
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initial specimen thickness should not be less than six times the maximum particle
diameter. Therefore, a 60 9 60 mm size of shear box test was used for this
experiment. Samples were prepared differently by using various percentage of
PFA, cement and sand. 40, 50, 60, 70 and 80 % of PFA were used while for
cement 4, 8, 12 and 16 % were used. As for the sand, percentage is added to each
mixture through make up of 100 % mixture of calculation, for example with 4 %
of cement mixed with 40 % PFA bringing the total was 44 %, so over 56 % of the
mixture is from sand. After the samples were prepared, it will be cured based on
7 days curing time period before be tested with natural soft soil collected from site.

3.3 Preparation of Unconfined Compression Test

Unconfined Compression Test (UCT) is used to mesure the unconfined com-
pressive strength of the sample. The test was performed on various mixture of
samples in general accordance with [11]. The cylinder samples with 100 mm high
and 50 mm diameter were prepared differently by using various percentage of
PFA, cement, lime and sand. 40, 50, 60, 70 and 80 % of PFA were used while for
cement, 4, 8, 12 and 16 % of ratio have been designed. Sample for cement-lime
have been prepared for comparative purposes which the ratio of 15 and 20 % were
prepared and mix with sand. Similar to shear box test, the percentage of sand is
added to each mixture to make up 100 % of mixture for calculation. For example
with 15 % of cement/cement-lime mixed with 30 % PFA bringing the total was
45 %, so over 55 % of the mixture is from sand. After the samples were prepared,
it will be cured based on 28 days curing time period before be tested.

4 Result and Discussion

The raw data were obtained from the laboratory experiments have been analyzed
and conclusion has been made by referring to the method and previous theories.
Results obtained have been presented in the form of graph to make it easier to be
understood (Figs. 1, 2, 3 and 4).

4.1 Friction Angle Characteristic

Figures 5, 6, 7 and 8 show the shear strength characteristics of the modified
samples by cement and sand improved by PFA with using various configuration.
Figure 5 shows the characteristics of shear strength based on 4 % of cement and
mixed by various percentage of PFA and Sand. Result showed readings for shear
strength will increase parallel with rising percentage of PFA where the highest

PFA-Cement Mixture for Sand Column Parameter Stabilization 453



Fig. 1 Preparation of sample
for shear box test

Fig. 2 Shear box test

Fig. 3 Process of curing
sample
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value were recorded when PFA used was 70 %, shear strength was recorded at
129.89 kPa. However, as percentage of PFA continues to increase exceed 70 %,
shear strength reduced to 121.89 kPa.

In Fig. 6, percentage of cement used is 8 % and the highest value for the shear
strength was recorded at 141.73 kPa, which is the percent utilization of 50 % PFA.
But however when percentage of PFA exceed 5 %, the values of shear strength
decreased and recorded at 106.1 kPa when percentage of PFA is 80 %. As happen
in Figs. 5, 6 and 7 graph showing equation in the form of graph movement parallel
with the percentage of PFA used. In Fig. 7, percentage of cement used was 12 %
and it recorded the highest of shear strength at 135.88 kPa which is percentage of
PFA used was 60 % and when exceed to 60 %, shear strength reduced and
recorded at 126.23 kPa where percentage used of PFA was 80 %. Figure 8 also
shows the same results. The highest value of shear strength recorded at 131.26 kPa
where the percentage use of PFA was 60 % and reduced to 123.27 kPa when
percentage of PFA used was 80 %.

Figure 9 shows the overall results of the graph to the shear strength of the
sample with cement consumption is from 4 to 8 % and the use of PFA in turn is
from 40 to 80 %. Apparent by observation of the formation of the pattern graph
shows the use of PFA has optimum level. The addition of PFA as one of material
in increasing the strength of the sample is the right choice, but it has its limit level

Fig. 4 Sample after curing
process
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which if exceeded the limit, the decrease in shear strength of the sample will be
recorded.

The same goes to the use of cement in which the use of high percentage of
cement is not the right choice to increase the shear strength of the material because
shear strength is related to friction of material where the whole mixture is
important and optimal utilization percentage of each material is important to get
the optimum shear strength.

Figure 10 shows the summary results of the highest shear strength of the
cement consumption by 4, 8, 12 and 16 %. Through observation of the graph in

0
20
40
60
80

100
120
140
160

8%C, 52%S, 8%C, 42%S, 8%C, 32%S, 8%C, 22%S, 8%C, 12%S,   
40%PFA 50%PFA 60%PFA 70%PFA 80%PFA

S
h

ea
r 

S
tr

en
g

th
 (

kP
a)

8% CementFig. 6 Shear strength of
various configuration of sand
and PFA with 8 % cement

110

115

120

125

130

135

140

12%C, 
48%S, 

40%PFA

12%C, 
38%S, 

50%PFA

12%C, 
28%S, 

60%PFA

12%C, 
18%S, 

70%PFA

12%C, 8%S, 
80%PFA

S
h

ea
r 

S
tr

en
g

th
 (

kP
a)

12% CementFig. 7 Shear strength of
various configuration of sand
and PFA with 12 % cement

105

110

115

120

125

130

135

16%C, 44%S, 16%C, 34%S, 16%C, 24%S, 16%C, 14%S, 16%C, 4%S,  

40%PFA 50%PFA 60%PFA 70%PFA 80%PFA

S
h

ea
r 

S
tr

en
g

th
 (

kP
a)

16% CementFig. 8 Shear strength of
various configuration of sand
and PFA with 16 % cement

456 S. Shakri et al.



Fig. 10, the results show the percentage optimal use of PFA is between 50 and
60 % and the percentage of cement consumption is between 8 and 12 %.

4.2 Unconfined Compression Strength Characteristic

For most blended mixtures, the gain in strength beyond 28 days is not significant.
Increasing the PFA content from 40 to 80 % further increases the uniaxial strength
of the treated soil for a varied cement content of 4–16 %. When PFA is mixed with
cement, the consequential increase in strength is quite striking, which reflects the
self-hardening nature of cement. Figure 11 shows a pattern of formation graph of
UCS of various configuration of PFA with 4, 8, 12 and 16 % cement. By obser-
vation of the graph in Fig. 11, can be expressed in the early stages of use per-
centage PFA is low between 40 and 50 %, cementing the specimen suffered less
effective due to the increase in coarse nature, thus revealing the low early strength
due to tensile cracking when uniaxial loading. This is attributed to the premature
failure of these specimens due to splitting of ends and spalling of the surface
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probably caused by a reduction in overall effective stress cohesion; hence strength
as a result of high sand-PFA content. The samples with sand-PFA lesser than 50 %
developed higher shear failure and did not show premature tensile splitting and
surface instability modes. In addition, after 28 days of curing, pozzolanic reac-
tivity and cementation caused considerable improvement in their uniaxial com-
pressive strength.

Through the graph in Fig. 11 also indicated that the pattern formation of graph is
same as the graph to the formation of shear box test. Where there is an optimal level
of PFA mixture within 60 %, where in the first period before the graph shows an
increase in the strength of the material will then fall upon exceed the optimum level.
However, the formation of cement graph is different from the formation of the PFA
graph. Extension of the cement will have increased strength in parallel, Thus proves
that cement is a material that is suitable for increasing the strength of the other
materials. It can be concluded that no optimal level for cement due to increased
percentage of cement used, but keep in mind one of the purposes of this experiment
is to find the total cement consumption percentage appropriate to help raise the
strength of the material and at the same time reduce the cost of substance use.

Through the graph in Fig. 12 shows the comparison of UCS with 60 % of PFA
used with 15 and 20 % lime-cement. Through observation can be expressed
increasing percentage of cement is one of the causes of the increasing strength of the
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material. In the comparison between the use of PFA-cement and lime-cement, PFA-
cement consumption is more relevan than lime-cement consumption. The graph
shows the use of 7 % cement and 60 % PFA are sufficient to obtain the same strength
through the use of 15 % lime-cement and better than the use of 12 % lime-cement.
This happens because the pozzolanic bond formation in PFA-cement mixture is
more accurate than the lime-cement and this is because PFA contents higher silica
and alumina compare with lime. Indeed lime has a high calcium content compared
with PFA, but when lime mixed with cement, pozzolanic bond becomes less
accurate due to lack of silica and alumina content and have excessive calcium
content as cement itself already has a high calcium content but lack in silica and
alumina content and need to be reminded pozzolanic process is the process by which
the contents of calcium, silica and alumina are required evenly for the best bond.
Unlike the bond for the PFA-cement mixture, although PFA containing low calcium
content but higher silica and alumina, and cement even containing low silica and
alumina but higher calcium and when these materials are mixed, the resulting strong
bond through the contents of equal calcium, silica and alumina.

5 Conclusion and Recommendation

In this research, a series of shear box and unconfined compression tests were
conducted to measure shear strength and strength (UCS) that a mixture of PFA-
Cement-Sand medium, with different content of each material, can provide for
further application especially the ones that are in the field of ground improvement
techniques, i.e.; sand columns, DDM and embankments leveling. After the tests, it
has been observed that, PFA which is a waste-by product of power plants, can be
significantly associated with the increase of shear strength and UCS in this mix-
ture, however there is a limitation for adding PFA since excessive amount of this
material will generate an acidic environment which delay the formation of
cementitious gels. Initial moisture content has also an important impact on the final
shear strength and UCS, as if it is in the range of OMC, then the specimen were
found to be higher in strength than those which were not.

Based on result from shear box test, it can be seen that the formation of graph is
such as mohr-circle form in which the graph is moving upward in conjunction with
additional ingredients are added to produce an increase in the shear strength. But
when it reaches the optimum level, it began to decline even if the percentage of
material is further increased and this is due to the strength of the friction and angle
of friction is no longer manipulated by the quantity of material, but other factors
may be sought through further study. From the graph, it can be concluded, the
quantity of sand is not the main factor though of course the strength of the friction
force is coming from the sand but it also requires a well-balanced composition
with the addition of other substances, especially PFA and cement that can be
formulated is a substance that also play a role major in increasing the friction
force.
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For UCT, after 28 days of curing, unconfined compression test of stabilized
columns that contained 60 % PFA with 16 % cement gives the highest strength
compared to PFA less than 60 % and exceed 60 %. Excessive sand-PFA content in
stabilized columns could cause premature failure such as splitting of ends of the
specimen and spalling of the surface. The discrepancy between soils with added
cement and soils with added lime-cement is large.

However, the findings of the present experimental study are affected by various
factors such as, effect of natural soil used for shear box test because it has been
collected from site and impossible to be collected from an isotropic sample.
Dimension of sample, where sample are prepared based on same mould however,
during curing time it has been removed from mould and it is impossible to avoid
the changes of size even 1 mm2, curing time of preparation of sample etc. Thus,
more tests with various material, sample, configuration etc. have to be conducted
to make general conclusions.
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Dynamic Soil Stiffness Between WAK,
SASW and SCPT Tests

Norazzlina M. Sa’don, Michael John Pender
and Abdul Razak Abdul Karim

Abstract This paper describes an experimental investigation for determining the
dynamic soil stiffness by applying the principles of WAK (wave-activated stiffness
[K]) test analysis, spectral analysis of surface waves (SASW) method and seismic
cone penetration test (SCPT). The WAK and SASW tests were performed by
applying an impact load on a circular steel plate of 50 cm diameter in vertical
direction. A sledgehammer equipped with a dynamic force transducer was used to
produce the impact load. The force time signal from the dynamic loading (input)
and acceleration time signals from vertical accelerometers (output) were recorded
during the tests. The dynamic stiffness of soil was obtained by considering the soil
to be vibrating as a single degree of freedom (SDOF) system. The SCPT was
performed by measuring the travel times of body waves propagating between a
seismic shear wave source at the ground surface activated at each level and an
array of geophones. The dynamic soil stiffness obtained from WAK and SASW
tests compared very well with the SCPT test.

Keywords WAK � SASW � Dynamic � Soil stiffness � Shear modulus

1 Introduction

In situ geophysical tests have become very important tools for the evaluation of
dynamic soil properties and are specially well-suited for hard-to-sample soils. In
particular, seismic tests supply good quality data regarding soil behaviour at very
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small strain level. According to Jardine et al. [1], most soils behave elastically at
very small strains, giving rise to a constant stiffness and provide the upper bound
(i.e. Gmax) for stiffness measurement. Also, the theory of elasticity can be directly
used to derive the ground stiffness by considering the propagation of elastic waves
in an elastic medium. At large strains ([0.1 %), plastic behaviour dominates and
the stiffness approaches a minimum value (Gmin). The field seismic testing is one
of the techniques used to determine the variation of shear-wave velocity (Vs) for
small-strain stiffness profiles with depth at shearing strains less than 0.001 %. In a
code-based design, the average Vs over the top 30 m (Vs30) is used as the key
variable for determination of the site response to dynamic excitation such as an
earthquake or machine vibration [2]. Field seismic testing methods can be clas-
sified as non-intrusive if all the instrumentation is mounted on the surface and
intrusive when boreholes or penetrometers is used to measure the shear wave
velocity. The analysis of surface wave propagation in soils for characterization
purposes has gained great popularity in the past decades because of the intrinsic
advantages of such testing techniques. In particular the non-invasive nature of
these methods makes them less costly and time effective when compared to
borehole methods, such as cross-hole, down-hole tests or SCPT [3].

The following section provides a brief summary of preferred two non-intrusive
and one intrusive method, which is of interest to this paper. The non-intrusive
methods; wave activated stiffness (WAK) test and spectral analysis of surface
wave (SASW) test and followed by an intrusive method of the seismic cone
penetration test (SCPT). The first two methods were preferred due to fast, eco-
nomic, and no boreholes required, while the latter provides an extremely rapid and
reliable way of determining strength and modulus information in one sounding.
Also, those techniques are capable of measuring in situ small strain dynamic
stiffness of the soil. The test procedure and early development are described in
substantial detail by Briaud and Lepert [4] for WAK test, SASW method by [5–8]
and [9] for SCPT method. In this paper, evaluation and comparison of dynamic
stiffness obtained from the WAK test analysis, spectral analysis of surface waves
(SASW) method and cone penetration tests (SCPT) are presented and discussed.

2 Field Seismic Testing Methods

2.1 Wave-Activated Stiffness [K] Test

The WAK (wave-activated stiffness [K]) test, developed by Briaud and Lepert [4],
is a dynamic load test performed by hitting a spread footing with sledgehammer in
the vertical direction to measure the stiffness of the soil underlying the footing.
The force–time signal from the hammer dynamic load cell (input) and the
velocity–time signal from the geophones on the spread footing (output) are
recorded during the impact. The stiffness of the soil is obtained by considering the
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soil to be vibrating as a single degree of freedom (SDOF) system. The most
important feature of this test for the design of foundation is that, although
essentially a dynamic test, the excitation and the free-body response are of such
low frequency that the output may be used to predict the static-output relationship
and the transfer function will be independent of the magnitude of the input [10].
Moreover, Briaud and Lepert [4] showed that an analysis of the force and velocity
signals using the fast Fourier transform provides a good estimate of the stiffness of
the footing-soil assembly. The idea of WAK test comes from the non-destructive
techniques (NDT) developed by Paquet [11] and Stokoe et al. [12] for foundation
control and also finds its basis and background in the work of several leading
researchers in soil dynamics [13].

2.2 Spectral Analysis Surface Waves Test

The spectral analysis surface waves (SASW) method is a seismic technique used
for in situ evaluation to determine shear wave velocity and shear modulus profiles
of target sites. The method has been introduced by Nazarian and Stokoe [14] as an
extension of a steady-state Rayleigh wave technique by Richart et al. [15]. The
tests consists generally of three steps; (a) field testing, (b) evaluation of dispersion
curve by phase unwrapping method to compute the variation of Rayleigh wave
velocity with frequency, and (c) determination of shear wave velocity profile by
inversion curve. In the SASW method, both the source and receivers are placed on
the ground surface. Impulsive, harmonic or random-noise load was used to apply
vertical excitation to generate Rayleigh waves. Propagation of the waves is
monitored with the surface receivers located at known distances apart. The SASW
method is based on dispersive characteristic of surface waves because it allows
different materials to be sampled by using different wavelengths. Most of the
surface wave energy exists within one wavelength of depth and in layered media;
the propagation velocity of surface waves become dependent on the frequency or
wavelength and different frequencies will propagate with different velocities. This
velocity is termed phase velocity or apparent Rayleigh wave velocity [5].

2.3 Seismic Cone Penetration Test

The introduction of seismic measurements into the cone penetration test (CPT)
procedures enables the specific determination of the dynamic shear modulus
(Gmax). In order to obtain the measurement of dynamic shear modulus, a small
rugged velocity seismometer has been incorporated into the cone penetrometer.
The seismometer is placed in the horizontal direction and oriented transverse to the
signal source to detect the component of the shear wave arrivals [8]. The SCPT is a
modification of the cone penetrometer tests used to determine the variation with
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depth of the shear wave velocity in down-hole testing arrangements [9]. A seismic
source is generated at the surface near the insertion point of the cone to generate
the shear waves. The travel times of the shear wave energy are measured at one or
more locations above the cone tip as shown in Fig. 1. After testing at one depth,
the cone is penetrated further into the soil, and the test is repeated. One of the
important benefits of this method is that the seismic data can be combined with the
cone resistance values to represent a clearer profile of both soil type, strength,
stiffness and layering [16].

3 Field Investigations

3.1 Site Descriptions

The selected site is located in Albany, north of Auckland City, within an area
being developed for residential purposes. The site consists of residual clay of
yellowish in colour. The material at the site was referred as Auckland residual
clay.

This material is a product of in situ weathering through which the Waitemata
group sandstones and siltstones are transformed to produce a highly variable
cohesive soil [17].

The physical properties of the Auckland residual soil is tabulated in Table 1.

Seismic cone 
penetrometer

Shearwave

Beam

SledgehammerStatic Load

z

x

Fig. 1 Field’s arrangements
for seismic cone penetration
test
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3.2 Instrumentation and Test Procedure

A circular steel plate with 500 mm diameter and 25.4 mm thick were rigidly
placed on a new flat ground surface as shown in Fig. 2. From the figure, it can be
seen that a layer of plaster was laid between the steel plate and the ground surface
to make sure that a good contact between soils and silts was established, and no
energy losses should occur due to plastic shearing of the soil beneath the plate.
A Dytran instrumented sledgehammer model 5803A was utilised to produce an
impact loadings.

Table 1 Index properties of
Auckland residual clay

Liquid limit, wLL (%) 61.5
Plastic limit, wPL (%) 30.2
Plasticity index, Ip 31.3
Natural water content, wN (%) 38.0
Undrained shear strength, su (kPa) 100.0

Fig. 2 Test set-up

Fig. 3 Field’s test
instrumentation set-up
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Figure 3 shows the 16 Bit data acquisition box connected to a computer for
recording the output and input signals during the tests. MATLAB 2007 software
was used to control the data acquisition operations. The sample rate used in all
tests was 500 data per second. A total of four vertical accelerometers with ±2 g
sensitivities were used in the WAK and SASW tests for recording the acceleration
produced by the instrumented sledgehammer. The accelerometers were chosen
instead of geophones in these tests. This is because the geophones were not
appropriate for detecting the change in stiffness due to the high accelerations
generated by impulsive forces as recommended by Merrifield and Davies [10].

Two vertical accelerometers (AccV1 and AccV2) were screwed on top of the
circular steel plate for soil stiffness determination (WAK tests). The remaining two
accelerometers, labelled as AccV3 and AccV4, were securely placed on the ground
at 50 and 100 cm, respectively from the centre of the steel plate to measure shear
wave velocity produced by dynamic loading (SASW tests). By applying the
experimental setup shown in Fig. 4, the WAK and SASW tests were implemented
one after the other. The soil is assumed to be a linear, isotropic and homogeneous
medium and measured at small strain levels. Thus, the wave propagating through
the soil layer travel in the vertical direction (WAK) is similar to the wave travel in
the horizontal direction (SASW).

For each geophysical test point, two impact tests with an average of four blows
were performed. All tests were performed by hitting the centre of the circular steel
plate using the sledgehammer equipped with a dynamic force transducer. A rubber
tip was attached to the sledgehammer to focus the energy of the impact in the
lower frequencies as suggested by Briaud and Lepert [4]. In all cases, the operator
attempted to produce a similar magnitude of force, and the response was recorded
for the duration of 120 s. Typical load signal obtained from the impact loading was
illustrated in Fig. 5.

The SCPT given in Fig. 6 was conducted at two locations and was pushed down
up to 4.0 m depth with one meter intervals. The test consists of measuring the
travel times of body waves propagating between a seismic shear wave source at the
ground surface activated at each level and an array of geophones. The tests were
conducted to determine the shear wave velocity and shear modulus of the soil
under small strain.

0.5 m

λ PH

0.5 m
CL

AccV1 AccV2
AccV3 AccV4

0.25 m 0.25 m

Fig. 4 Experimental set-up
for WAK and SASW testing
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4 Results and Discussion

4.1 Wave-Activated Stiffness [K] Test

The force–time signal from the impact loading (input) and the acceleration-time
signal obtained from the vertical accelerometers (output) were analysed. For WAK
tests, only accelerometers attached on the steel plate were considered in the
analysis. The coherence values between the input and output were initially
determined as shown in Fig. 7.

These coherence values were used as an indicator of data quality in a given
frequency range and only information corresponding to high values of such
function are considered. The result shows that the output recorded was over 95 %
at frequency ranging from 20 to 80 Hz. This indicates perfect correlation between
the two signals and that the signals are not contaminated with random background
noise. Thus, only the responses corresponding to 20 Hz and above were considered
for further analyses. An average of four blows was used to produce the power
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Fig. 5 Typical force signals
produced by the impact
loading

Fig. 6 Seismic cone
penetration tests
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spectrum for both vertical accelerometers (AccV1 and AccV2) attached on the
steel plate, as shown in Fig. 7.

Figure 8 illustrate the punching mode of vibrations that was determined in the
range of 10–80 Hz. Punching modes was determined by averaging both the AccV1
and AccV2 signals. This punching mode is the mode of interest in determining the
stiffness of the soil against the vertical motion (Kv). Therefore, the average of the
signals from the two accelerometers was used to obtain the acceleration of the
footing for all other tests. The peak frequencies indicate punching mode is pre-
sented in Fig. 8.

The vertical stiffness (Kv) of the soil was then calculated by using the equation
given below:

Kv ¼ 2p
Frequency

Velocity=Force

ffi �
ð1Þ

while the shear modulus (Gs) and Young’s modulus (Es) of the residual clay were
determined by using the equation for elastic stratum on rigid base of surface
circular foundation as stated below:

Gs ¼
Kv 1� tsð Þ

2R
ð2Þ

Es ¼ 2Gs 1þ tsð Þ ð3Þ

The shear wave velocity (Vs) which is related to the dynamic elastic constants
of the soil is calculated by using Eq. (4):

Vs ¼
ffiffiffiffiffiffiffiffiffiffi
Gsqs

p
ð4Þ

where R = radius of circular plate; vs = Poisson ratio of 0.4 and qs = 1,700 kg/
m3 (qs is the density of the soil taken from published literature for Auckland
residual clay).
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The vertical stiffness (Kv) and the shear modulus (Gs) of the soil determined
from dynamic load were calculated and summarized in Table 2.

4.2 Spectral Analysis Surface Waves Test

The SASW tests were performed to determine the shear wave velocity and shear
modulus of the Auckland residual clay. Only the two vertical accelerometers (V3
and V4) that were placed on the ground surface were used in the analysis of the
SASW tests. The typical signal processing results based on the cross power
spectrum and phase angle for SASW testing are presented in Figs. 9 and 10,
respectively. The SASW analysis was modelled as a linear system, which the soil
media are measured at small strain levels. According to Stokoe and Nazarian [5],
the cross power spectrum is a good tool in determining the relative phase differ-
ence between two signals caused by time delays, propagation delays or varying
paths between receivers. Also, the coherence function shows the frequency range
at which most of energy is concentrated and indicates that the signals recorded are
not contaminated with random background noise (i.e. high response-to-noise
ratio). Thus, from the coherence function, only frequency ranges for which
coherence was greater than 0.9 are considered and further analysed to determine
the shear modulus and shear wave velocity.

By knowing the distance between the receivers (x) and the phase shift (Dh) for
each frequency (f) determined from the cross power spectrum of the two signals,
the phase velocity (VPH), and wavelength (kPH), associated with a given frequency
can be calculated by the following formulas:

Phase velocity; VPH ¼
360xf

Dh
ð5Þ
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Wavelength; kPH ¼
VPH

f
ð6Þ

These calculations yield an experimental dispersion curve (VPH vs. kPH) for the
receiver spacing. Once all experimental dispersion curves for a set of receiver
spacing are constructed, they are combined together and a composite experimental
dispersion curve of a site is developed. The dispersion curve may be disturbed in
the low frequency range because of the near field effect which occurs due to
limitation of recording equipment and attenuation properties of soil media. To

Table 2 Auckland residual clay properties under small strain obtained from WAK test analysis

Test
point

Shear modulus, Gs

(MPa)
Shear waves velocity, Vs (m/
s)

Max depth, Dmax = Vs/
f (m)

WAK 1 48 167 2.4
WAK 2 33 139 2.6
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overcome near field effect, a filtering criterion is commonly applied to the infor-
mation extracted from a single testing setup.

Many filtering criteria were proposed as shown in Table 3 adopted from Ref.
[18]. In this study, [19] criterion was chosen as it is widely used in SASW method.

Table 4 shows typical calculations for Rayleigh wave velocity VR, which gives
phase differences, Dh, against distance, x (0.5 m), at peak frequencies recorded.
Reference [15] stated that in linear elastic homogeneous medium, Rayleigh wave
velocity of propagation is dependent on frequency and its value is about 10 percent
less than that of the shear waves velocity, Vs (Vs & 1.1VR).

Thus, by employing an approximate straightforward inversion technique, the
shear modulus of Auckland residual clay, Gs, was calculated from the shear wave
velocity by using Gs = Vs

2/qs. Gs is the shear modulus at a very small strain
measured in a short period of time. The Young’s modulus, Es was then determined
using Eq. (3). The results obtained from SASW are tabulated in Table 5.

Also, the effective sampling depth for each wavelength is considered in this
paper to be equal to a fraction of the wavelength obtained. It has been recom-
mended by several authors that 1/2–1/3 of the wavelength is representative of the
effective depth of sampling [5].

Table 3 Filtering criteria for SASW test (adopted from [18])

Source First receiver Receiver spacing

Lysmer 2.5k\ x –
Heisey et al. [19] x = Dx 0.333k\Dx \ 2k
Sanchez-Salinero et al. x = Dx 2k\Dx
Roesset et al. k\ x \ 2k 0.5x \Dx \ x
Gucunski and Woods – 0.5k\Dx \ 4k
Tokimatsu et al. 0.25k\ x ? Dx/2 0.0625k\Dx \ k

Note x indicates near receiver distance from source; Dx is receiver spacing; and k is wavelength

Table 4 Typical calculation for Rayleigh’s wave velocities for impact tests

f (Hz) Dh (deg) k (m) Z = k/2 (m) VPH = VR (m/s) Vs = 1.1 VR (m/s)

121.9 151 1.192 0.397 145.33 159.8
122.4 155 1.154 0.366 141.30 155.4
139.0 177 1.017 0.339 141.37 155.5

Table 5 Auckland residual clay properties under small strain obtained from SASW test analysis

Test
point

Shear modulus, Gs

(MPa)
Shear waves velocity, Vs (m/
s)

Max depth, Dmax = Vs/
f (m)

SASW 1 49 171 2.5
SASW 2 42 157 2.4
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4.3 Seismic Cone Penetration Test

Figure 11 illustrates the results for the SCPT recorded. The tests were conducted
to determine the shear wave velocity and shear modulus of the soil under small
strain. The shear wave velocity recorded from SCPT, and the calculated shear
modulus was tabulated in Table 6.

5 Relationship Between WAK, SASW and SCPT

WAK, SASW and SCPT tests have been performed in Albany site. In the analysis,
the soil is assumed to be a linear, isotropic and homogeneous medium, thus the
wave propagating through the soil layer travel in the vertical direction is similar to
the wave travel in the horizontal direction. From the results summarized in
Table 7, the shear wave velocity and shear modulus of the soil determined from
SCPT shows a good relationship with both WAK and SASW tests.

6 Conclusion

The non-invasive (WAK and SASW) and invasive (SCPT) seismic approach have
shown a good agreement in evaluating the shear modulus and shear wave velocity
of the soil. Further, the objectives of this paper to demonstrate the non-invasive
method is fast, economic and no boreholes required were achieved.

Table 6 Auckland residual clay properties under small strain obtained from SCPT

Location Shear wave velocity Vs (m/s) Shear modulus Gs (MPa) Depth D (m)

SCPT 1 161 44 1–2
140 33 2–3
162 45 3–4

SCPT 2 164 45 1–2
155 41 2–3
146 36 3–4

Table 7 Summary of dynamic soil properties under small strain for different tests

Location Shear wave velocity Vs (m/s) Shear modulus Gs (MPa) Depth range D (m)

WAK 139–167 33–43 0.5–2.6
SASW 157–171 42–49 0.5–2.5
SCPT 140–164 33–45 1.0–4.0
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The Influence of Cyclic Load
to the Properties of Weathered Granite

N. A. M. Salim, Z. Mohamed and M. N. Berhan

Abstract This paper briefly elaborates the influences of cyclic loading to the
physical and dynamic properties of weathered granite. Petrological description of
weathered rocks is also discusses as well as other important characteristics of rock
which may affect the cyclic loads analysis. To find out the possible effect between
weathered rock physical and dynamic properties with cyclic loading, weathered
specimens are tested under same cyclical load condition of 1 Hz, stress ratio of
0.14 and using sinusoidal waveforms.

Keywords Weathered rock � Dynamic � Cyclic load � Rock properties

1 Introduction

Dealing with weathered rock is not easy and to classify them accordingly to its
weathering degree needs to be adequately determined, especially when its asso-
ciates with the determination of rock fatigue failure. Fatigue failure in rocks is said
to be closely related to their petrological, physical and mechanical properties
[1–3]. In order to understand holistically the behavior of weathered rock, the first
step is to investigate the material microscopically, followed by the determination
of rock properties; which have significant affects by its weathering condition. To
assess weathering, a few methods can be adopted to classify rock material based
on its weathering condition. Microscopically, thin section is prepared to evaluate
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the existing rock mineral structure influenced by weathering. Grain size and
mineral composition of rock specimen is examined under polarized microscope.
While characterization based on rock properties is conducted using non-destruc-
tive test such as ultrasonic pulse velocity and Schmidt rebound hammer and the
specimens were also classified based on its strength and porosity.

This paper elaborates the effect on weathered granite properties due to the
increasing numbers of uniaxial cyclic compression loads on specimen. The
experimental data obtained are analyzed to clarify the changes in velocity of brittle
rocks in relation to their cyclic stress history. Relationship between the numbers of
cycles with the dynamic properties of rock is also discussed. Results are described
based on different weathering grades of granite namely grade II, grade III and
grade IV. Throughout this paper, Vp is referred to as compressional wave velocity
while Vs is shear wave velocity.

2 Experiment Procedure and Tests

2.1 Selecting Rock Specimen

Cylindrical specimen of height-to-diameter ratio (h/d) of 2 is used for all tests.
Block samples were collected from Kuang Quarry, Sg. Buloh and specimens were
prepared based on Ref. [4]. The weathering degree of each specimen is charac-
terized by using Schmidt rebound number and the weathering classification of
hand-sized specimen is referred to Ref. [5].

Cyclic loading test is conducted on grade II, III and IV granite specimen. The
cyclic test is designed using constant sinusoidal wave and the maximum load for
the test is at 70 % of the unconfined compressive strength (UCS). Maximum load
applied on granite specimen is 79 MPa for grade II, 30 MPa for grade III and
10 MPa for grade IV. The stress ratio is kept constant at 0.14 for every test
specimen. The specimen compressive wave velocity and shear wave velocity is
recorded every 4,000 cycles of cyclic loading as illustrated in Fig. 1.

However, the effect on rock specimen by initial impact of machine piston is
generally neglected in conducting this test.

2.2 Surface Characterization and Petrographic Description

Specimen core surface is described by its discoloration, staining and grain
boundaries. The specimen surface images was captured using digital camera is set
to macro mode; which enables sharper and close-up image. The description of the
observation is explained in Table 1. The observation is meant to describe
the dissimilarity of their physical appearances by specimen weathering grades.
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To supplement the analysis, a detailed petrographic study of thin-sections was
undertaken to characterized rock by weathering grade.

Petrographical variations exhibited in granite specimens were evaluated with
the aid of a polarizing optical microscope. Specimen is categorized as medium-
grained which has 1–5 mm in size. The mineral composition is mainly quartz,
feldspar, biotite mica and other accessory minerals. Petrographic analysis was
done based on specimen weathering grade which is Grade II (R-num.: 45–47),
Grade III (R-num.: 34–37) and Grade IV granite (R-num.: 16–18).

The analysis shows as weathering grade increases, some minerals becomes
altered. The ongoing process of weathering may cause slight staining in grade II
specimen. Although the minerals do not show any significant increase in the
degree of alteration (Table 2a), slight sericitization of plagioclases is seen and
microcracks is also display in Quartz grains.

With the development of weathering (Grades III), specimen is notably stained
and the grain boundaries are intact to semi-intact. Besides, moderate sericitization
of plagioclases is found in specimen (Table 2b). Moderately decomposed K-
feldspars at times are shown in specimen. Slight to moderate chloritization of
biotites is also common. Slight to moderate stained in grain boundaries is shown
however the minerals are intact in general. Microcracks in Quartz are also seen in
Grade III specimen as Quartz is a stable mineral and could not be altered.

As weathering intensifies (Grade IV), specimen considerably stained with loose
grain boundaries (Table 2c). Highly altered plagioclases and biotites are common.
Moderately to highly decomposed K-feldspars are also found in specimen.

The preparation of thin-section of specimen appearances in terms of staining,
alteration of individual minerals, nature of grain boundaries and existing micro-
crack portray a clear gradational weathering effect on the investigated rocks.
Therefore, petrographic study is conducted to substantiate the weathering
classification.

Fig. 1 Measurement process
for Vp and Vs
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2.3 Physical and Mechanical Properties

A total of 30 representative specimens with different weathering grades are used to
determine their physical and mechanical properties. To reduce specimen variables,
those properties need to determine adequately prior cyclic loading test. The
physical properties which measured in this study are rebound number, moisture
content, porosity, dry density and also compressional wave velocity, Vp. While for
mechanical properties are uniaxial compressive strength (UCS), static Young
modulus, Es and Poisson’s ratio. The mean values for the physical and mechanical
properties are tabulated in Tables 3 and 4 respectively.

From Table 3, specimens were initially categorized by rebound number; where
the mean rebound number, R for grade II specimen is 46, grade III is 36 and grade
IV specimen is 17. Significant variation in properties can be observed in grade II,
III and IV specimens. For physical properties, moisture content and porosity is
found increase as the weathering grades increases. While for dry density and
compressional wave velocity, Vp the value is decrease as the weathering grade
increases.

As for mechanical properties, uniaxial compressive strength and the static
young modulus, Es were found increase with the increase in weathering grade.
However, Poisson’s ratio is decreases with the increase in weathering grade.

Table 1 Surface characteristic based on weathering grades

Specimen core Surface characteristic Weathering grade

• Insignificant amount of staining on the surface II
• Intact grain boundaries

• Slight to moderate staining III
• Slightly decomposed
• Intact grain boundaries

• Highly staining on the surface IV
• Highly decomposed with loose grain
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Table 2 Photomicrograph of granite based on weathering grades

Photomicrograph Description

Pl

Qz

Bt

a
Grade II
• Insignificant alteration in rock minerals
• Minor crack with no alteration can be seen in

Quartz

Qz
Bt

Pl

b Bt

Kf

Grade III
• Slight alteration can be seen in plagioclase feldspar

(Pl) and K-feldspar (Kf)
• No alteration in Quartz (Qz) but minor crack can be

seen
• No obvious alteration in biotite (Bt)

Pl

QzPl

Bt

c
Grade IV
• Higher alteration can be seen in plagioclase

feldspar (Pl)
• No alteration in Quartz (Qz) but minor crack can be

seen
• No obvious alteration in biotite (Bt)

Table 3 Physical properties of granite specimen

Weathering
grade

Physical properties (Mean value)

Rebound No.
(N)

Moisture content
(%)

Porosity
(%)

Dry density (kg/
m3)

Vp (m/
s)

II 46 0.114 0.898 2,660 6,715
III 36 0.305 0.899 2,602 3,365
IV 17 0.964 0.900 2,505 2,092

Table 4 Mechanical properties of granite specimen

Mechanical properties (Mean value)

UCS (MPa) Static young modulus, Es (GPa) Static Poisson ratio

112.903 34.525 0.330
42.297 21.251 0.334
13.628 5.361 0.345
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2.4 Free–Free Resonant Column Method in Determining Vp

and Vs

Measured compressional, shear wave velocities and signal amplitudes are sensitive
to the changes in the rock’s properties through damaged or disturbed region. Free-
free resonance column (FFRC) method is adopted in this study to determine the
effect of cyclic loading to the properties of weathered granite specimens. This
method enables the determination of compressional wave velocity, Vp as well as
shear wave velocity, Vs.

Rock specimens were mounted between accelerometers and hanging by a
support frame as in Fig. 2. The compressional wave velocity, Vp of ultrasonic
waves travelling certain distance of the specimens can be calculated by measuring
the time between the sending and receiving waves. The waves are generated by
hammering one side of specimen surface using fabricated steel ball. Dynamic
properties such as ED and Poisson’s ratio are determined using Mathcad software;
which also included the value of Vp as well as Vs.

At every increment of 4,000 cycles, Vp and Vs are recorded to observe the
influence of cyclic loads to the specimens. The results are then summarized in
Tables 5, 6 and 7 according to its weathering grade. The cyclic load tests are stopped

Fig. 2 Free-free resonant
column test and equipment
set-up

Table 5 Velocities and dynamic properties of grade II granite

Sample
No.

GRSG2 GR22G2

Cycles Primary
wave, Vy

(m/s)

Shear
wave,
Vy (m/
s)

Dynamic
modulus,
E

Dynamic
Poisson’s
ratio, v

Primary
wave, Vp

(m/s)

Shear
wave,
V (m/s)

Dynamic
modulus,
E

Dynamic
Poisson’s
ratio, v

0 7,536 2,246 70.31 0.451 7,429 3,019 67.23 0.431
4,000 7,424 3,074 70.51 0.397 8,000 2,988 66.67 0.419
8,000 6,933 3,098 70.51 0.375 8,667 2,973 66.67 0.433
12,000 6,881 3,083 68.81 0.355 8,000 2,988 66.67 0.419
16,000 6,118 3,057 66.87 0.324 7,879 2,978 66.12 0.417
20,000 5,778 3,033 64.37 0.310 7,429 2,992 66.12 0.403
24,000 – 6,500 3,039 66.12 0.360
28,000 6,118 3,072 66.12 0.331
32,000 5,943 3,092 66.12 0.314
36,000 5,778 3,115 66.12 0.295
40,000 5,714 3,125 66.12 0.287
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when the difference in velocities is apparent and continue up to 40,000 cycles only.
However, there are specimens which fail before reaching 40,000 cycles.

Initially, the compressional wave velocity, Vp and shear wave velocity, Vs of
specimens are recorded prior subjected to any loads. The reason is to observe the
possible effect contributed by cyclic loads onto specimens. At the first 4,000
cycles, results shows most of the specimens experienced the rise in Vp, while
having reduction in Vs. The percentage of increments for Vp is found between 7.1
and 42.8 %. It is observed that, the percentage is increase as the weathering grade
increases. While the reduction percentage for Vs is around 1.0–4.2 %. However, it
is differ for GR8G2 specimen; where Vp is started to decrease (Fig. 3), while Vs is
increasing for the first 4,000 cycles (Fig. 4). It is hard to explain theoretically since
specimen is categorized as strong rock (Grade II) compared to other specimens.
However, based on Vs at 4,000 cycles, the graph is dramatically increased,
showing that the specimen started to suffer by cyclic loads; perhaps small cracks
may have develop in rock by this condition. It is revealed that shear wave is more
sensitive to small discontinuities as compared to compressional wave [6]. As
cycles continue further, GR8G2 failed approximately at 20,000 cycles. Thus, the
result verifies the previous statement.

As cycles continue to 8,000 cycles, the increments of Vp is observed while Vs is
decreases. Normally as a rock being compressed, at the early stage of loading the
flaws exhibited in rock specimen including cracks and voids are affectively closed;
though in reality the cracks will not be completely close. As specimen being
compressed and flaws is closed, specimen having lower reading in Vs in this stage.
Once continues to 12,000 cycles, Vp beginning to decreases as cycles increases. As
rock becoming weaker, Vs started to have lower reading.

Table 6 Velocities and dynamic properties of grade III granite

Sample
No.

GR161G3 GR42G3

Cycles Primary
wave,
VF (m/s)

Shear
wave,
Vs (m/
s)

Dynamic
modulus,
E

Dynamic
Poisson’s
ratio, v

Primary
wave,
VF (m/s)

Shear
wave,
Vs (m/
s)

Dynamic
modulus,
E

Dynamic
Poisson’s
ratio, v

0 5,579 2,609 47.64 0.460 5,786 2,591 48.04 0.450
4,000 7,571 2,499 46.24 0.439 6,972 2,581 47.80 0.421
8,000 6,628 2,588 48.58 0.410 6,972 2,555 47.76 0.422
12,000 6,625 2,615 49.53 0.410 6,152 2,554 47.33 0.396
16,000 5,888 2,619 48.58 0.409 6,152 2,526 47.31 0.399
20,000 4,818 2,735 48.58 0.408 5,810 2,570 47.13 0.378
24,000 4,818 2,746 46.24 0.377 5,976 2,561 46.78 0.393
28,000 4,609 2,864 50.01 0.186 5,810 2,570 46.63 0.378
32,000 4,417 2,813 47.17 0.159 5,504 2,589 46.63 0.358
36,000 4,417 2,861 46.24 0.179 5,229 2,613 46.63 0.334
40,000 – 4,754 2,681 46.63 0.267
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Basically, results were based on the entire graph trend, although slight fluctuation
can be seen in Vp and Vs reading between 8,000 and 40,000 cycles. Slight result
fluctuation probably cause by surroundings interference such as noise and vibration
from neighboring laboratory while conducting the test. As cycles continue, Vp

shows a declining trend for all grade II, grade III and grade IV specimens; where
specimens beginning to experience the effect caused by cyclic loadings. As Vp

decreases, Vs kept increasing indicating small cracks start to open-up and develop.

2.5 Dynamic Properties Effect on Specimen Subjected
to Cyclic Loads

From Mathcad application, dynamic properties are able to be determined. The
relation between dynamic properties with cyclic loads is illustrated in Figs. 3 and
4. From the result, it shows that the value of dynamic modulus is decreased at the
first 4,000 cycles, except for GR8G2. The result show a slight decrease compared
to the dynamic modulus before subjected to cyclic loads; at this stage specimens
should becomes more rigid as the loads being applied. However, the specimen
shows different behaviour. This can be explained that dynamic modulus depends
on stress, where dynamic modulus decreases at high stress and increases with
stress at low [7]. Dynamic modulus may increase as Vp increases in static com-
pression but in cyclic compression loads, due to high impact and stress, the result
is vice versa.

Based on Fig. 5, dynamic modulus is slowly reducing as cycles continue.
However, the rate of reduction is found minimal except for GR8G2. Its dynamic

Table 7 Velocities and dynamic properties of grade IV granite

Sample
No.

GR29G4 GR24G4

Cycles Primary
wave,
VF (m/s)

Shear
wave,
V, (m/
s)

Dynamic
modulus,
E,

Dynamic
Poisson’s
ratio, v

Primary-
wave, VF

(m/s)

Shear
wave,
V, (m/
s)

Dynamic
modulus,
E

Dynamic
Poisson’s
ratio, v

0 2,287 1,554 12.79 0.465 2,551 1,371 13.47 0.450
4,000 3,710 1,271 11.99 0.434 4,456 1,334 11.68 0.451
8,000 3,586 1,246 11.51 0.431 5,305 1,300 11.23 0.468
12,000 3,470 1,262 11.75 0.424 4,285 1,295 11.00 0.450
16,000 3,470 1,276 11.99 0.422 3,979 1,313 11.23 0.439
20,000 3,470 1,262 11.75 0.424 3,841 1,288 10.71 0.437
24,000 3,362 1,293 11.95 0.413 3,594 1,293 10.78 0.426
28,000 3,362 1,282 11.72 0.409 3,375 1,299 10.78 0.413
32,000 3,260 1,254 11.25 0.413 3,276 1,288 10.56 0.409
36,000 3,164 1,243 11.02 0.409 3,276 1,273 10.33 0.411
40,000 2,988 1,236 10.80 0.397 3,183 1,247 9.919 0.409
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modulus is rapidly decreasing, showing the sign of loosing rigidity at 8,000 cycles
and apparently failing at 20,000 cycles. Rock loosing its rigidity when cracks start
to develop. Normally, young modulus is greatly influenced by crack densities [8].

On top of that, static young modulus is found lower than dynamic modulus.
Mean value of dynamic modulus for grade II specimens is about 49.8 % higher,
grade III is 55.58 % while for grade IV is 59.17 %. It is revealed that static method
gives values of the modulus uniformly lower than by the dynamic method [9–11]
and that the discrepancy is greatest in those rocks in which cracks, cavities and so
forth.

On the other hand, Poisson’s ratio showing a declining trend for all specimens.
However, the graph shows gradational decrease between 4,000 cycles to 20,000
cycles. As cycles continue, some specimen shows drastic dropped especially for
GR161G3. This is probably due to the sudden increase in axial and radial strain
exhibited in specimen between 24,000 and 28,000 cycles. As cycle further up to

Fig. 3 Relation between
compressional waves
velocity, Vp with number of
cycle

Fig. 4 Relation between
shear waves velocity, Vp with
number of cycle

Fig. 5 Relation between
dynamic modulus with
number of cycle
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28,000 cycles, the strain slowly reducing the pace as seen in Fig. 6. It indicates
that the specimen beginning to deform gently.

Between static Poisson’s ratio and dynamic Poisson’s ratio, it is found that the
value in dynamic method is much higher. The percentage of increments is increase
as weathering grade of specimen increase. The percentage increase is 25.71, 26.59
and 24.67 % for grade II, III and IV accordingly.

3 Discussion

It is well known that repeated—cyclic stress will effect the dynamic responses of
rock since the stress will rearranged the rock microstructure and thus changing the
dynamic properties of the rock. It seems that weathered granite specimens do affect
by cyclic loading. The effect experienced by the specimens to Vp, Vs and dynamic
properties value displayed similar trending. Though, the properties in dynamic
method show some difference in contrast with static method. Static method gives
modulus value consistently lower as compared to the dynamic method. However,
the result is depending on weathering grades of specimen. For grade II granite,
dynamic modulus has increased at 49.8 %, grade III is 55.58 % and grade IV is
59.17 %. As crack lengths decrease, the dynamic modulus increases. The percentage
of increment is found increased as weathering grade increase.

While for Poisson’s ratio, the increment percentage for grade II specimen is
25.71 %, grade III is 26.59 % and finally grade IV is 24.67 %. Discrepancy of result
is probably due to the amount of irreversible strain is higher in grade II specimen.

4 Conclusion

From the result, conclusion has been made as following:

1. Weathered granite specimens do affect by cyclic loading. Initial impacts of
cycles (4,000–8,000 cycles) contribute to the rigidity of specimens and further

Fig. 6 Relation between
dynamic Poisson’s ratio with
number of cycle
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cycles (12,000–40,000 cycles) specimens beginning to suffer by the cyclic
loads.

2. Static method gives modulus value uniformly lower as compared to the
dynamic method. The increment percentage of dynamic modulus is found
increased as weathering grade increases.

3. Discrepancy in Poisson’s ratio result is caused by the amount of irreversible
strain display in specimens.

Acknowledgments The authors are thankful to the Universiti Teknologi MARA (UITM) and
Ministry of Higher Education (MoHE), Malaysia for providing scholarship and facilities to the
authors to conduct this study.
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Empirical Correlation of P-wave Velocity
to the Density of Weathered Granite

Mohd Mustaqim Mohd-Nordin and Zainab Mohamed

Abstract Tropical rock weathering caused decomposition and disintegration of
granite rock minerals thus reduces it physical and mechanical properties. The
conventional method of characterization and classification of weathered granite
becomes a discouraging task due to low sample recovery. A shift to non-
destructive technique for characterization of weathered granite by using elastic
wave velocity was studied. The deterioration of the quality of weathered granite
was defined in term of density as tangible variable. An experimental testing to
determine the elastic wave velocity by Free–Free Resonant Column (FFRC) test
was introduced and carried out on weathered granite of Grade II, Grade III and
Grade IV. The results were compared to the common PUNDIT technique for
reliability test. The degree of accuracy of elastic wave velocity by the two test
methods showed a good consistency. From the experimental study, an empirical
correlation between elastic wave velocity to the density of tropically weathered
granite is proposed.

Keywords Weathered granite � FFRC � PUNDIT � P-wave velocity

1 Introduction

The geotechnical rock mass characterization of weathered rock has been a
daunting task due to low sample recovery. Thus an advance characterization
technique to assess the in situ condition is explored through the non-destructive
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technique such as Ground Penetrating Radar (GPR), Seismic Refraction Survey
and Electrical Resistivity Survey. One of the techniques that can be used to
characterize the weathered rock mass properties is through wave propagation
technique. This non-destructive technique was easy to apply for both field and
laboratory conditions [1].

According to Bell [2], the continuous process of weathering especially on the
tropical rock mass is habitually caused by the physical disintegration, chemical
decomposition affects and biological activities. The weathering process leads to a
general weakening of a rock due to the alteration of minerals, the developments of
voids and physical disintegration [1, 3]. Hence, the physical properties such the
stiffness and the density consequently are reduced. The reduction of rock material
shear strength due to weathering process significantly has precipitated to rock mass
failure [4]. Thus, the deterioration of rock material due to the weathering process
has also resulted to degradation for geomechanical properties of rock material
representing the rock mass. In general, the weathering process causes a reduction
in strength and an increase in deformability as the weathered rock relative to
unweathered rock.

Numerous investigations had discovered the effect of various conditions of rock
mass characteristic on P-wave velocity. Reference [5] was investigated the effect
of fracture frequency and material hardness on the characteristic of P-wave
velocity. Meanwhile, Refs. [6] and [7] were investigated the effect on various
degree of saturation of rock on P-wave velocity by using Ultrasonic Non-
destructive Digital Indicating Tester (PUNDIT) and Free–Free Resonant Column
(FFRC) test respectively. References [8] and [9] were studied the influence of the
fracture roughness on the P-wave velocity by using the ultrasonic transmission
test.

As suggested by Arikan et al. [10], the P-wave velocity is one of the most
suitable parameters as a quantitative estimation of weathering grades for engi-
neering purposes. According to Oh et al. [7], the stiffness and density character-
istics of rock material can be determined from the resonant test through the elastic
wave properties such the P-wave velocity. Therefore, Sener et al. [11] concluded
that the engineering properties of the weathered rock such granitic rocks can be
accurately predicted by P-wave velocity characteristic.

Reference [12] pointed that the dynamic properties of the weathered rock material
such as the P-wave velocity are highly influenced by the elastic modulus and the
density of the rock material. Significantly, the change of weathering grade conse-
quently influences the elastic modulus and density of rock material and thus char-
acterized the P-wave velocity. In this study, the Free–Free Resonant Column (FFRC)
test as a resonant method is used to determine the P-wave velocity [7, 12–14], thus
correlate the result with respect to the weathering grades of granite. An analytical
comparative measurement with the PUNDIT results significantly determined to
validate the accuracy of P-wave velocity that obtained from the FFRC test.
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2 Methodology

The dynamic properties such as the P-wave velocity of natural rock material can
be obtained from the resonant approach. In this study, the P-wave velocity was
determined and analyzed due to the effect of the weathering grades of granite by
using the Free–Free Resonant Column (FFRC) test. The validation of the P-wave
velocity results then were carried out from the Portable Ultrasonic Non-destructive
Digital Indicating Tester (PUNDIT) test.

In the sampling of weathered granite rock materials, the sample of Grade II,
Grade III and Grade IV (Fig. 1) were obtained and classified by using the Schmidt
hammer rebound number or R value tested on block samples [2]. Accordingly, the
R-value with range from less than 25, 25–45 and above 45 are classified as Grade
IV, III and II respectively. The cylindrical samples with dimension of length to
diameter ratio of 2:1 is prepared according to Brown [15], and weighted to
determine the density of each sample with respect R-value. Then, both end sur-
faces of the sample was polished sufficiently smooth plane to archive a good
coupling for the accelerometers or signal emitter and receiver.

In the experimental of FFRC, a cylindrical rock sample is suspended under a
supported frame by using a string to create a free boundary condition around the
sample. The mechanical impact from a steel ball is applied to generate a seismic
response on the rock sample. The seismic signal is then captured by the acceler-
ometers that attached at the both ends of the sample. Vacuum grease is applied to
ensure a perfect attachment between the accelerometer and the surface of the rock
sample.

The accelerometers are connected to the signal conditioner and an oscilloscope
for capturing and analysis the P-wave propagation signal. The schematic diagram
and the actual setup of FFRC test are shown in Fig. 2a, b respectively. The P-wave
velocity was determined by applying (1), where L is the sample length and Dt is
the travel time of the signal between both ends of the sample.

In the experimental of PUNDIT, P-wave velocity was measured by electrical
excitation or pulse generation at rate of 5 pulses per second. The setting up of test
consists of ultrasonic tester, emitter and receiver. The cylindrical sample of rock
sample is positioned coupling between the emitter and the receiver horizontally
(Fig. 3).

Vp ¼
L

Dt
ð1Þ

3 Results and Analysis

Table 1 is summarized the results of P-wave velocity (VP) determined from the
FFRC and PUNDIT test. The densities of the cylindrical weathered rock samples
(determined by mass over volume) are also presented. The characteristics of
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Fig. 1 Samples consist of three grades of weathered granite

Ultrasonic Tester

Emitter

Receiver

Cylindrical Rock Sample

Fig. 3 Experimental setup of portable ultrasonic non-destructive digital indicating tester
(PUNDIT) test

Oscilloscope 

Support Frame

  Rock
Sample

Accelerometer

Signal 
conditioner

Steel Ball

Accelerometer

(a) (b)

Fig. 2 a Schematic diagram. b Actual setup of experimental free–free resonant column (FFRC)
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P-wave velocity on different grades of weathered granite were analyzed by plotting
the P-wave velocity versus the density of rock samples. The direct relationship for
each grade of weathering was analyzed by the linear regression. Accordingly, the
degree of weathering has significantly influences the density of the rock material
thus affects the material strength as well as its P-wave velocity as its dynamic
response.

Table 1 Summary results of VP from FFRC and PUNDIT test on Grade II, III and IV of
weathered granite rock sample

Sample Density, q (kg/m3) VP (m/s)

FFRC PUNDIT

Grade II IIa 2,607 3,448 2,846
IIb 2,627 6,318 5,389
IIc 2,626 6,775 4,705
IId 2,679 6,200 4,813
IIe 2,634 7,621 5,126
IIf 2,624 6,980 4,740
IIg 2,593 6,241 4,333
IIh 2,625 6,927 5,126
IIi 2,610 5,637 4,107
IIj 2,588 3,848 3,398
IIk 2,592 4,042 3,353

Grade III IIIa 2,575 5,078 3,844
IIIb 2,596 4,995 3,915
IIIc 2,600 4,280 3,353
IIId 2,629 5,119 4,015
IIIe 2,615 4,927 3,990
IIIf 2,576 3,907 3,232
IIIg 2,662 5,574 4,471
IIIh 2,588 5,057 4,094
IIIi 2,583 4,718 3,797
IIIj 2,506 4,099 3,473
IIIk 2,510 2,167 1,780
IIIl 2,475 2,124 1,795
IIIm 2,469 2,593 2,259
IIIn 2,580 4,268 3,561

Grade IV IVa 2,469 2,966 2,541
IVb 2,536 2,837 2,263
IVc 2,526 3,143 2,632
IVd 2,577 3,985 2,443
IVe 2,582 4,069 3,060
IVf 2,548 3,390 2,777
IVg 2,539 2,797 2,410
IVh 2,461 1,953 1,746
IVi 2,402 1,898 1,587
IVj 2,401 1,968 1,827
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As shown in Fig. 4, the relationship between the P-wave velocity and the
density of weathered rock material from 11 samples of Grade II tested is graph-
ically represented by linear regression and results the R2 value equal to 0.3072, as
in (2) Significantly, this low value of regression variation indicates the low
dependent variable of dynamic response, which is P-wave velocity, to the rock
material density. For the density between the range of 2,588 and 2,679 kg/m3, the
maximum and minimum of P-wave velocity are 7,621 and 3,448 m/s respectively.

The relationship between P-wave velocity and the weathered rock material
density as in (3) for Grade III of granite significantly shows the higher R2 value
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Fig. 4 P-wave velocity versus the density distribution for Grade II of granite
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Fig. 5 P-wave velocity versus density distribution for Grade III of granite
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results from the linear regression by 0.7768. As shown in Fig. 5, the maximum and
minimum of P-wave velocity are resulted from the density range between 2,469
and 2,662 kg/m3 are 5,574 and 2,124 m/s respectively. Similarly, a linear rela-
tionship is observed in Fig. 6 between P-wave velocity and weathered rock
material density of Grade IV of weathered granite, as in (4). A stronger correlation
is presented by R2 value equal to 0.8109. From the density between the range of
2,401 and 2,582 kg/m3, the maximum and minimum of P-wave velocity are 4,069
and 1,898 m/s respectively.

Based on the regression variation of P-wave velocity to the grades of weathered
granite, the relationship of P-wave velocity to the grade of weathering is higher for
Grade IV, followed by Grade III and Grade II. The distribution results of P-wave
velocity with respect to the density for Grade II of weathered granite show more
dispersion compare to Grade III and Grade IV.

Granite Grade II; Vp ¼ 30:543 q� 74160; R2 ¼ 0:3072 ð2Þ

Granite Grade III; Vp ¼ 17:399 q� 40489; R2 ¼ 0:7768 ð3Þ

Granite Grade IV; Vp ¼ 10:662 q� 23798; R2 ¼ 0:8109 ð4Þ

4 Discussion

The accuracy of P-wave velocity measured by the FFRC test for Grade II, III and
IV of weathered granite is verified by the results from the conventional PUNDIT
test. As shown in Fig. 7, the direct relationship by the linear regression between
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Fig. 6 P-wave velocity versus density distribution for Grade IV of granite
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the P-wave velocity of PUNDIT and FFRC shows a strong correlation by R2 value
equal to 0.9456. Therefore, the P-wave velocity results from the FFRC test are
considered verified to represent the P-wave properties of Grade II, III and IV of
weathered granite sample material. Significantly, the difference between the FFRC
and PUNDIT test is their mode of wave excitation. For FFRC test, the compression
wave is generated by mechanical impact of steel ball, while in the PUNDIT test is
generated by electrical pulse.

The characteristic of P-wave velocity from the effect of weathered rock sample
density is presented in Fig. 8. Accordingly, the correlation variation between the
P-wave velocity and the density for respective grade of weathered granite is
modeled. From this graphical plot, the regression of exponential trend line was
adopted that gives the best R2 value equal to 0.7905. Hence, an empirical equation
has been introduced as (2) to express the estimation of P-wave velocity, VP from
the density, q of the weathered granite.

From the trend characteristic of VP with respect to the density of the weathered
granite, the distribution results can be divided into three levels of VP. For the
Grade II of weathered granite, there is no sample recorded the VP lower than
3,000 m/s. However, 36 % from the Grade II samples are recorded the VP in the
range between 3,000 and 6,000 m/s. While, the rest 64 % of the Grade II samples
are recorded the VP value above 6,000 m/s.
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For weathered granite rock mass;

VP ¼ 0:0066e0:0052q; R2 ¼ 0:7905 ð5Þ

For the Grade III samples, there are 21 % of the samples are recorded the VP

value lower than 3,000 m/s. Meanwhile, the rest of 79 % are recorded in the range
between 3,000 and 6,000 m/s. However, none of the sample from the Grade III is
recorded the VP value above 6,000 m/s. The VP distribution from the Grade IV
samples shows that 60 % are recorded the VP lower than 3,000 m/s. While, the rest
of 40 % are recorded in range between 3,000 and 6,000 m/s. These trend char-
acteristic of VP distribution highlighted that the VP for Grade II, III and IV gen-
erally can be ranged by greater than 6,000 m/s, between 3,000 and 6,000 m/s and
lower than 3,000 m/s (Table 2).

The relationship of weathering grades to the density of weathered granite sig-
nificantly introduced the trend characteristic to estimate the level of VP from the
density of weathered granite. As tabulated in Table 3, the distribution for density
of weathered granite is divided into three levels of range. From the density of the
Grade II samples that has the range greater than 2,500 kg/m3, about 27 % has
recorded between 2,500 and 2,600 kg/m3. Meanwhile, the rest 73 % of the sam-
ples are at the range greater than 2,600 kg/m3.

Meanwhile, the Grade III samples have a wider range of material density. About
14 % of samples are ranged lower than 2,500 kg/m3, while most of the samples
which approximately 79 % are in the range between 2,500 and 2,600 kg/m3. The
balance of 7 % are recorded the density above 2,600 kg/m3. For the Grade IV of
weathered granite, although the 60 % of the samples are in the range between 2,500
and 2,600 kg/m3, the rest of 40 % are recorded below 2,500 kg/m3 and no sample is
recorded higher than 2,600 kg/m3.
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Therefore, the correlation of VP to Grade II, Grade III and Grade IV granite
samples as achieved in term of empirical equation as above, respectively. However
for weathered granite rock mass, the correlation of VP to the weathered rock mass
density has exponential relationship as per (5). Distribution for the density with
respect to the grades of weathering significantly leads to a higher accuracy and
better characterization and classification of weathered granite rock mass quality
based on VP value as compared to conventional method.

5 Conclusion

The P-wave velocity that determined from the FFRC test and validated to common
PUNDIT test showed a good fit. From three weathering grades of granite tested,
Grade IV by its density showed strong correlation with VP despite the least per-
centage of sample recovery when compared to Grade III and Grade II. It is con-
cluded that, the trend characteristic of VP with respect to the density from three
grades of weathering significantly introduced an empirical correlation to estimate
the VP by using a simple density parameter of weathered granite.

Acknowledgments The research was supported by the Fundamental Research Grant Scheme
(600-RMI/ST/FRGS 5/3/Fst (27/2010)) from the Ministry of Higher Education of Malaysia.
Laboratory facilities was supported by Institute for Infrastructure Engineering and Sustainable
Management, Faculty of Civil Engineering, Universiti Teknologi MARA Malaysia.

Table 2 Distribution of P-wave velocity with respect to grades of weathering for granite

Grade of weathering P-wave velocity, VP (m/s)

VP \ 3,000 (%) 3,000 \ VP \ 6,000 (%) VP [ 6,000 (%)

Grade II 0 36 64
Grade III 21 79 0
Grade IV 60 40 0

Table 3 Distribution of density with respect to grades of weathering for granite

Grade of weathering Density of weathered granite, q (kg/m3)

q\ 2,500 (%) 2,500 \q\ 2,600 q[ 2,600

Grade II 0 27 73
Grade III 14 79 7
Grade IV 40 60 0
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Strength of Soft Soil Stabilized Using
Lime-POFA Mixtures

Norazlan Khalid, Mazidah Mukri, Faizah Kamarudin, Norbaya
Sidek and Mohd Fadzil Arshad

Abstract This paper presents the study on the strength of Malaysian soft soil
stabilized using mixing of lime and palm oil fly ash (Lime-POFA). Palm Oil Fly
Ash (POFA) additives used in this study is a finely product from waste product
from the process of burning palm oil fiber and described as a by-product of thermal
power plants where palm oil fiber shell, and empty fruit bunches was burnt at
temperatures ranging from 800 to 1,000 �C until it is in fly ash condition.
According to ASTM C618, the POFA used in this study has been tested and
classified as Class-F fly ash accordingly to ASTM C618 because POFA describe as
siliceous and aluminous materials that possess little or no cementitious value. In
that condition, POFA need to combines with small quantities of lime for pozzo-
lanic reaction. The samples of soft soil classified as slightly sandy CLAY of
intermediate plasticity has been used in this study. The optimum of 3 % hydrated
lime used in this study as an active additive to the various percentage mixtures of
POFA for the pozzolanic reaction. The first objective of this study is to determine
the optimum proportion of POFA to be mixed with 3 % lime to stabilize the clay
soil based on the compressive strength at 0, 14 and 28 days of curing periods. The
second objective is to determine the strength development of clay soil stabilized at
the optimum percentage of POFA mixed with 3 % lime at 0, 14 and 28 days of
curing periods. This study involved in unconfined compression strength to deter-
mine the strength of stabilized clay soil. The development of compressive strength
of soil stabilized using (Lime-POFA) were compared to the compressive strength
of unstabilized soil. The result shows, the 6 % POFA mixed with 3 % Lime was
the suitable proportion in term of strength and strength development and can be
used as additives to stabilize clay soil.
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1 Introduction

Soft soil considered as a problematic soil to the geotechnical engineer’s and causes
major problems at any construction such as subgrade problems due to the unde-
sirable engineering properties. Commonly, soft soils are known to have low
strength, high compressibility and the water contents are also known to be high at
almost to its liquid limits. Moreover, soft soil has brought problems because the
behavior is unpredictable. Soft soil has the shear strength of less than 25 kPa and it
is a mineral combination of hydrous aluminium, silicates, quartz, feldspar, car-
bonate, oxides, hydroxides, and organic materials [3]. Soft soil usually found in
coastal area or river area and the thickness is different depending on that area. The
soft soil in Malaysia usually found in coastal area at west coast of Peninsular
Malaysia. The thickness of soft clay soil strata in West Coast of Peninsular
Malaysia is (5–35 m) and (3–20 m) thick at East Coast of Peninsular Malaysia [1].

The soil modification, stabilization, or both can be classified in group of soil
improvement. Soil modification is an addition an active additives such as lime and
cement to soil to change its index properties, while soil stabilization is the treat-
ment of soils to improve the texture, increase strength, increase the CBR value and
reduce shrink-swell characteristics such that they become totally suitable for
construction for a long term. Both techniques introduced many years ago and the
main purpose to render the soils capable of meeting the requirements of the
specific engineering projects [9]. The techniques of soil stabilization and soil
improvement using lime and/or cement are well established and were published by
many researches [7]. The optimum lime content for stabilize the Malaysian
cohesive soils was recorded between 3 and 6 % [8]. There’s an alternative tech-
nologies which more sustainable, environmentally friendly and economical. Fly
ash stabilization exhibit increased and enhanced both the unconfined compressive
strength and the CBR values substantially as well as durability in terms of water
resistance, swelling, shrinkage modulus of elasticity and has the potential to offer
an alternative for soft subgrade improvement of highway construction [6, 11, 12].
Recently, it has been found that appropriate chemical stabilization can improve
undesirable characteristics of such soil [10].

Fly ash is one of the wastes products from manufacturing industry. Generally, fly
ash considered as pozzolana, which is not cementitious itself. It has an ability to
combine with Ca-rich materials such as lime, cement, etc. to form cementitious
ones; e.g. calcium silicate hydrate (CSH), calcium aluminate hydrate (CAH), calcite
(CaCO3), etc. among soil particles due to the hydration and long-term pozzolanic
reaction [10]. Soft clay is pozzolanic in nature and require the presence of lime that
released by the cement to initiate the pozzolanic reaction [13]. The mixture of 9 %
cement and 3 % fly ash gives the best result of strength to stabilize the expensive
soils [2]. Previous study shows palm oil fly ash has good pozzolanic properties as a
cement substitute [3]. The fly ash stabilization increased both the unconfined
compressive strength and the CBR values substantially and has the potential to offer
an alternative for soft subgrade improvement of highway construction [12].
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The aim of this study is to show the use of palm oil fly ash (POFA) as an additive
to stabilize a soft soil. This is an experimental study to determine the concentration
percentage POFA mixed with 3 % Lime as an additive based on compressive
strength and the development of compressive strength at 0, 14 and 28 days of curing
periods. The result shows that the 6 % POFA mixed with 3 % Lime was giving the
highest strength and considered the suitable proportion to stabilize slightly sandy
CLAY of high plasticity and can be used as additives to clay soil.

2 Materials

2.1 Soft Soil Sample

The soft soil samples are collected from Kampung Sijangkang, Selangor, Malaysia
and collected in disturbed and undisturbed samples at 2 m from ground level was
in grey colour. The samples were tightly sealed and wrapped with plastic after
collecting to maintain the original moisture contents before transported, stored at
room temperature and testing in the laboratory. The samples were tested for
physical and engineering properties in natural state (considered as undisturbed
samples) and remolded samples (considered as disturbed samples). The samples
were tested for physical properties based on BS 1377: Part 2: 1990.

2.2 Palm Oil Fly Ash

Palm Oil Fly Ash (POFA) additives used in this study was from waste product
from the process of burning palm oil fiber or oil palm fiber (OPF). POFA described
as a by-product of thermal power plants where palm oil fiber (OPF), shell, and
empty fruit bunches was burnt at temperatures ranging from 800 to 1,000 �C until
it is in fly ash condition. Previous study shows POFA has good pozzolanic
properties that were used as cement substitute [3]. This POFA obtained from Sg.
Tengi Palm Oil Factory at Kuala Kubu Bharu, Selangor, Malaysia.

2.3 Lime

Lime was also used widely to stabilize weak fly ash to reduce settlement and to
increase bearing capacity. Hydrated lime [Ca(OH2)] was used in this study act as
an main active additive to the POFA for the pozzolanic reaction. Hydrated lime
was available widely in Malaysia and was provided from Geotechnical Laboratory
of Faculty of Civil Engineering UiTM Shah Alam. Fly ashes containing sufficient
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lime content and reactive silica develop good strength on addition of water while
fly ashes containing only reactive silica with insufficient lime content will improve
their strength only with the addition of the hydrated lime.

2.4 Sample Preparation and Testing

This study involved two soil samples considered as control. The first undisturbed
samples were prepared accordingly to natural state of water content and the second
disturbed samples were remolded samples prepared based on optimum moisture
content at maximum dry density. The additives consisted of 3 % lime as main
activator mixed with various percentages of POFA (2, 4, 6 and 8 %) shown in
Table 1. The soil was stabilized based on the dry unit weight of the clay soil.

The laboratory testing was conducted to determine the physical properties of
clay soil and POFA such as particle size distribution, specific gravity, atterberg
limit, moisture content, compaction characteristic and natural moisture content.
All the entire testing based on BS 1377:1990. The mixtures are compacted at
maximum dry density, optimum moisture content and molded into cylindrical
specimens of 38 mm diameter and 76 mm high based on BS 1377-7:1990 [4] for
unconfined compressive strength (UCS) test. The specimen samples wrapped and
placed at room temperature condition to protect from loss of moisture content. The
samples were cured for 0, 14 and 28 days before being tested. The curing time has
a significant effect on unconfined compressive strength [13] and to allow the
reaction between soil and additive Lime-POFA to take place, to form a homo-
geneous mixture, and to strengthen the clay soils particles.

3 Materials Properties

3.1 Clay Soil Properties

The sample of soil had been tested for physical properties and the result shown in
Table 2. Based on the properties result of soil sample, it shows in the natural state

Table 1 Details of sample

Specimens Lime (%) POFA (%)

Soil (Undisturbed) – –
Soil (Remolded) – –
Soil ? 3Lime 3 2
Soil ? 3Lime ? 2POFA 3 4
Soil ? 3Lime ? 4POFA 3 6
Soil ? 3Lime ? 6POFA 3 8
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the natural water content of soil much higher is about 75 % and the specific gravity
of 2.65. The soils sample covered about 8.18 % sand size, 80.60 % of fine or silt
size and 11.22 % clay size. The plastic limit and liquid limit are 24.96 and
48.77 % respectively. Meanwhile the plastic index is about 23.81 %. Based on the
results properties, the soft soil samples classified as slightly sandy CLAY of
intermediate plasticity.

The chemical constituent result for Sijangkang soft soil are presented in
Table 3. It shows that, the soft soil samples having pozzolanic properties due to the
percentage composition for major constituent components such as silicon dioxide
(SiO2), alumina oxide (Al2O3) and iron oxide (Fe2O3).

Table 2 The physical
properties of clay soil sample

Properties Values

Natural moisture content, w (%) 75
Specific gravity (Gs) 2.65
Plastic limit (%) 24.96
Liquid limit (%) 48.77
Plastic index (%) 23.81
Compaction characteristics
Optimum moisture content (%) 20
Maximum dry density (%) 14
Particle size distribution
Gravel (%) 0
Sand (%) 8.18
Fine/Silt (%) 80.60
Clay (%) 11.22
D60 0.036
D30 0.013
D10 0.001
Coefficient of uniformity (Cu) 27.95
Coefficient of curvature (Cc) 3.88
Classification Slightly sandy CLAY

of intermediate plasticity

Table 3 The chemical
constituent of soft soil sample

Element Concentration (%)

SiO2 63.02
Al2O3 17.27
Fe2O3 3.59
CaO 0.15
K2O 2.05
Na2O 0.21
MgO 1.03
SO3 0.67
L.O.I –
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3.2 Palm Oil Fly Ash Properties

The palm oil fly ash (POFA) had been tested for physical properties and the result
shown in Table 4. The specific gravity POFA is about 1.66 and considered as light
materials.

Table 5 shows the chemical composition result for palm oil fly ash (POFA).
Based on ASTM C618 for classification of fly ash, the palm oil fly ash (POFA)
classified as Class-F fly ash because the total combination percentage composition
for major constituent components such as silicon dioxide (SiO2), aluminina oxide
(Al2O3) and iron oxide (Fe2O3) more than 70 %. This class-F POFA describe as
siliceous and aluminous materials that possess little or no cementitious value
consist a little quantity of Calcium Carbonate or free lime (CaO) lower than 10 %.
Furthermore the class-F POFA considered as non self-cementing ash because
having pozzolanic properties and no or small quantities of self-cementing prop-
erties sources of calcium and magnesium ions.

3.3 Lime

The hydrated lime [Ca(OH2)] were used as a an active additive to the POFA for the
pozzolanic reaction to improve some engineering properties of the clays. The
chemical properties of hydrated lime listed in Table 6.

Table 4 The physical
properties of palm oil fly ash
(POFA)

Properties Values

Specific gravity (Gs) 1.66
Particle size distribution

Sand (%) 0.06
Fine/Silt (%) 99.94
Clay (%) 0

Classification (ASTM C618) Class-F fly ash

Table 5 The chemical
properties of palm oil fly ash
(POFA)

Element Concentration (%)

SiO2 69.01
Al2O3 5.41
Fe2O3 4.18
CaO 5.58
K2O 8.76
Na2O 0.14
MgO 3.07
SO3 0.06
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4 Results and Discussion

The laboratory testing was carried out to achieve the aim and objective of study.
This part shows the result of this study.

4.1 The Compressive Strength of Clay Soil Stabilized
with Lime-POFA Mixtures at 0, 14 and 28 days
of Curing Periods

Table 7 presents the compressive strength of clay soil stabilized using mixtures of
Lime-POFA at curing periods of 0, 14 and 28 days. The clays soil samples in
natural state (undisturbed samples) shows the lowest in compressive strength
compared to the control sample (remolded sample) and stabilized clays with
mixtures of Lime-POFA. However, most stabilize soil samples shows increment in
compressive strength at curing periods.

Meanwhile, Fig. 1 illustrated the pattern of compressive strength of clay soil
stabilized with various mixtures of Lime-POFA at 0, 14 and 28 days of curing
periods. It can be seen the compressive strength of clays soil stabilized with
various mixtures of Lime-POFA shows the better results in terms of increments of
compressive strength at curing periods compared to unstabilized clay soil sample
(control) and clay stabilized with 3 % of lime. However, it can be seen the best
combination of 3 % Lime mixed with 6 % POFA (3 % Lime ? 6 % POFA) was
giving the highest result of compressive strength to stabilize clay soil at all curing
periods compared to unstabilized clay soil and other mixtures. This happened due
to the highly active silica content of POFA and clay soil were react with lime for
pozzolanic reaction to form calcium aluminium hydrate (CAH) and calcium sili-
cate hydrate (CSH) to bind the soil particle and thus increasing the soil strength.

Table 6 Properties of
hydrated lime [5]

Element Concentration (%)

SiO2 20.63
Al2O3 5.87
Fe2O3 2.52
CaO 63.55
K2O 0.63
Na2O 0.85
MgO 2.79
SO3 1.62
L.O.I 1.54
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4.2 The Development of Compressive Strength of Clay Soil
Stabilized with Optimum of Lime-POFA Mixtures

The unconfined compressive strength testing was performed on the clay soil sta-
bilized at optimum mixtures about (3 % Lime ? 6 % POFA) at curing periods of
0, 14 and 28 days. The results of development of compressive strength of clay soil
stabilized with optimum mixtures of (3 % Lime ? 6 % POFA) presented in Fig. 2
with respect to the curing periods at 0, 14 and 28 days. The result was compared to
the unstabilized clay soil (control) and clay stabilized with 3 % Lime only. It was
observed, the increment on compressive strength for clay soil stabilized with (3 %
Lime) and (3 % Lime ? 6 % POFA) respected to curing time compared to the
unstabilized clay soil (control). However, the result shows that the compressive
strength of clay soil stabilized with optimum mixtures of (3 % Lime ? 6 %
POFA) was giving the highest and best result compared to stabilize with 3 % of

Table 7 The compressive strength result of clay soil stabilized with Lime-POFA mixtures at
curing periods

Samples Compressive strength (kPa)

0 day 14 days 28 days

CLAY (Undisturbed) 26.3 29.9 37
CLAY (Remolded) 470.5 522.5 578
Clay ? 3 % Lime 497.5 592.5 629.3
Clay ? 3 % Lime ? 2 % POFA 567.1 678.7 675.2
Clay ? 3 % Lime ? 4 % POFA 597.3 838.4 889.4
Clay ? 3 % Lime ? 6 %POFA 682 947.6 949.1
Clay ? 3 % Lime ? 8 % POFA 521.1 591.3 597.5
Clay ? 3 % Lime ? 10 % POFA 477.2 499.4 582.1

Fig. 1 Graph of clay soil
stabilized various Lime-
POFA mixtures versus
compressive strength at 0, 14
and 28 days of curing periods
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lime only. It can be noticed that the strength of stabilized clay soil increased with
curing periods from 0 up to 28 days. This stabilization process increase the
strength might be beyond to 28 days of compressive strength result until the
process is stable and fully stabilized. However, the result for clay stabilized with
(3 % Lime ? 6 % POFA) shows a constant strength at 14–28 days and might be
fully stabilized. The curing time process in stabilization process has a significant
effect on compressive strength [14] and indicates that the strength of clay soil
stabilization is depending on the presence of Lime and/or POFA because the
pozzolanic reaction and the cementation process.

5 Conclusion

Based on the study the following conclusion is made:

1. The Sijangkang soft soil can be classified as sandy CLAY of high plasticity
soils. The suitable concentration percentage mixing of Lime-POFA was
determined about 6 % POFA mix with 3 % Lime (3 % Lime-6 % POFA) to
stabilize the sandy CLAY of high plasticity soils was giving the highest
compressive strength. This Class-F POFA used in combination of mixing with
3 % Lime for pozzolanic reaction and the strength increase up to 947.6 kPa.

2. The clay soil stabilized using combination of 3 % Lime-6 % POFA mixtures
considered effective to enhance clay soil strength for long periods and. It shows
combination mixing of 3 % Lime-6 % POFA were increased the compressive
strength of the clay soil until 28 days and this strength will get higher might be
beyond to 28 days.

3. This will reduce the construction cost and solving disposal problems and
towards the green The use of WPSA will reduced the construction cost, time
and will solving the disposal of waste byproduct problems towards green
environmentally.

Fig. 2 Graph of clay soil
stabilized various Lime-
POFA mixtures versus
compressive strength at 0, 14
and 28 days of curing periods
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Plasticity Index of Soft Soil Modified
with Fly Ash and Oil Palm Shell Activated
Carbon

Siti Nur Aida Mario and Rudy Tawie

Abstract Soft soil is in the category of problematic soil because it has low
bearing capacity, which is not suitable for construction of infrastructures. How-
ever, with suitable ground improvement such as soil modification, these grounds
can be used as normal. Soil modification commonly uses cement as an additive to
improve the characteristics of soft soils. In this study, soil modification with fly ash
and oil palm shell activated carbon was proposed to evaluate the plastic charac-
teristics of modified soft soil. These additives could be potential replacement of
cement in order to cut down the usage of cement and hence promotes sustainable
and green solution. Peat, a type of soft soil collected from Kuching, Malaysia was
added with different types of additives in the laboratory. Laboratory tests were
carried out to measure plastic characteristics of the modified soil samples. Plas-
ticity of each sample was measured before and after the soil modification. It was
observed that plastic characteristics of the modified soil showed improvement
compared to the non-plastic peat soil. The test results were discussed with respect
to liquid limit and plastic limit of the soil and effect of type of additives used.

Keywords Soft soil � Plasticity � Fly ash � Oil palm shell activated carbon

1 Introduction

Construction of infrastructures on a very soft soil is unsuitable due to problematic
characteristics of soft soil such as high water content, high compression, and high
organic content especially for peat soil, low shear strength and low bearing
capacity [1]. Soil modification is sometimes required to improve properties of soil
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using various techniques including compaction, dewatering and by adding mate-
rials to the soil to enhance the strength and durability of soft soils.

The stability of structures constructed on soil will be affected by the stability of
the soil. Certain soils due to their low bearing capacity pose problems in the
construction of infrastructures. In Malaysia, types of soil are depending on various
factors such as area, location and the surrounding [2]. Peat soil is well known for
its good water retention compared to other types of soil. That is why peat contains
very high in moisture up to more than 100 %. This condition leads to reduction of
bearing capacity of peat.

The use of cementitious materials has been found to be effective in stabilizing
and strengthening soft soil. The present study investigated the potential application
of incorporating industrial wastes as alternative to cement with the aim to reduce
the usage of cement and hence promotes sustainable and green solution using
reusable wastes. This study also investigated the potential of using activated
carbon to reduce the adverse effect of heavy metal contain in the fly ash to the
environment and enhance engineering properties of peat. The results from this
study showed that plastic characteristics of soft soil can be improved by adding fly
ash and activated carbon into the soil.

2 Literature Review

Peat covers quite large areas in Malaysia and almost half of the peat land areas in
this country are located in Sarawak state. Peat is a category of problematic soil
because it consists of partially decayed plant materials such as leaves, branches
and roots. It has very high moisture content and very low or non-plastic charac-
teristic. It is a major construction problem when it comes to building infrastruc-
tures over peat due to the low bearing capacity of the soil and therefore unsafe to
carry loads of the structures.

Soil stabilization refers to methods employed to stabilize soft soil in order to
improve the soil workability [3]. Soil stabilization is very crucial at the early stage
of the construction to enable infrastructures to be erected safely. There are several
techniques that have been used to stabilize soft soil and the most commonly used
techniques are chemical and mechanical stabilization. The first chemical stabil-
ization was used by the Mesopotamians and the Romans. They realized that the
load bearing capacity of soft soil can be improved by mixing it with stabilizer such
as pulverized limestone and calcium [4]. Other stabilizers that have been used
widely in chemical stabilization are cement, bentonite and lime.

Recently, there are many researches on stabilization of ground for construction
of infrastructures but most of them focused on types of additives used. Not all
additives are suitable for all types of soils. The additives are generally used as a
binder, filled material that fills in the void of soil to increase density, moisture
absorber, or to neutralize the harmful effects of a substance in the soil [5]. There
are a number of researches that have studied the effectiveness of different types of
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additives to improve the soil workability. For example, Huat et al. [6] investigated
the effect of curing time and the increase in cement content on the unconfined
compressive strength of modified peat soil samples with ordinary Portland cement.
The authors found out that the strength of the modified peat soil increased grad-
ually up to 28 days and higher strength can be achieved with higher amount of
cement content. A study by Deboucha et al. [7] also showed similar improvement
of peat soil properties by using cement, bentonite and sand to stabilize the soil.
Wong et al. [8] determined that a minimum content of cement with slag and sand
was required in order to stabilize the peat soil. According to them, peat soil has a
very low amount of solid particles and therefore sufficient amount of cement is
needed to form a reasonable load bearing capacity of the soil. Hashim and Islam
[9] conducted a study to investigate a stabilization technique by soil columns,
which has gained popularity for construction on soft soil. In their study, quality of
stabilized peat soil columns was assessed by visual inspection and their strengths
were confirmed from unconfined compressive strength tests. The above studies
show that ordinary Portland cement is a good material for increasing the strength
of peat because it binds the soil compared to other additives that only act as filled
material to the soil. However, the use of ordinary Portland cement for soil sta-
bilization is not only a costly approach but the manufacturing of cement leads to
increase in carbon footprint and deterioration of environment.

The present study aimed to replace the use of ordinary Portland cement with fly
ash and activated carbon. Fly ash was used as an alternative for cement replace-
ment material in a study by Trivedi et al. [10]. The author investigated the effects
of liquid limit, plastic limit and the optimum moisture content on soil stabilized
with various amount of fly ash. Those soil parameters were found to influence the
CBR values of soft soils. Large amount of fly ash used in soil is known to harm the
environment especially the groundwater due to the heavy metal content in fly ash.
Meanwhile, activated carbon has been proved to be excellent absorptive material
and it is widely used as air purifier, filter media for water filtration, and soil
conditioner. The effectiveness of activated carbon as heavy metal removal had
been investigated by various researchers all over the globe. Zayat [11] studied the
potential of removal of heavy metals in aqueous solution of activated carbon. The
heavy metals removed by activated carbon in the study were lead, cadmium and
copper. An experimental study by Asong [12] successfully showed removal of
plumbum and zinc from chemical tests performed on various amount of activated
carbon added to stock solution. In another study by Vasilyeva et al. [13], they
found out that activated carbon could reduce toxicity in a highly contaminated soil.
Activated carbon can act as a home to bacteria and neutralizes the contaminated
soil. In the present study, the use of fly ash and activated carbon as additives are
not only supposed to enhance the plastic characteristics of peat soil but also in line
with sustainable approach to promote green environment for future generations.
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3 Materials and Method

3.1 Soft Soil

The type of soft soil investigated in this study was peat. The soil was obtained
from peat land at Petra Jaya, Kuching. Soil samples were excavated at a depth of
0.3–0.8 m below the ground surface. Physical observation of the peat soil at moist
condition showed that the soil was dark brown in colour. The groundwater table
was around 0.5–0.7 m from the surface based on the moisture content test.

3.2 Ordinary Portland Cement

Ordinary Portland cement is a common commercial product and is widely used in
the construction industry. In this study, Portland cement produced by CMS
Cement Sdn. Bhd., Kuching was used as a binder to stabilize the peat by hardening
the soft soil over time.

3.3 Fly Ash

Fly ash is a by-product waste from combustion of coal in the electric power plant.
In Kuching, fly ash produced by Sejingkat Power Corporation Sdn. Bhd. is sold
commercially by Gobel Industry Sdn. Bhd. at a reasonable price. In this study, the
fly ash was used as an alternative to cement in soil stabilization. The fly ash acted
as moisture absorber to reduce excess moisture content in peat. Table 1 shows the
chemical composition of the fly ash used in the present study.

3.4 Activated Carbon

Activated carbon used in this study was commercial oil palm shell activated carbon
purchased from Bravo Green Sdn Bhd. It was produced by physical activation
process with steam as the activating agent. There are two forms of activated carbon
produced, namely, granular and powder. In this study, the powder form was used
because of the larger pore and surface area. The key advantage of using activated
carbon together with fly ash was to absorb the heavy metal content in fly ash.
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3.5 Method

Properties of peat soil collected from the field such as moisture content, Atterberg
limit, degree of humification and specific gravity were determined in the labora-
tory. The physical tests were conducted before and after soil modification. Soil
specimens were mixed with ordinary Portland cement, fly ash and activated carbon
with varying amount from 0 to 60 % of the natural peat soil mass by using a
blender. A total of 12 modified soil samples were prepared. For the three additives,
the amount added were the same at 15, 30, 45 and 60 % of the peat mass. To make
sure the additives were well blended into the peat soil, mixing was conducted for at
least 10 min. All tests were performed as per American Society of Testing
Materials (ASTM) standards. Chemical tests were also carried out to evaluate the
removal of heavy metal content in fly ash after mixing with activated carbon. The
tests took place in the Environmental Laboratory at Faculty of Civil Engineering,
UiTM Shah Alam, Malaysia. Heavy metals which were found to be reduced as a
result of addition of activated carbon were chromium, copper and lead.

4 Results and Discussion

Peat soil can be described as a complex type of soil. Its characteristics are dis-
similar to other types of soil. Physical characteristics of peat have been tested as
per ASTM standards [14–17]. Table 2 shows the physical characteristics of the
peat soil.

Moisture content of peat samples were determined right after the soil sampling,
which was taken from the range of 0 to 1.2 m. This procedure was carried out to
determine the natural moisture content of peat as well as the groundwater table of

Table 1 Chemical properties
of fly ash

Element Percentage

SiO2 58.0
Al2O3 24.8
Fe2O3 7.17
K2O 3.14
CaO 2.40
MgO 1.95
TiO2 1.05
P2O5 0.34
Na2O 0.30
MnO 0.18
SO3 0.09
LOI 0.32

Source Sejingkat Power Corporation Sdn. Bhd
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the soil as indicated in Table 2. The test was carried out according to ASTM
D2216-10.

4.1 Plasticity Index

Plastic limit and liquid limit are values determined to give an idea or indicate how
soil will act under certain conditions. Plastic limit is a state of moisture in soil that
separate plastic behaviour from solid behaviour or when the soil starts to behave in
a plastic nature. Liquid limit is defined by a moisture content, which soil begins to
act less as a viscous fluid and more like a plastic patty. Determination of plastic
limit, liquid limit and plasticity index of soil in this study were determined in
accordance with ASTM D4318-10. The measure of the range of moisture content
between the plastic limit and liquid limit is known as the plasticity index (PI). PI is
commonly used as an indication of soil shrink/swell properties and constructa-
bility. In soil modification, the purpose of measuring PI after soil modification is to
indicate properties of the soil binder. As reported by Majeed and Taha [18], soft
soil modified with very fine particles could result in the reduction of the PI value of
the modified soft soil. From the values of plastic limit and liquid limit, plasticity
index can be calculated as follows:

PI ¼ LL � PL ð1Þ

where:
PI = Plasticity index

LL = Liquid limit (whole number)

PL = Plastic limit (whole number)

The plasticity indices for peat added with fly ash (FA) and peat added with fly
ash combined with activated carbon (FAAC) are shown in Fig. 1. Peat added with
ordinary portland cement (OPC) is classified as a non-plastic soil because the
plastic limit could not be determined. This is because generally plastic limit test is
difficult to be done on peat as no or little clay content is available. As for peat
added with OPC, the plastic limit was also non-measurable. When cement reacts

Table 2 Physical characteristics of peat

Moisture content by depth (%) Surface to 0.3 m 0.3–0.6 m 0.6–0.9 m 0.9–1.2 m
398.6 745.7 946.8 1097.3

Moisture content after sampling (%) 808.1
Liquid limit (%) 167.13
Plastic limit (%) Non-plastic
Degree of humification H6
Specific gravity 1.13
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with natural water in peat, OPC will bind the soil particles and become hardened,
thus reduced plasticity of the soil.

From Fig. 1, peat added with FAAC shows a greater reduction of plasticity
index as compared with peat added with FA and the index increased slightly with
respect to increasing in the dosage of FAAC added to peat. When added with FA
alone, the plasticity index reduced at the first 15 and 30 % of FA dosage but
increased gradually with the increasing FA dosage.

5 Conclusion

The peat soil investigated in this study was dark brown in colour where the
groundwater table was about 0.5–0.7 m from the surface. The degree of humifi-
cation can be classified as H6 (amorphous peat) or the soil is considered to be high
in organic content and unsuitable for geotechnical application. The plastic limit
and liquid limit of modified peat decreased with the increasing amount of addi-
tives. However, the reduction in liquid limit was more noticeable for peat added
with FAAC than FA alone. Conversely, peat added with OPC was reported as non-
plastic because plastic limit of the mixture was non-measurable.
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Fig. 1 Variation of plasticity
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Rock Mass Classification System Used
for Pahang-Selangor Raw Water Transfer
Tunnel

Romziah Azit and Mohd Ashraf Mohamad Ismail

Abstract The recent Pahang-Selangor raw water transfer tunnel project had
resulted in a large amount of rock mass classification data for the assessment of the
rock mass class required for the design of tunnel support system. In this project, a
rock mass classification by Japan Highway Public Corporation (JH) has been used
to assess the rock mass class using geological mapping and geological docu-
mentation of the tunnel face and the side walls of the excavated tunnels. Although
JH classification had been used for this project, other forms of classification using
different criteria from Rock Mass Rating (RMR) and Q-System have also been
widely used for tunnelling project all over the world. Since there have been few
studies on the relationships among such different criteria of the classification
systems, this study mainly focuses on the comparison between the JH and RMR
classification systems for the water transfer tunnel. From the correlation analysis
among the criteria used in both JH and RMR classification systems, there is higher
correlation if the rock mass is in relatively good condition. It was also found that
there is less consistency between JH and RMR classifications in the region of ‘poor
rock’. However, the correlation between both classification systems is still con-
sidered suitable to be used in this tunnelling project.

Keywords Rock mass classification � Japan Highway Public Corporation � Rock
mass rating

1 Introduction

Rock masses are discontinuous and often have heterogeneous and anisotropic
engineering properties. The heterogeneity of the intact rock and rock masses are
influenced by a number of factors such as fracturing, bedding and weathering
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[1, 2]. After all, the mechanical behaviour of rock masses is dependent on the
strength of the blocks created by random patterns of discontinuities and their
strength. However, the classification of the rock mass is an indirect method and
does not measure the mechanical properties like deformation modulus directly.
Therefore, the classification system is necessary to take into account the factors
that influence the stability of the rock masses. The result is an estimate of the
stability quantified in subjective terms such as poor, acceptable, good and very
good.

Rock mass classifications have played an important role in estimating the
strength and deformability of rock masses for determining slope stability, support
systems, as well as for considerations on items such as span of excavation, length
of advance per round, and construction methods. The rock mass classification
systems are used for various engineering designs and stability analyses. For
example Liu and Chen [2] approached the application on the rock slope stability
assessment for several rock slopes of the Southern Cross-Island Highway in
Taiwan. Vardakos et al. [3] estimated the support system for Shimizu Tunnel in
Japan and Khabbazi et al. [4] used to estimate the rock mass deformation modulus
for tunnel and dam sites in western and northern Iran. The classification of rock
masses encountered during tunnel excavation was made through evaluation of the
mechanical and hydraulic properties of rock masses, as well as the thickness of
overburden. In comparison to many other civil engineering situations, the uncer-
tainties involved in underground rock engineering are high. Therefore, most of the
tunnels constructed at present make use of various types of classification systems
[5–8]. The rock mass classification system was developed for used at project
feasibility and preliminary design stages. It is also used to provide initial empirical
estimates of tunnel support requirements and practical engineering tools which
forced the user to examine the properties of the rock mass.

1.1 Engineering Rock Mass Classifications

There are several established procedures for rock mass classifications such as Rock
Mass Structure Rating (RSR), Rock Mass Rating (RMR), Rock Quality Index (Q
System). The most common classification systems used are the RMR system
published by Bieniawski in 1973 [9, 10] and Q system, first described in 1974 by
Barton and Bieniawski [11]. Many researchers have studied the different rock mass
classification systems either to compare or combine the systems. For example Choi
and Park [7] made comparisons among different criteria of RMR and Q-system for
rock tunnel in Korea and Sapigni et al. [8] used RMR-system to predict TBM
performance. Meanwhile Palmström et al. [12] studied the limitations of Q-system.
In year 2009, Palmström [13] combined the RMR, Q, and RMi Classification
System into one set of tables. These enable the ground quality to be found directly
and independently in the three systems from only one set of observations.
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In this study, the rock mass condition at the Pahang-Selangor Raw Water
Transfer Project (PSRWT) site will be classified using JH classification system.
This classification is based on the RMR classification by Bieniawski 1973 [9] and
Rock Mass Quality of Q system Barton and Bieniawski [11]. The classification
system classified the rock with five parameters obtained. They are material
strength, the rock quality designation (RQD), joint spacing, joint and ground water
conditions.

1.2 Site Description

To compare the different criteria used in the rock mass classification systems
between RMR and JH, PSRWT was selected as a study area. The purpose of the
water transfer tunnel is to convey raw water from the Semantan River in Pahang
State to a water treatment plant in Selangor State, Malaysia. The diameter of the
main tunnel is 5.2 m with 44.6 km in length that crosses the Titiwangsa Main
Ranges which mainly consists of granitic rock. The excavation methods for the
tunnel used 3 numbers of Hard Rock Tunnel Boring Machine (TBM) and 4 New
Austrian Tunnelling Method (NATM). NATM method was adapted for relatively
less ground cover (overburden) zones and estimated low grade rock conditions.
Figure 1 shows the NATM method at NATM 1 tunnel of the project.

Based on geological investigation and topography, NATM was designed mainly
for relatively lower cover sections at the folded Paleozoic sedimentary rock zone.
The sections were 5.9 km length at the Inlet and 2.9 km length at the outlet. Figure
2 shows the location of NATM 1 starting from Chainage (Ch.) 858 m to Ch.
2,785 m at the Inlet section.

1.3 Geological Condition

The tunnel alignment is mainly composed of Main Range granitic which forms the
backbone of the Peninsular Malaysia and sedimentary rocks of Paleozoic and
Mesozoic age. The geological map for the PSRWT tunnel is shown in Fig. 3.

The geology of the tunnel starts from the slightly metamorphosed Devonian
sedimentary rocks from the inlet to Ch. 3.8 km while from Ch. 3.8 to Ch. 44.6 km,
it consists of coarse to medium-grained granitic rocks forming the main range of
Malaysia Peninsular. This rock is mainly black shale to schist, strongly folded by
intrusion of granitic rocks in Triassic age. The rock near the boundary to granite is
well silicified as hornfels by contacting with granitic rocks.

The estimated major faults crossing tunnel are 6 faults consisting of Karak Fault
(Ch. 2.5 km), Krau Fault (Ch. 12.45 km), Bukit Tinggi Fault (Ch. 19.15 km),
Lepoh Fault (Ch. 28.6 km), Kongkoi Fault (Ch. 31.35 km) and Tekali Fault (Ch.
39.0 km). Meanwhile the lineaments crossing tunnel alignment are 12, starting
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from L-A to L-N as shown in Fig. 3. There are quartz dykes, which are extremely
hard and accompanied by clay zones with less than 1 m thick average on both
sides. Also a few quartz veins are developed in lower half downstream of tunnel.

The study area, NATM 1 was composed of sedimentary rocks of Paleozoic and
Mesozoic age. The minimum and maximum overburden range from 110 to 235 m,
starting at Ch. 858 m to Ch. 2,785. This section has already experienced a folding
and seepage in Devonian sedimentary rock zone and Karak Fault at Ch. 2.5 km.

2 Rock Mass Classifications

2.1 JH Classification

Rock classification for tunnel face and wall at this site are based on the standard in
the JH classification. The compressive strength, weathering, spacing of joints,

Fig. 1 Excavation of NATM I at Pahang-Selangor raw water tunnel

Fig. 2 Typical section of tunnel and arrangement for tunnel work (NATM & TBM)
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conditions of joints, and the groundwater condition were estimated from the
geological map of tunnel face data sheets. Rock mass was classified from the total
points of tunnel face observation based on chart as presented in Fig. 4. The
classification of the classes depended on rock categories from soft (layered) to hard
rock (massive) conditions and all rock types.

The JH classification is rock mass rating system which relies primarily upon the
following four general observation data related to the rock mass strength: com-
pressive strength, weathering, spacing of joints and condition of joints. Overall
rating of the rock mass is made by adding the ratings of the parameters, and the
total rating (total point) is given a class representing the rock mass quality. Cal-
culated RMR value used to find rock mass classes from very good rock to Faults
and crushed rock zone or squeezing zones. General rock conditions corresponding
to JH classification classes are listed in Table 1.

2.2 RMR Classification

Bieniawski in 1973 [9], published a detailed rock mass classification called the
Geomechanics Classification or Rock Mass Rating (RMR) system for jointed rock
masses. The system was originally developed for the calculation of rock load and
tunnel support selection. Significant changes have been made over the years with

Fig. 3 Geological map
around the project site
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revisions in 1974, 1975, 1976 and 1989 [9–11]. RMR uses six parameters that are
readily determined in the field; which are uniaxial compressive strength of the
intact rock, Rock Quality Designation (RQD), spacing of discontinuities, condition
of discontinuities, ground water conditions and orientation of discontinuities.

Fig. 4 JH classification rock mass classes

Table 1 JH rock mass classes ratings

Rock mass
class

Description

A Very good rock, hard and fresh
B Good rock, hard and fresh but affected by weathering
CI Fair rock, rock is weathered, some clay in joints
CII Fair to poor rock weathered, loosed rock mass
DI Very poor rock: considerably weathered rock mass, soft zones, partially soil

properties
DII Extremely poor rock: as above with potential rockfall
E Faults and crushed rock zone, squeezing zones

Table 2 RMR rock mass classes ratings

RMR ratings 81–100 61–80 41–60 21–40 \20

Rock mass class I II III IV V
Description Very good rock Good rock Fair rock Poor rock Very poor rock

524 R. Azit and M. A. M. Ismail



The rating is an outcome of a supervised classification of each parameter.
Calculated RMR value used to find rock mass classes from very good rock to very
poor rock. The rating for the each parameter is summarized in Table 2.

3 Discussion

JH and RMR classification systems are based on a rating of three principal
properties of a rock mass. These are the intact rock strength, the frictional prop-
erties of discontinuities and the geometry of intact rock defined by the disconti-
nuities. In order to investigate the influence of these parameters, the approximate
total range in values for JH and RMR are used as a basis of comparison. Table 3

Table 3 Comparison of input parameters

Input parameters Values or rating

RMR JH

Compressive strength of intact rock Very low strength (1–5 MPa) 1 0
Low strength (5–25 MPa) 2 6
Moderate strength (25–50 MPa) 4 12
Medium strength (50–100 MPa) 7 18
High strength (100–250 MPa) 12 25
Very high strength ([250 MPa) 15 31

Rock quality designation (RQD) Very good (90–100 %) 20 22
Good (75–90 %) 17 22
Fair (50–75 %) 13 16
Poor (5–50 %) 8 11
Very poor (\25 %) 5 5

Joint spacing Very large spacing (Spacing [2 m) 20 22
Large spacing (0.6–2 m) 15 16
Moderate spacing (200–600 mm) 10 11
Small spacing (60–200 mm) 8 5
Very small spacing (\60 mm) 5 0

Joint condition Very favour 30 26
Slightly favour 25 19
Moderately 20 13
Unfavourable 10 6

Joint orientation Very favourable 0 –
Favourable -2 –
Fair -5 –
Unfavourable -10 –
Very unfavourable -12 –

Ground water condition Dry/Moist (\1 L/min) 15 0
Wet (\10 L/min) 10 -5
Dripping water (\25 L/min) 7 -7
Flowing water (\125 L/min) 4 -10
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shows the comparison of common input parameters with the values or ratings used
in RMR and JH classifications.

The excel spreadsheet is used to estimate the total values of RMR rating, based
on the percentage of the differences in both classification systems. A scatter plot in
Fig. 5 shows the correlation between RMR and JH. The linear relationship
between RMR and JH classification systems is in the form of RMR = 1.19
(JH) ? 10.

The bar chart in Fig. 6 shows the rock classification in the percentage of the
RMR and JH for NATM 1. According to the chart, less than 5 % for both clas-
sification systems is classified as a ‘good rock’ which is class B for JH and class I

RMR = 1.19(JH) + 10
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or II for RMR. It can be classified that 95 % of the ground condition at NATM 1
classes from ‘fair rock’ to ‘very poor’ rock. The classes range from CI/CII, DI/DII
to E for JH and III to V for RMR Classifications.

Comparison for both classification systems gives the percentage of ‘fair rock’
almost the same for both systems but it is slightly different for the ‘poor’ and ‘very
poor’ rock classes’ condition. This happened because from total ratings of RMR, it
gives the exact figure between rock classes, while JH gives a range of figures for
rock masses classes.

General rock conditions corresponding to JH and RMR classifications are
summarized in Table 4. The delineation of regions of the rock mass from ‘very
good’ to ‘very poor’ between JH and RMR is based on comparison of rock mass
classifications for both systems. The classes for ‘Good rock’ conditions range from
B to A and II to I for JH and RMR classification systems respectively. For rock
condition ‘Fair rock’ grade in RMR, it has been considered as the rock grade
ranging from ‘Fair rock’ to ‘Fair to Poor rock’ in JH.

Comparison also had been made for the total grade point ratings between JH,
RMR and RQD. The consistency between JH and RMR classifications indicates
that RMR system has smaller ratings about 9–19 % compared to JH classification
(Fig. 7). Basically, JH classification has higher ratings for the 3 parameters:
strength of intact rock, weathering alteration and spacing of discontinuities, only
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Table 4 JH and RMR rock classifications

JH Rock conditions RMR Rock conditions

A Very good rock, hard and fresh I Very good rock
B Good rock, hard and fresh but affected by weathering I–II Good rock
CI Fair rock, rock is weathered II Fair rock
CII Fair to poor rock weathered III
DI, DII Very poor rock IV–V Poor rock
E Fault and crushed rock zone V Very poor rock
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condition of discontinuities has lower rating than RMR system. From the corre-
lation analysis among the criteria used in both JH and RMR classification systems,
there is higher correlation if the rock mass is in relatively good condition.

4 Conclusion

The comparison of two or more classification systems will generally lead to better
and more accurate results. It is important to know that the parameters give average
values, and that it might be significant variation between the lowest and highest
value and rating for most of them. The conclusion could be drawn from the current
study that although total rating of RMR is lower than JH, the classes of rock
conditions between both classification systems still remain the same. It was also
found that there is less consistency between JH and RMR classifications in the
region of ‘poor rock’ and ‘very poor rock’. However, the correlation between both
classification systems is considered suitable to be used in this tunnelling project.
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Electrokinetic Remediation to Remove
Heavy Metal from Contaminated Soils
Using Purging Solution

Sabariah Arbai, Zainab Mohamed, Kamaruzzaman Mohamed and
AzinoorAzida Abu Bakar

Abstract This study was designed to determine the physical characteristic of soil
from mining area, the level of heavy metal contamination on site, and performance
of pH and concentration of heavy metal after electrokinetic. For each type of
purging solution and soil sample, six days of treatment time were performed with
low direct current of 1.076 V to each purging solution. Soil sample consists of
sand and gravel. Changes on level of pH and concentration showed the movement
of metal ions and electrons from anode to cathode. The removal efficiency for
acetic acid is much higher with 78 % compare to deionized water of 53 %. The
existing level of contaminant was also determined by using single factor index.
This provides a better view on the existing level of metal contaminant at site.

Keywords Acetic acid � Deionized water � Heavy metal

1 Introduction

Electrokinetic remediation have been used for the remediation of soil for years and
proven sufficient in situ process for remediation of contaminated soil containing
organic contamination [1, 2]. The implementation of electrokinetic remediation
involves inserting the anode and cathode electrode in the soil and applying an
electric potential between them. The electric potential will then induce the
movement of contaminant toward electrode well which generate acidic medium at
anode and alkaline medium at cathode [3, 4]. The applications of a direct electric
current to soils result in several changes such as pH and electrolyte concentration
in the soil. These changes may impact the nature of the soil surface chemistry [5]
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and the success of electrokintenic itself. The key success of remediation holds by
understanding the changes in transport process and the geochemical condition at
various stages [6].

Recently, researchers developed numerous lab-scale studies to investigate the
efficiency and feasibility of using electrokinetic. Their focus which was on the
residual contamination distribution and the removal efficiency [7, 8], does not
investigate the actual value of contaminant prior to collecting it from site area.
These could provide a rough estimation on the level of contaminant. Furthermore
researchers have found that some of technologies for remediation of soil unable to
treat soil with low hydraulic permeability or those contaminated with mixed
organic–inorganic wastes [9, 10]. The uses of thermal desorption and incinerators
[11] are very costly and ineffective to remove these strongly absorbed contami-
nant. Electrokinetic is one alternative way to efficiently remediate soil containing
organic contaminant however the development of electrokinetic as a way to treat
contaminated soil in Malaysia is still in the early stage. The chemical phenomena
of using purging solution [12] in electrokinetic remediation remains complex and
few detailed studies are reported in literature [13]. Previously they use lactic acid,
citric acid and propionic acid at concentration of 1 M as a purging solution [14]
however no study was conducted by using acetic acid. Therefore, in this study a
detailed assessment on electrokinetic by using acetic acid at concentration 0.02 M
[15] and pH 3.29, to see the change of physical and chemical behaviour of con-
taminant in the soil.

This study involved the investigation of the physical and chemical properties of
contaminated soil [16, 17]. The soil samples collected from site, might contained
several heavy metals which could affect the life of human [18]. The major factors
that contribute the movement of heavy metal in the soil are the type of soil, size of
soil and pH distribution.

2 Materials and Method

2.1 Soil Samples

The soil was collected from Putra Perdana, Puchong from three different location
namely location A, B and C. Physical properties of the soil sample were deter-
mined that are moisture content, particle size distribution, atterberg limit test and
the particle density.

Electrokinetic process was run to remove the heavy metal contaminant (zinc)
[19, 20]. The purging solution was acetic acid at concentration 0.02 M and
pH 3.29 and deionized water pH 7. All the experimental step procedure is based
on British Standards 1377: part 2, 1990 (BS standards) [21] and ASTM D 422-
Standard Test method for particle size analysis of soils [22].
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2.2 Electrokinetic Set-up

Figure 1 shows the schematic diagram of the electrokinetic setup. This setup also
incorporated two electrodes, two porous stones and tubing. This setup simulates
one–dimensional transport of contaminants under an induced electrical potential
[23, 24].

3 Results

The results of the moisture content, particle size distribution and average particle
density are given in Table 1.

There are changes of pH from points P1 to P4throughout six days. pH for soil
using deionized water start with 7.1 at P1, located 6 cm from anode. The value
gradually increased to 8.9 at P4 located 6 cm from cathode. pH in deionized water
are in the range between 7 and 8, while pH for acetic acid purging is 3 and increase
to 4 at P4.

These happen because low voltage DC current created from the electrokinetic
will trigger the ion inside the purging solution to transport metal ion inside the soil

Fig. 1 Electrokinetic setup

Electrokinetic Remediation to Remove Heavy Metal 533



sample toward the cathode. Inside deionized water, the solution diassociate to H+

ion generate at anode migrate toward cathode, while OH- will migrate to anode
causing low value of pH at anode compare to that at cathode. Meanwhile for acetic
acid, the solution will dissociate into ion H+ and acetate ion CH3COO-. The H+

decreases the pH and dissolves the metal ion. As a result, more heavy metal were
deposited around point P4, which is located 6 cm from cathode reservoir. Based on
the percentage difference, the movement of ions in acetic acid purgingis much
higher compared to that in the de-ionized water because acid contains more free
ions which can easily rupture when there are force imposed to them.

The experimental results for the level of concentration determine the distri-
bution of metal throughout the soil sample. Acetic acid is a weak acid with Ka

equally to 1.8 9 10-5 with chemical formula of CH3COOH. This means it can
dissociate easily from their structure. Metal that is positively-charged attracts the
electron pair from the purging solution. This allows electron density drawn to O–H
bond to polarized release the H+ at anode and formation of OH- ions on the
cathode. During reaction, water and acetic acid will oxidize and transport ions
from point P1 to P4 and subsequently deposit the metal at cathode. These resulted
in the decreases level of metal concentration at point P1. Overall removal of
copper in deionized water is about 36–56 % while in acetic acid 66–93 %. While
for zinc, the removal is about 55–60 % in deionized water and 64–86 % in acetic
acid. It shows that in acetic acid with concentration 0.02 M it favour the removal
of copper whereas zinc is much more favourable in deionized water. Both purging
solutions acetic acid and deionized water are capable to remove contaminants as
illustrated in Figs. 2 and 3. The removal efficiency for acetic acid is much higher
with 78.35 % compared to that of deionized water of 52.89 %. The removal
efficiency for acetic acid is much higher compare to deionized waters as acetic acid
has higher conductivity value compare deionized water and much easier to transfer
and migrate the electrons when there are source of electricity, illustrated in Figs. 4
and 5 respectively.

Tables 2 and 3 illustrate the level of contaminant for the distribution of heavy
metal for zinc (Zn) and copper (Cu) respectively, within the soil samples site
location. The range of level estimated that the level of copper are seriously pol-
luted within the area. All three locations recorded level 5. However there are

Table 1 Summary of physical properties of the soil

MC (%) Particle size distribution (%) Avrg particle density

Gravel Sand

Coarse Med Fine

A 13.3 17.8 32.2 41.1 8.7 2.60
B 16.5 23.9 38.7 29.0 8.3 2.69
C 13.0 31.5 36.8 27.6 4.0 2.57
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varied values recorded for zinc. For location A, it is slightly polluted with zinc and
location B moderately polluted with zinc each in level 3 and 4. The worst level of
contaminant for zinc is located at location C with level 5 where as for copper all
locations are of highly polluted with copper.

Fig. 2 pH for soil using
deionised water purging

Fig. 3 pH for soil using
acetic acid for purging

Fig. 4 Copper removal
efficiency from each location
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4 Conclusion

The purpose of this study was to evaluate the effectiveness of electrokinetic in
removing heavy metal from an ex-mining area. From the physical test that had
been carried out, the soil collected contain low amount of moisture content and it
consist of gravel and sand specifically silty sand. The soil samples were underwent
a remediation by using electrokinetic. Two different purging solutions, deionized
water and acetic acid were used to extract zinc from the soil. With a low direct
current (DC) of electrokinetic of 1.076 V applied to measure the pH and con-
centration of copper and zinc, under the influence of low voltage and purging
solution, the cation of zinc (Zn) and copper (Cu) migrates toward cathode.

Fig. 5 Zinc removal
efficiency from each location

Table 2 Level of contaminant for copper (Cu)

Location/purging
solution

Concentration of copper (mg/kg),
Ci

ICRCL
(Si)

Pi Level of
contaminant

Deionized
water

A 2,845 423 6.72 5
B 3,611 423 8.54 5
C 5,010 423 11.84 5

Acetic acid A 3,500 423 8.27 5
B 3,050 423 7.09 5
C 3,476 423 8.22 5

Table 3 Level of contaminant for zinc (Zn)

Location/purging
solution

Concentration of Zinc (mg/kg),
Ci

ICRCL
(Si)

Pi Level of
contaminant

Deionized
water

A 2,543.08 1,665 1.53 3
B 3,811.24 1,665 2.20 4
C 5,944 1,665 3.57 5

Acetic acid A 4,500.17 1,665 2.70 4
B 4,813.26 1,665 2.89 4
C 6,546.13 1,665 3.93 5
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The migrations of electron are dependent with physical and chemical before the
electrokinetic process. The pH values are in the range of 7–8 for deionized water
and 3–4 for acetic acid. Zinc exhibit reduction in the soil sample after the elec-
trokinetic process by using both purging solution. Overall removal of copper in
deionized water is about 36–56 % while in acetic acid 66–93 %. Zinc removal is
55–60 % in deionized water and 64–86 % in acetic acid. The removal efficiency
for acetic acid is much higher with 78.35 % compare to deionized water 52.89 %.
The existing site level of contaminant was also categorised using single factor
index, the soil contaminated with zinc is at moderate level with grade 3 and 4 with
exception of location C.
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Ultimate Load Carrying Capacity
of Precast Lightweight Foamed Concrete
Sandwich Panel (PLFP) with Double
Shear Truss Connectors Under Axial
Eccentric Loading

N. Mohamad, W. I. Goh, R. Abdullah, Ismail Ahmad, S. Samsuddin
and M. H. A. Rahman

Abstract This paper studies the ultimate carrying capacity and structural behavior
of precast lightweight foamed concrete sandwich panel (PLFP) with double shear
truss connectors under axial and eccentric loading. Eight small scale PLFPs with
various slenderness ratio were casted and tested. Ultimate load carrying capacity,
load deflection profile, surface strains and crack pattern were recorded and ana-
lysed to compare the PLFP structural behaviour under two different loading
conditions. Results obtained showed that PLFP was able to sustain higher axial
loading compared to eccentric loading. PLFP with lower slenderness ratio
achieved higher ultimate load carrying capacity compared to higher slenderness
ratio. Comparison of deflection profiles also proved that PLFPs under axial loading
achieved higher ultimate carrying capacity and compositeness reaction compare to
PLFP under eccentric loading.

Keywords Sandwich panel � Lightweight � Foamed concrete � Double shear truss
connectors � Axial loading � Eccentric loading

1 Introduction

As stated in [1], sandwich panel is similar to other conventional precast concrete
members regarding to its design, detailing, manufacturing, handling, shipping and
erection; however, because of the presence of a core layer of insulation, sandwich
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panels exhibit some unique characteristics and behaviors. Sandwich panel have all
of the desirable characteristics of conventional precast concrete wall panel such as
durability, economy, fire resistance, large vertical spaces between supports, and
can be used as shear wall, bearing wall and retaining wall [1].

Various types of sandwich panel with different material and structural behavior
had been developed by researchers for different usage and application. The
application of lightweight foamed concrete was introduced by researchers either
used in core layer or outer wythe [2–4]. Lightweight foamed concrete with density
of 400–600 kg/m3 can be used in partition as insulation material and structural
load bearing material in low load bearing system such as walls in low rise resi-
dential buildings [2, 5, 6]. Therefore, PLFP is one of the precast systems which
uses lightweight foamed concrete as outer wythe layer. Mohamad et al. [7]
investigated the structural performance of PLFP with single shear truss connectors
as a load bearing wall using foamed concrete as outer wythes and polystyrene as
the core. It was observed that PLFP can sustain the axial load applied in trans-
ferring the load from one wythe to another and slenderness ratio, H/t was found to
have significant effect on the strength capacity of PLFP.

Although PLFPs were studied by previous researchers, they were focused more
on axial load effect on the panel compared to the research work on PLFP under
eccentric loading. Thus, this research focused and compared the axial and
eccentric loading effect on PLFP with double shear truss connectors.

2 Design of PLFP with Double Shear Truss Connectors

A total of 8 small scale PLFPs were casted to study its structural behaviour and
determine its ultimate load carrying capacity due to axial and eccentric loading
effect by using Magnus frame until it failed. The slenderness ratio of PLFP is
between 12 and 18.

The fabrication and the materials properties were referred to previous research
conducted [8]. The concrete cover of 8 mm used and the thickness of each con-
crete wythe was fixed at 20 mm. Inner and outer wythe was made of lightweight
foamed concrete with wet densities from 1,700 to 1,800 kg/m3 to achieve the
target compressive strength of 10–15 MPa for all panels. Expanded polystyrene
(EPS) was used as an insulation material in the core layer. The polystyrene sheet
was cut into pieces and inserted in between the steel mesh.

A horizontal and vertical reinforcement with 4 mm diameter bars were tied to
each other at 75 mm center to center as main reinforcement. Thus, it was
strengthened by using 3 mm diameter steel bar as double shear truss connectors as
illustrated in Fig. 1. Double shear truss connectors were bent to an angle of 45�
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and tied to vertical reinforcement in the steel mesh. Five double shear truss
connectors were used for each panel to transfer the load from one wythe to
another. Every panel in this study was casted with 50 mm length with normal
concrete capping at both ends to prevent from premature cracking around loading
and supports areas as referred to [8].

3 Experimental Program

All PLFPs were casted using steel formwork. Space blocks used to maintain the
concrete cover at 8 mm. A normal Grade 30 concrete was poured into the capping
at both ends. After the capping hardened in about half an hour, the foamed con-
crete was poured into the specimen as inner layer and outer layers and trowel to
obtain a smooth surface. Specimens were placed under ambient temperature and
protected from direct sunlight with canvas. Formworks were dismantled after
28 days and panels were tested by using Magnus frame.

For axial loading, the load was applied at middle across the thickness of PLFP
along top edge of the panel length. For eccentric loading, the loading was carried
out by applying the load at an eccentricity t/6 along top edge of the panel length
during the experimental programme. Load applied gradually until failure occurred,
crack pattern and horizontal deflection were observed at each loading stage.

A total of six strain gauges were used for surface strain measurement and two
Linear Voltage Displacement Transducers (LVDTs) were placed at the middle on
each side of the panel as shown in Fig. 2.

PLFP specimens were tested using Magnus Frame with 1,000 kN loading
capacity. Figure 3 shows the experimental set-up, where the PLFP was clamped to
reaction frame correctly in the position to get the targeted end condition.

Fig. 1 Design of PLFP [3]
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Fig. 2 LVDTs and strain gauges location

Fig. 3 Experiment set up
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4 Results and Analysis

4.1 Material Properties, Designation and Dimensions

PLFPs details with its designation, mechanical properties and slenderness ratio are
tabulated in Tables 1, 2, and 3. The mixing ratio of specimen is referring to [8].
The foamed concrete mix ratio is given in Table 1; the wet density for foamed
concrete is ±1,700 kg/m3 to achieve dry density at ±1,600 kg/m3. Nine cubes and
6 cylinders were prepared at the same time to determine the material properties of
foamed concrete.

Table 1 Mixture ratio for casting of PLFPs

Sand: Cement Foam: Cement Water: Cement

Ratio 2:1 0.65 0.55

Table 2 Dimensions and designation of PLFP

Panel H 9 W 9 t (mm) Slenderness
ratio

t1
(mm)

t2
(mm)

C
(mm)

Reinforcement
(Vertical and
horizontal) top and
bottom

Diameter of
shear
connectors
(mm)

PA-1 1,000 9 370 9 80 12.5 20 40 8 4 mmU@75 mm
c/c

R3

PE-1 1,000 9 370 9 80 12.5 20 40 8 4 mmU@75 mm
c/c

R3

PA-2 1,000 9 370 9 70 14 20 30 8 4 mmU@75 mm
c/c

R3

PE-2 1,000 9 370 9 70 14 20 30 8 4 mmU@75 mm
c/c

R3

PA-3 960 9 370 9 60 16 20 20 8 4 mmU@75 mm
c/c

R3

PE-3 960 9 370 9 60 16 20 20 8 4 mmU@75 mm
c/c

R3

PA-4 960 9 370 9 50 18 20 10 8 4 mmU@75 mm
c/c

R3

PE-4 960 9 370 9 50 18 20 10 8 4 mmU@75 mm
c/c

R3

PA Precast lightweight foamed concrete sandwich panel (PLFP) with double shear truss con-
nectors under axial loading
PE Precast lightweight foamed concrete sandwich panel (PLFP) with double shear truss con-
nectors under eccentric loading
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4.2 Ultimate Load Carrying Capacity

Table 4 and Fig. 4 presents the ultimate load carrying capacity of PLFPs under
axial and eccentric loading, from results, it was found that the ultimate load of
PLFPs were decreased when the slenderness ratio increased. The loading condition
also has significant effect on the ultimate load carrying capacity of PLFP, the
ultimate carrying capacity of PLFPs decreased during eccentric loading compared
to axial loading. The percentage different of ultimate loading under axial and
eccentric loading were between 11 and 35 %.

4.3 Load Deflection Profile

As shown in Figs. 5 and 6, the relationship between load and horizontal deflection
were well presented. All panels achieved certain degree of compositeness reaction;
both wythes tend to move in the same direction until the panel reached ultimate
load carrying capacity and failed.

Table 3 Mechanical properties of PLFPs

Panel Wet
density
(kg/m3)

Dry
density
(kg/m3)

Compressive
strength, Fc
(N/mm2)

Split tensile
strength, Ft
(N/mm2)

Modulus young,
E (Mpa@ N/m2)

PA-1& PE-1 1,760 1,751 12.00 1.56 12,500
PA-2 &PE-2 1,764 1,674 13.67 1.71 14,500
PA-3 & PE-3 1,725 1,445 7.10 0.99 7,800
PA-4 & PE-4 1,700 1,619 8.50 1.24 5,900

Table 4 Ultimate load carrying capacity of PLFPs

Panel Ultimate load carrying
capacity (kN)

Panel Ultimate load carrying
capacity (kN)

Percentage different in
between
PA and PE

PA-1 150 PE-1 133 11.33
PA-3 138.5 PE-2 119.5 13.70
PA-4 126 PE-3 81 35.71
PA-5 98.5 PE-4 82 16.76
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Fig. 4 Ultimate load carrying capacity of PLFP with various slenderness ratios under axial and
eccentric loading

Fig. 5 Load versus
horizontal deflection of PA-1
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The trend of curves were similar to [9], at early stage of loading, deflection
curves were nearly linear and behaved as elastic material. However, after first
crack occurred, PLFPs behaved as nonlinear material. Deflections of PLFPs under
axial loading were found to be more significant than PLFP under eccentric loading,
higher deflection occurred when axial loading were applied.

Fig. 6 Load versus
horizontal deflection of PE-1

Fig. 7 Load versus
horizontal deflection of PA-3
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PLFP with double shear truss connectors can be categorized as partially com-
posite panel as referred to [1]. As stated in [1], the initial composite action
(horizontal shear transfer) is attributed to the bond between the concrete and
insulation layer with any contribution from the wythe connectors (Figs. 7, 8).

4.4 Surface Strain Distribution

Figures 9, 10 and 11 presents the surface distribution profile for PA-3 under axial
loading. Figures 9, 10, and 11 indicate that the top and bottom parts of panel are
under compression for front and rear wythes, where both wythes of the panel tend
to move at same direction. However, at the middle part of panel as in Fig. 10, front
wythe was under tension and rear wythe was under compression. This is due to
bending during the loading until failure. For other PLFPs, the surface strain dis-
tribution was also under similar surface strain distribution and bending effects.
From the trend of graphs the surface strain for both sides were moving along the
same direction with unequal strain values. It proved that PLFPs with double shear
truss connectors were achieved partially compositeness reaction.

Fig. 8 Load versus
horizontal deflection of PE-3
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Fig. 11 Strain distributions
at bottom of PA-3

Fig. 10 Strain distributions
at middle of PA-3

Fig. 9 Strain distributions at
top of PA-3
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4.5 Failure Pattern and Failure Mode

All PLFPs were loaded with axial and eccentric loading in a similar manner. It was
observed that horizontal cracks occurred during loading. For PLFPs under axial

PA 1

Fig. 12 Crushing at the
bottom of PA-1
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loading in Figs. 12 and 13, PLFPs cracked at the middle and bottom half, those
cracks occurred because the loading were distributed evenly to both wythes.

As shown in Figs. 14 and 15, PLFPs under eccentric loading cracked at top half,
those cracks may be attributed by the bending moment induced by eccentric loading.

PA 3

Fig. 13 Cracking at the
middle of PA-3
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One of the factor that attribute to the cracks at top part of panel may due to poor
concrete quality and wired connections in between capping, main reinforcement and
shear connectors.

PE 1

Fig. 14 Crushing at the top
part of PE-1
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5 Conclusion

Structural behavior and ultimate strength of PLFP with double shear truss con-
nectors and slenderness ratio from 12.5 to 18 were studied under axial and
eccentric loading. Test results were analyzed in terms of its ultimate load carrying
capacity, load deflection profile, surface strain distribution, failure pattern and
failure mode.

It was observed that, PLFP with double shear truss connectors was able to
sustain both axial and eccentric loading with partially compositeness reaction.
However, the ultimate load carrying capacity of PLFP decreased under eccentric
loading compared to axial loading. The percentage difference of ultimate loading
under axial loading and eccentric loading were between 11 and 35 %. This is due
to the loading not applied at the neutral axis where one wythe will need to support
higher load then the other. When the wythe with higher loading failed, the whole
panel failed.

PE 2

Fig. 15 Crushing at the top half of PE-2
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Therefore, the ultimate load achieved in PLFP was due to several factors which
included its material strength, compressive strength, slenderness ratio, panel’s
height, reinforcement and loading conditions. For the load deflection profile, the
similar trend of curves on both faces proved that both wythes in PLFP deflected
together along the same direction and acted as partially composite panel.

Acknowledgments The author would like to thank Universiti Tun Hussein Onn Malaysia
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Strain Behaviour of Exposed Steel
Reinforcement Bars Using FBG Sensor

M. S. Hamidah, M. J. Faizal Mohd, M. S. Norhasri Muhd, I. Noorli
and S. Vasagavijayan

Abstract Fiber Bragg grating (FBG) sensor system is being widely used as strain
measurement system for civil structures. Nowadays, interest in using FBG sensor
has been increased and widely used for health structural monitoring. In this paper,
preliminary investigation on strain measurement for steel reinforcement bars due
to different corrosion accelerated conditions is reported. The FBG sensors are used
to measure the strain changes which the FBG sensor was glued to the surface of
steel bars. Three (3) different corrosion accelerated conditions namely room
temperature (RT), 5 % of sodium chloride (NaCl) solution and distilled water
(DW) were used to develop the strain change in steel reinforcement. The results
shows that the corrosion accelerated is significantly affect the overall strain change
on the steel bars. FBG sensors are also able to capture the strain of steel bars due to
corrosion accelerated variations. In addition, the results obtained from the FBG
sensors reveal that the strain of steel rods immersed in 5 % NaCl solution was
higher as compared to those immersed in distilled water and those exposed to room
temperature.

Keywords Strain monitoring � Steel reinforcement bars � Fiber Bragg grating �
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1 Introduction

A variety of strain measurement is commonly used such as electrical strain gauges,
linear variable differential transformers and vibrating wire strain gauges [1].
Previous research has been investigated on corrosion of steel bar embedded in
mortar with respect to change in strain measured by strain gauge [2]. However, it
was indicated that corrosion potential measured by strain gauge is affected by
changes of mortar volume not by corrosion product formation. It is revealed that
several of conventional strain gauges offered some disadvantages in terms of size
and electromagnetic interference, ease of embedment and potential for multi-
plexing if a number of sensors are used [3]. In the past years, interest in using fiber
Bragg gratings (FBG) sensor in the development of structural health monitoring
(SHM) have increased significantly due to its small size and the potential to
provide a mean of remote detection with high precision and stability, immuniza-
tion of light and insensitivity to environmental effects [4]. Interests in using kinds
of novel FBG sensor in structure monitoring holds a great potential to allow strain
measurement to be made in situations where the conventional strain gauge is
unable to monitor the strain change. The use of FBG sensor enables direct strain
measurement on reinforcement bars (steel rod) thus providing a more accurate data
on initiation of corrosion [5]. Increasing demand in measuring strain of structures
over long period of time as a monitoring technique has prompted the authors to
explore further the strain change related to corrosion activity.

It shows that FBG has been recognized as one of the most significant enabling
technologies for fiber monitoring system. According to Montanini and Pirrotta [6],
FBG is spectral filters that present a resonance at the Bragg wavelength, whose
value depends on the effective refractive index of the core and on the grating pitch.
Previous papers on application of FBG sensors have been published and docu-
mented [4]. In this case, it is proved that the FBG based sensor able to monitor
physical parameters such as temperature, strain or pressure and it is capable to
measure physical parameters simultaneously [7]. Several literatures have pointed
out that measurement of strain change in steel reinforcement is recorded when the
reinforced concrete specimens subjected to loads [8–13]. It is demonstrated that
different types of loading like static load, fatigue load, thermal load and dynamic
load significantly affect the strain measurement.

In comparison with previous studies, in this present research the strain mea-
surement of steel reinforcement will be measured without applied load. Ideally,
this research will provide the quantitative data on strain change and how it governs
the potential of steel reinforcement expose to various corrosion accelerated con-
dition. Document written by Zhou and Ou [14] show that change in strain of steel
reinforcement is an alternative parameter that can be used to describe deformation
and crack opening in concrete. Numerous of successful studies performed on
development of FBG-strain sensor for monitoring system in civil engineering
application [15–21]. However, none of these researches relate to change in strain
of steel bars due to corrosion accelerated.
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As summary, it is reveals that the capability of FBG sensor to measure the
strain parameter with their flexibility makes an ideal option to be adopted as a
technique in this study. The multiplexed FBG sensors were used to measure strain
and temperature simultaneously by measuring the reflected wavelength using FBG
Interrogation System. Eventually, by integrating the parameters through a multi-
plexed FBG sensor measurement, a simultaneous monitoring system to detect
corrosion initiation would be established.

2 Methodology

2.1 Preparation of Steel Bars

In this study, a high yield strength steel bar as the properties is according to
ASTM-A36 with nominal size of 12 mm was used. Figure 1 shows the length of
steel bar used is 300 ± 5 mm with no existing corrosion. Then, the steel bar was
cleaned using sandpaper and immersed in nitric acid until the steel is silvery in
color. Before the sensors are mounted on the steel bar, the weight of bar was
weighed. Then, the sensors were secured on the bar by fixing firmly to surface of
steel bar.

2.2 Preparation of FBG Sensor on the Surface of Steel Bars

The sensor can be divided into two parts which are FBG-strain sensor and FBG-
temperature sensor. The FBG sensor that used in this study were fabricated and
supplied by Photronix Technologies (M) Sdn. Bhd. The specification of fiber with
Series 5147 single mode FBG fiber optic with 6 lm core diameter, 125 lm
cladding diameter (NA, 0.2) and Bragg wavelength of 1554 nm (35 ± 0.5 mm
grating length) was selected. Table 1 shows the central of Bragg wavelength for
each sensor is used in this research.

Fig. 1 Length measurement
of the steel bar
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Prior to fitting the sensor to steel bar, the FBG sensor was glued directly onto
steel bar using special glue based polymer. Then, the sensor was protected using
silicone gel. Meanwhile, the existing fiber optic (without Bragg grating and sensor)
was encapsulated inside tubular plastic pipe of diameter 1 mm to protect it from
aggressive alkaline environment. Figure 2 illustrates the arrangement of the sensor
fitted to the steel bar.

2.3 Test Procedures

After fitting the sensors to steel bar and protected using silicone gel, the specimens
will undergo to accelerated corrosion conditions comprise of (1) control condition
at room temperature (RT); (2) immerse in distilled water (DW) and (3) immerse in
5 % of sodium chloride (NaCl) solution as shown in Fig. 3. The steel bars were
exposed to corrosion conditions for two (2) months. To ensure the steel rod is
completely submerged in solution, constant depth of 50 ± 5 mm from surface
were maintained. The strain initiation and temperature changes are evaluated by
FBG Interrogation system unit (FBG Scan 700).

Table 1 Central wavelength
of Bragg at 25 �C

Sensor type/label Center wavelength (nm)

Strain S1 1543.170
Strain S2 1559.450
Strain S3 1540.870
Temperature T1 1550.380
Temperature T2 1545.220
Temperature T3 1565.850

Strain Sensor Temperature Sensor

Fig. 2 Preparation of sensors
fitted to the steel bar
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2.4 Principles of Fiber Bragg Grating Sensor

The transmitted optical wavelength corresponding to the strain and temperature
changes are recorded. From these measurements, the fractional change in reflected
wavelength over the strain and temperature will be calculated for all FBG sensor
scanned. Figure 4 represents the principle setup for monitoring the changes in
strain and temperature using FBG sensors.

In this experiment, a broadband light source is transmitted to the FBG through
in-line single fiber optic. When the broadband light passes through the proposed
FBG sensor, the narrowband spectra components corresponding to the FBG sensor
wavelength is reflected. The shift Bragg wavelength consists of (1) Bragg wave-
length due to strain change; and (2) Bragg wavelength due to temperature change.
All the reflected signals were recorded and the spectra of reflected light were
plotted using a FBG Interrogation System unit.

The principle of FBG is to measure the shift of reflected Bragg wavelength (kB),
which is related to the effective refraction index (neff) and the periodicity (K) of the
index variation of the grating area in fiber core. The strain can be determined using
Eq. (1).

em ¼
1
k

Dkm

kom
� Dkc

koc

� �
ð1Þ

where
Dkm wavelength shift of strain-measuring FBGs
kom base wavelength of strain-measuring FBGs
Dkc wavelength shift of compensation FBGs
koc base wavelength of compensation FBGs.

DW solution
NaCl solution

Room Temp.

Fig. 3 Steel bars exposed to
accelerated corrosion
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3 Results and Discussions

3.1 Simultaneous Measurement of Wavelength Shift
of Strain and Temperature Using FBG Sensor

Responses to changes of simultaneously measured Bragg wavelength shift for strain
and temperature of FBG sensors are demonstrated. Figure 5 shows the result on
Bragg wavelength shift of strain and temperature when the steel bars exposed to
room temperature (RT). The initial FBG sensor wavelength recorded are
1541.465 nm (S3) and 1566.138 (T3) having reflectivity of 91.39 and 85.12 %,
respectively. Meanwhile, the initial wavelength measured by FBG was 1543.772
(S1) and 1545.537 nm (T1) for that steel bar immersed in distilled water (DW).
Figure 6 displayed the wavelength shift results for strain and temperature of steel bar
immersed in DW. The initial wavelengths of 1559.778 (S2) and 1545.537 nm (T2)
with reflectivity of 93.60 and 86.16 % are recorded for sodium chloride (5 % NaCl).
The results on wavelength shifts of strain and temperature are illustrated in Fig. 7.

The simultaneously measurement of FBG sensor changes with strain and
temperature were discussed. It was found that both wavelength shift effects are
only possible by different corrosion exposures. The graphs illustrates that the
temperature recorded by FBG sensor has very strong impact on the FBG sensor
signals for steel bars expose to distilled water and 5 % sodium chloride as com-
pared to room temperature. It is can be seen that there is minimal changes to

Fig. 4 Test-setup for
monitoring the strain and
temperature on steel bar using
FBG

Fig. 5 Bragg wavelength
shift of steel bar due to room
temperature exposure
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wavelength shift for strain and temperature of steel bar expose in control condition
(room temperature) as there is no strain applied and the temperature is constant.

The graphs of wavelength shift for FBG-strain sensors and FBG-temperature
sensors demonstrate consistent measurement of strain with the output values being
independent of temperature values. The peak wavelength shift readings for FBG-
strain sensor and FBG-temperature sensor are recorded at 29 days of exposure for
all exposure conditions. The wavelength shifts increased uniformly after the light
launched into the optical fiber at day-1. Then, the readings decrease significantly
until day-53. It is noted that, the expose of distilled water and 5 % sodium chloride
affect the Bragg wavelength shift readings considerably with respect to elapsed
time. By measuring the Bragg wavelength shift, the aim of measuring the tem-
perature and strain simultaneously with one fiber grating is realized. In the
experiment, it can be seen that the change on wavelength shift for strain and
temperature of sampled FBG change simultaneously.

3.2 Interaction Between Strain and Exposure Conditions

Figure 8 shows the typical reflection peaks of fiber Bragg grating (FBG) sensor. In
order to measure strain changes of exposed steel bars, the wavelength recorded by

Fig. 6 Bragg wavelength
shift of steel bar due to
distilled water exposures

Fig. 7 Bragg wavelength
shift of steel bar due to
sodium chloride exposures
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FBG Interrogation unit were calculated using Eq. (1) taking into consideration the
temperature effect. The strains on the steel bars due to different exposure condi-
tions are displayed in Fig. 9. From the figure, it is observed that the performance of
FBG could be by observing the increment of wavelength spectrum. At initial
region, the readings obtained can be considered not measurable and hence strain
was not measured. In this stage, the system is considered to be integrated with the
surrounding environment before the FBG was performed and the reading is fully
dependable to temperature effect. After 14 days of exposures, the strain readings
are gradually increased due to mechanical deformation changing of the expose
bars. The highest value of strain picked up by FBG is 11.6587 le after exposed for
1-month to 5 % NaCl solution compared to other exposures. The difference in
values between sensors may be explained by the small difference in the cross
sectional area of the steel bars.

It is also shown that the strain readings for steel rods immersed in distilled
water and 5 % sodium chloride have a highest strain compared to steel bar exposed
to control condition (room temperature). This is meant that the expansion of cross
sectional area of steel bars hosted by strain-FBG sensors is proportional to the

S3

S1

T2

T1

S2

T3

Fig. 8 Typical FBG sensor
reflection peaks recorded by
FBG sensor at 14th days of
exposures
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elapsed time of exposure. It can be observed that, the effect of exposure condition
in room temperature is not much significant on the measurement of the changes in
the strain as compared to other exposure conditions. By comparing the perfor-
mance of the strain-FBG sensors, it is possible to draw the preliminary conclusion
on the suitability of FBG sensor to measure the strains on cross sectional area of
steel bars under different exposure conditions.

4 Conclusions

From this finding, the conclusions can be drawn as follows:

1. It is demonstrated that implementing the FBG sensor offers simultaneous strain
and temperature of steel bars exposed to different exposure conditions.

2. FBG sensors are also able to capture the strain of steel bars with respect to
corrosion accelerated variations.

3. Strain readings on steel bars exposed to distilled water and 5 % NaCl shows
more effects as compared to control condition (room temperature).
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Mechanical Properties of High-Strength
Concrete Reinforced with PVA and Basalt
Fibres

Tehmina Ayub, Nasir Shafiq, Muhd. Fadhil Nuruddin
and Sadaqat Ullah Khan

Abstract This chapter focuses on the mechanical properties of high-strength
concrete (HSC) incorporating PVA and Basalt fibres. Total seven (07) mixes of
HSC were prepared including one control mix (containing no fibre). Out of
remaining six (06) mixes, three (03) mixes were containing PVA fibres as 1, 2 and
3 % by volume of the overall concrete, whereas in other three (03) mixes, Basalt
fibres were added in the same range and dosage, as proposed for PVA fibres. The
mechanical properties investigated in current study include compressive strength,
splitting tensile strength and modulus of elasticity. Beside this, results of com-
pressive strength of the cube and cylinder have also been compared in terms of
cylinder/cube strength ratios. Experimental results showed that PVA fibres rein-
forced HSC attained higher mechanical properties in comparison to Basalt fibres
reinforced HSC due better crack bridging ability and better concrete confinement.

Keywords PVA fibres � Basalt fibres � Compressive strength � Splitting tensile
strength � Modulus of elasticity

1 Introduction

Since last century, high-strength concrete (HSC) of compressive strength ranging
from 41 to 55 MPa or greater as per ACI 318-M08 [1], had been used for long span
bridges and tall structures, as well as for earthquake-resistant structures due to its
tremendous advantages in terms of reduced members’ dimension to reduce self-
weight, material consumption and seismic loads. In spite of such achievements and
inherent advantages, application of high-strength concrete is obstructed due to lack
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of ductility and tensile strength; nevertheless, these disadvantages may be over-
come by adding fibres, to make it suitable in structural applications; especially in
seismic zones due to its ductile characteristics.

In literature, behaviour and characteristics of HSC containing fibres have not
been discussed in detail [2]; however, considerable research has been carried out
on High-Performance Fibre Reinforced Cementitious Composites (HPFRCCs) [3–
6]. Literature on normal weight concrete containing fibres, especially steel fibres is
also available in abundance [7–9]; therefore, ACI 318-M08 [1] has recognised it a
‘‘Construction Material’’ due to reported advantages and allowed the inclusion of
deformed steel fibres in normal weight concrete only. However, use of deformed
steel fibres in members reinforced with stainless steel or galvanized steel bars is
not recommended due to unavailability of the data on corrosion problem or gal-
vanized action of the fibres in concrete. This infers that the use of steel fibres may
not be a recommended solution for tropical countries such as Malaysia, etc.
Therefore, there is a need of investigating the potential use of other fibres, mainly
non-metallic fibres, by determining their essential characteristics.

In the current study, mechanical properties of HSC reinforced with non-metallic
fibres, particularly PVA and Basalt fibres, are determined. The reasons for
selecting Basalt fibres are its recent use in concrete [8, 10–12], good tensile
strength, similar characteristics to expensive carbon and glass fibres, and low cost
than carbon fibres. However, PVA fibre is well studied in literature and more
recently in engineering cementitious composites (ECC) [13–15] and this fibre also
possesses good properties.

2 Experimental Program

This section describes the details of experimental program including material
selection for the preparation of high-strength concrete (with and without fibres)
and their testing of the mechanical properties.

2.1 Experimental Materials

Cement—Type I ordinary Portland cement (OPC) is used to produce high-strength
concrete (HSC). The quantity of cement has been used as 450 kg/m3.

Fine aggregates—Rriver sand with a fineness modulus of 3.55 is used as fine
aggregate. The amount of fine aggregate is used as 670 kg/m3.

Coarse aggregates—Two sizes of coarse aggregates are used in the current
study. First coarse aggregate was passed through a 20 mm (3/400) opening sieve
and retained on 10 mm (3/800) opening sieve and the quantity used was 500 kg/m3.
The quantity used for second coarse aggregate was 600 kg/m3 and it was passed
through a 10 mm (3/800) opening sieve. Selection of the aggregates was based on

568 T. Ayub et al.



the literature review which reveals that the crushed rock aggregates of 10–20 mm
in size are not too angular and elongated; therefore, they should preferably be used
in the manufacturing of HSC. Moreover, the bond strength between smaller size
aggregates is greater than between larger size aggregates and for that reason
smaller size aggregates (say 10–17 mm) tend to give better results [16].

Fibres—Two types of commonly available fibres: Polyvinyl Alcohol (PVA)
and Basalt fibres are used in this study as two separate reinforcements for HSC.
Fibres are selected by considering their reinforcing properties. As described in
Table 1, both PVA and Basalt fibres possess good tensile strength and young
modulus and these fibres have been added as 1, 2 and 3 % by volume of the overall
concrete mix.

Water/Cement Ratio—To produce a highly workable concrete mix in the
presence of fibres and to avoid honeycombing, a water/cement ratio of 0.4 is used
in this experimental investigation; however for HSC, the recommended water/
cement ratio ranges between 0.30 and 0.35 or lower for full compaction [16]. The
reason of using a slightly higher water/cement ratio is the addition of fibres, which
may increase water demand to avoid congestion during mixing, difficulty in full
compaction and to avoid honeycombing.

Superplasticizer—Addition of fibres in the concrete mix reduces the work-
ability of the fresh concrete; therefore, variable dosages of superplasticizer have
been used, generally increasing with the increase in the fibre volume in order to
increase the workability. The quantity of superplasticizer was mainly dependent on
the target slump of 50 ± 10 mm. A summary of the high-strength concrete mix
ingredient (with and without fibres) is described in Table 2.

2.2 Mixing and Specimens Casting Details

Careful attention was paid during the mixing of fibres into the concrete mix for
even distribution; however, it was observed that with the increase of PVA and
Basalt fibre volume, good mixing and handling became challenging which made
difficulty to pour concrete mass in the moulds. This harsh behaviour of both fresh
concretes significantly influenced the mechanical characteristics of hardened
concrete and discussed in afterward sections. In order to maintain workability and
to achieve desired slump of 50 ± 10 mm, increasing amount of superplasticizer
was used with respect to the increasing fibre volume fraction of the fibres.
Moreover, the use of small fibre volume fractions exhibited a relatively better
distribution of fibres than higher fibre volume fractions. Kooiman [17] and
Lambrechts [18] also confirmed this observation in their studies.

To obtain the strength results, three cylindrical specimens (100 9 200 mm) and
three cubes of 100 9 100 9 100 mm were cast. These specimens were used to
determine the relationship between cylinder and cube strength. Moreover, three
cylinders were additionally cast to determine the splitting tensile strengths for each
HSC concrete type. During pouring of the moulds, it was observed that the major
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concentration of the fibres was at the bottom of the moulds due to vibration. This
observation is also reported in the literature by Robins et al. [19] who investigated
the concentration of similar fibre volume (in terms of fibre distribution) in steel
fibre reinforced sprayed concrete beams and traditionally cast fibre concrete beams
and found that for the vibrated concrete at 1 % fibre volume fraction, the major
concentration of fibres was at the bottom of the beams and this concentration was
approximately four times greater than at the top.

2.3 Testing of the Specimens

After completion of the curing period, all specimens were air dried for a few hours
then tested.

Compressive strength of three (03) concrete cubes of the size
100 9 100 9 100 mm were determined according to B.S 1881-116: 1983 stan-
dard [20] whereas, splitting tensile strength testing of three (03) 100 9 200 mm
cylinders had been carried out according to BS 1881-117:1973 [21], respectively
using compression testing machine of 3,000 kN capacity. Compressive load was
applied with loading pace of 0.3 kN/s. To determine the ratio of the cylinder to
cube compressive strength, three 100 9 200 mm cylinders were also tested using
compression testing machine of 1,000 kN capacity. To obtain the stress–strain
behaviour of concrete, LVDT was also installed while testing cylinders.

Table 1 Properties of basalt and PVA fibres

Fibre details Basalt fibres PVA fibres

Fibre type Filament type Straw type
Diameter (lm) 18 660 (0.66 mm)
Cut length (mm) 25 30
Tensile strength (MPa) 4,100–4,840 900
Elastic Modulus (GPa) 93.1–110 23
Specific gravity 2.63–2.8 1.3
Elongation (%) 3.1 7

Table 2 Summary of the mix ingredients

Mix ingredients Quantity (kg/m3)

Portland cement 450
Fine aggregate (marine) 670
Coarse aggregates \10 mm 600
Coarse aggregate: 10–20 mm 500
Fibre volume content, Vf PVA fibres = 13, 26 and 39 Basalt fibres = 26, 52 and 78
Water cement ratio 0.4
Superplasticizer Variable dosage to maintain slump 50 ± 10 mm
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3 Experimental Results and Discussion

Table 3 shows the 28 days test results of compressive strength (cube and cylinder),
splitting tensile strength and modulus of elasticity for the specimens reinforced
with different fibre content to observe the effect of the addition of various amounts
of fibres on the splitting strength and modulus of elasticity. These test results are
discussed in the succeeding sections.

3.1 Compressive Strength

Twenty-eight days compressive strength test results of the cubes and cylinders are
presented in Table 3, whereas comparison of the compressive strength ratios with
respect to the fibre volume increase is presented in Table 4. Looking at the
strength ratios in Table 4, it is observed that PVA fibre volume fraction up to 1 %
increased the compressive strength; however further increase in the volume
fraction caused slight decrease in the compressive strength, although compressive
strength remained higher than control except for the specimens reinforced with
3 % fibre volume. Similarly, in case of Basalt fibres, the maximum increase in
compressive strength was observed with 1 % volume fraction. These results sig-
nify that with respect to compressive strength the maximum fibre volume fraction
is 1 % for PVA and Basalt fibres.

Moreover, the comparison of the compressive strength of high-strength con-
crete reinforced with PVA and Basalt fibres shows that the addition of PVA fibres
resulted in a slightly higher compressive strength as compared to the Basalt fibres
(refer Table 4). The reason is that PVA fibres retain their shape in hardened
concrete which offers bridging effect and better confinement of the concrete;
however, during mixing, Basalt fibres amalgamate and vanish completely in the
concrete mix due to their micro diameters which causes defragmentation into

Table 3 Compressive, split tensile test and elastic modulus results

Fibre
Type

Fibre
volume (%)

At 28 days Avg. cylinder/cube
strength ratio

Splitting
strength (MPa)

Elastic
modulus (MPa)

Compressive
strength (MPa)

Cube cylinder

– 0 5.16 40.76 82.14 71.55 0.87
PVA 1 5.41 42.98 96.2 79.79 0.83

2 6.51 38.69 94.43 77.29 0.82
3 7.04 41.44 85.63 66.80 0.78

Basalt 1 5.16 42.01 89.66 76.58 0.85
2 5.40 41.88 84.71 70.70 0.83
3 5.68 42.54 78.6 64.56 0.82
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further small pieces. In the author’s opinion, these small pieces of Basalt fibres
intrude in the pores of the concrete instead of offering the fibre behaviour thus
increase the brittleness of the concrete.

The relation between cylindrical and cube compressive strength ratios show
that cylindrical strength is approximately 87 % of the cube strength for a control
specimen; however this ratio decreases due to the addition of fibres. This slight
reduction might be due to improper distribution and orientation of the fibres,
concentration of the fibres at particular location(s) along the cylinder height and
lack of end restraining effects.

3.2 Splitting Tensile Strength

As shown in Fig. 1, with respect to the control specimen, higher splitting tensile
strength was obtained with PVA fibres reinforced HSC as compared to the Basalt
fibres reinforced HSC, but still splitting tensile strength of Basalt fibre reinforced
concrete improved with respect to the control specimen. It was also observed that
irrespective of fibre type, increase in the fibre volume enhanced the splitting tensile
strength of HSC. Using 1, 2 and 3 % PVA fibres, the increase in splitting tensile
strength of high-strength concrete was observed as 4.8, 16.2 and 36.4 %,
respectively. On the other hand, the addition of Basalt fibres caused a marginal
increase in splitting tensile strength as compared to PVA fibres. Overall, using 1, 2
and 3 % fibre volume fractions of Basalt fibres, increase in the splitting tensile
strength was found to be 0.12, 4.65 and 10.1 %, respectively. This shows that the
addition of PVA fibres better improve the splitting tensile property of high-
strength concrete in comparison to Basalt fibres. The reason is same as mentioned
earlier that PVA fibres provide better lateral confinement in comparison to Basalt
fibres.

Table 4 Ratio of cube compressive strength of HSC with and without fibres

Mix IDs No fibre 1 % PVA 2 % PVA 3 % PVA 1 % Basalt 2 % Basalt 3 % Basalt

No fibre 1 – – – – – –
1 % PVA 1.17 1 – – – – –
2 % PVA 1.15 0.98 1 – – – –
3 % PVA 1.04 0.89 0.907 1 – – –
1 % Basalt 1.09 0.93 0.949 1.05 1 – –
2 % Basalt 1.03 0.88 0.897 0.99 0.945 1 –
3 % Basalt 0.96 0.82 0.832 0.92 0.877 0.928 1
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3.3 Elastic Modulus

Experimental results of elastic modulus are presented in Table 3, whereas the
variation in the elastic modulus is plotted in Fig. 2.

The plotted values of elastic modulus in Fig. 2 shows an increasing trend due to
the addition of PVA fibres up to 2 % volume fraction, whereas use of 3 % fibre
volume fraction decreased the elastic modulus values in comparison to the control
specimen. Similarly, use of Basalt fibres resulted in a higher elastic modulus with
1 % volume fraction and further increase in volume fraction decrease the elastic
modulus; however, it remained higher than control (refer Fig. 2). The comparison
of elastic modulus values (plotted in Fig. 2) for HSC reinforced with PVA and
Basalt fibres shows that elastic modulus is improved for HSC reinforced with PVA
fibres at all fibre volume fractions in comparison to that HSC in which Basalt fibres
were used as reinforcement. These results endorse this conclusion that concrete
confinement is better with PVA fibres, whereas Basalt fibres defragment into small
pieces caused weak confinement consequently decreased the performance in
comparison with PVA fibres.
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4 Conclusions

The conclusions from this study are as follows:

1. For compressive strength, the optimal dosage for PVA and Basalt fibres was
1 %, which increased the compressive strength up to 17 and 9 %, respectively.
Overall, compressive strength of high-strength concrete reinforced with PVA
fibres was found to be higher than Basalt fibres (for the similar fibre volume
fractions) due to hard and firm structure of PVA fibre, which retained fibre
shape even after mixing in the concrete.

2. With respect to the control mixes, addition of PVA fibres improved the splitting
tensile resistance. In addition, splitting tensile strength increased with the
increasing PVA fibre volume, which was not observed in the case of Basalt
fibre reinforced high-strength concrete.

3. Overall, modulus of elasticity of high-strength concrete is not influenced by the
addition of 1–3 % fibre volume. In case of basalt fibre reinforced concrete,
higher elastic modulus was obtained as compared to control as well as PVA
fibre reinforced concrete.
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Compressive Strength and Density
of Unfired Lightweight Coal Ash Brick
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Mohamad Nidzam Rahmat and Kartini Kamaruddin

Abstract Coal-fired thermal power plant produces million tons of coal ash which
constitute of fly ash and bottom ash annually throughout the world. They were by-
product and significant to be developed as brick to substitute the existing widely
used traditional material such as clay and sand brick which were produced from
depleting and dwindling natural resources. In the present study, the coal ash from
coal-fired thermal power plant was used as the main raw material for the fabri-
cation of unfired lightweight brick. The blended binder comprising of Hydrated
Lime (HL)-Ground Granulated Blastfurnace Slag (GGBS) and Portland Cement
(PC)-GGBS were used to stabilize the coal ash in the fabrication process. Foam
was used to reduce the weight of the brick. The compressive strength in accor-
dance to BS EN 772-1 and ambient density in accordance to AS/NZS 4456.8 were
evaluated on the brick samples. The results indicated that the coal ash brick
incorporating PC-GGBS system achieved higher compressive strength compare to
the HL-GGBS system. However, as the quantity of foam increase, the strength and
density for both brick systems decreased.
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1 Introduction

In Malaysia, traditional construction material such as clay and sand brick were
currently being used as major building components in construction sector. These
materials have been produced from the locally available natural resources that
potentially will damage the environment due to their continuous exploitation and
in its manufacturing process. Hence, the use of industrial by-product as raw
material is significant for the development of construction material components as
substitution for the traditional materials and this will provide an alternative or
supplementary materials to the construction industry in a cost effective manner [1].
Therefore, it is a challenge to the researchers to recycle/reuse the potential
available industrial by-products into useful construction materials.

There were many previous researchers who have reported interesting result in
the use of industrial by-product to produce brick. However, among the industrial
by-products that available worldwide in large amount and constantly produced is
the coal ash which constitutes of fly ash and bottom ash. Ashes were produced
from the coal-fired electric thermal power plant. The fly ash was obtained from the
Electro Static Precipitator, while bottom ash was obtained from the bottom of the
furnace due to heavier solid particles formed. Throughout the world, more than
65 % of fly ash produced from coal-fired power plant are disposed in landfills [2].
Due to the increase in landfill costs and current interest in sustainable develop-
ment, the recycling of coal ash has become a great concern. In Malaysia,
approximately 1,200 NW or 20 % of national electricity is supplied by the thermal
power plant using coal as the fuel. The Sultan Abdul Aziz Shah electrical power
generator in Kapar, Selangor alone uses 100 tons of coal per hour to generate
electricity for the national grid. It produces about 15–20 tons Pulverized Fuel Ash
(PFA) per hour [3]. While in Sarawak, the state government is planning to con-
struct more coal-fired thermal power generation plants as back-up to the existing
energy sources for the state. The Public Utilities Minister has mentioned that the
state requires coal-fired power to complement its hydro power generation to meet
high demand of energy intensive industries especially in the Sarawak Corridor of
Renewable Energy (SCORE) due to the estimated total of one billion tons of coal
reserve in Mukah-Balingian region [4]. Therefore, in general, Malaysia used about
11.2 million tons of coal per year and approximately over 2 million tons of coal
ash is produced annually. However only small percentage was used or recycled
with the remain of the ashes were sent for disposal to lagoons or ponds [5].

Many researchers have studied and reported on the use of fly ash as raw
material for masonry brick [6–13], however, there is paucity of published work on
the use of fly ash and bottom ash as the main raw material incorporating the
combination of Hydrated lime (HL)-Ground Granulated Blastfurnace Slag
(GGBS) and Portland Cement (PC)-GGBS as the binder. There is also little evi-
dence on the research effort carried out in development of a lightweight bricks
using industrial by-product [14]. Therefore, this paper focus on the utilization of
coal ash from coal-fired electric thermal power plant as the main raw material and
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stabilize using HL-GGBS and PC-GGBS system as the binder in the fabrication of
unfired lightweight coal ash brick. The effect of HL-GGBS and PC-GGBS ratio to
the compressive strength and the effect of addition of foam to the density of the
brick were investigated.

2 Material and Methodology

2.1 Materials

The main raw materials used in this study consisted of fly ash and bottom ash. The
fly ash obtained is originally a by-product produced from Sejingkat, Sarawak coal-
fired thermal power plant. The used of fly ash was larger than the bottom ash in
amount because of the production ratio of fly ash is higher (80 %) compare to
bottom ash (20 %) that produced from the total production of the coal ash at the
power plant. In accordance to ASTM C618-08a [15], the fly ash is categorized as
Class F base on its chemical composition (Table 1) in which the sum of silicon
dioxide (SiO2), aluminium oxide (Al2O3) and ferric oxide (Fe2O3) exceed 70 %.
Class F fly ash is unstable in terms of the ability to bind because it contain less
calcium oxide (CaO). Therefore, the fly ash requires stabilizer. The bottom ash
was collected from Kapar Thermal Power Plant, Klang, Selangor and was dried at
ambient temperature in the laboratory before used. The binders used in this study
which aim to stabilize the brick unit comprising of HL-activated GGBS and PC-
activated GGBS at various ratio. The function of HL and PC are as the activator to
GGBS. Other materials used in this study were foaming agent synthetic type
(MEYCO SLF-30) to produce foam and potable tap water in the mixing process.
The chemical compositions of the main raw materials and binders are shown in
Table 1. The results of particle size distributions of fly ash, bottom ash, HL, PC
and GGBS were obtained by dry sieving method as per guideline provided by BS
1377-2:1990 [16] and are shown in Fig. 1. The specific gravity of fly ash, bottom
ash, HL and GGBS was determined as per guideline provided by BS 1377-2:1990
[16]: Determination of particle density using small pycnometer method. The result
is taken from the average of the mean of three tests. The specific gravity value was
2.41 for fly ash, 2.26 for bottom ash, 2.40 for HL and 2.90 for GGBS.

2.2 Mixing and Preparation of Brick Sample

Prior to commence of casting, the steel mould was cleaned for smooth surface by
using air compressor and oiled. Thirty two (32) mix proportions were prepared and
the percentage of material used is as shown in Table 2. The variations in the mixes
were the stabilizer percentage content ratio of 30:70, 50:50, 70:30 and the
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percentage content of foam used was 0, 25, 50, 75 and 100 %. The total number of
masonry brick unit samples prepared in this study was two hundred and eighty
eight (288) for the compressive strength test. All materials were used as received
from the supplier without any prior treatment. Pan mixer was used in the process
of mixing all of the materials. The mixture proportion series were prepared with
30 % constant amount of water by total weight of dry material. The masonry
bricks were produce using soft mud method with foaming technique which require
high amount of water and forming the shape using steel mould size of
215 9 102.5 9 65 mm. For all of the mixes series, the content of bottom ash and
fly ash amount was fixed at 10 and 60 % respectively. The total percentage amount
of binder content of HL-GGBS and PC-GGBS were fixed at 30 %. All materials
were weighed using digital balance according to the series of mixture proportions
to gain the exact amount as required for casting. During the mixing process, all

Table 1 Chemical composition of fly ash, bottom ash, hydrated lime, ground granulated blast-
furnace slag and portland cement

Parameter Percentage (%)

Fly ash Bottom ash HL GGBS PC

SiO2 48.56 59.04 0.18 29.99 18.66
Al2O3 19.56 15.53 0.09 11.42 3.82
Fe2O3 5.82 10.22 0.13 0.32 2.86
CaO 3.35 0.70 57.54 40.72 64.76
K2O 2.93 1.34 0.03 0.35 0.23
MgO 1.84 0.22 1.99 5.13 1.79
Na2O 0.88 0.09 0.02 0.20 –
TiO2 0.88 0.76 0.01 0.49 0.14
P2O5 0.30 0.05 0.02 – 0.10
BaO 0.15 0.03 – 0.08 –
SO3 0.14 0.04 – 2.10 3.59
SrO 0.09 0.02 0.02 0.07 0.02
MnO 0.08 0.27 0.02 0.22 0.08
ZrO2 0.05 0.06 – 0.03 –
Cr2O3 0.02 – – – –
Rb2O 0.01 – – – –
Cl – – 0.02 – 0.01
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materials were placed in the mixer and mixed for one (1) minute until homoge-
neous. Water was poured in gradually until all the materials were uniformly
mixed. Mixing continues for 10 min for the materials to properly blend before
injecting foam that were generated using NCT Model foam generating machine
into the mix slurry using lance. The ratio of foaming agent to water used was 1:30.
The mixing continues for the foam to properly blend into the mix slurry. Then, the
fresh slurry was poured into the steel mould. The samples were placed at drying
area for 48 h before the mould can be removed. After removal of the brick samples

Table 2 Series of mixture proportions

Mix Code Main raw material Binder Foam (%) Water (%)

Bottom ash (%) Fly ash (%) (HL-GGBS) or (PC-GGBS)
(%)

HL PC GGBS

HL 10 60 30 – – 0 30
PC 10 60 – 30 – 0 30
LG-1-0 10 60 10 – 20 0 30
LG-2-0 10 60 15 – 15 0 30
LG-3-0 10 60 20 – 10 0 30
PG-1-0 10 60 – 10 20 0 30
PG-2-0 10 60 – 15 15 0 30
PG-3-0 10 60 – 20 10 0 30
LG-1-25 10 60 10 – 20 25 30
LG-2-25 10 60 15 – 15 25 30
LG-3-25 10 60 20 – 10 25 30
PG-1-25 10 60 – 10 20 25 30
PG-2-25 10 60 – 15 15 25 30
PG-3-25 10 60 – 20 10 25 30
LG-1-50 10 60 10 – 20 50 30
LG-2-50 10 60 15 – 15 50 30
LG-3-50 10 60 20 – 10 50 30
PG-1-50 10 60 – 10 20 50 30
PG-2-50 10 60 – 15 15 50 30
PG-3-50 10 60 – 20 10 50 30
LG-1-75 10 60 10 – 20 75 30
LG-2-75 10 60 15 – 15 75 30
LG-3-75 10 60 20 – 10 75 30
PG-1-75 10 60 – 10 20 75 30
PG-2-75 10 60 – 15 15 75 30
PG-3-75 10 60 – 20 10 75 30
LG-1-100 10 60 10 – 20 100 30
LG-2-100 10 60 15 – 15 100 30
LG-3-100 10 60 20 – 10 100 30
PG-1-100 10 60 – 10 20 100 30
PG-2-100 10 60 – 15 15 100 30
PG-3-100 10 60 – 20 10 100 30
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from the steel mould, the bricks were wrapped using several layers of cling film,
kept at storage rack for air curing for 7, 28 and 56 days prior to the compressive
strength test.

2.3 Test Methods

The compressive strength test was carried out in accordance to BS EN 772-1 [17]
and ambient density according to AS/NZS 4456.8 [18]. The compressive strength
of the brick sample was determined by using ELE compressive strength test
machine with maximum load capacity of 1,500 kN running at a pace rate of
2.5 kN/s. The load is applied to the bed face of the masonry brick sample with the
dimension of 215 9 102.5 mm2. This method has been done among other
researchers [8, 19, 20]. The compressive strength is calculated by dividing the
maximum load with the applied load area of the sample. The ambient density of
the brick samples were determined by dividing the mass with volume.

3 Result and Discussion

Table 3 shows the result obtained from the tests. Two hundreds and eighty eight
(288) brick samples from thirty two (32) mixes proportion were tested for com-
pressive strength. Three samples were prepared for each curing days and the
results were taken as average. The similar brick samples were used to determine
the ambient density.

Class F fly and bottom ash contains high SiO2 to promote strength, but with less
contain of CaO in the composition, it requires stabilizer to aid in its binding
process. Traditional binder such as HL and PC can be use as the stabilizer because
both materials posses high content of CaO. However, HL and PC are among non-
environmental friendly materials that eventually will damage the environment in
its continuous exploitation and also in the manufacturing process. Therefore,
hydraulic binder such as GGBS, a by-product from steel manufacturing process, is
suitable to be used as stabilizer and substitution to HL and PC because of high
contain of SiO2 and CaO in its composition. However, GGBS on its own has only
slow cementitious properties in which it requires an alkali to activate and accel-
erate these properties [21]. In the present study, HL and PC were used to provide
the necessary alkalinity to activate the GGBS. The results show that brick using
HL-activated GGBS system and PC-activated GGBS system as the binder have
achieved higher compressive strength compare to the brick that using HL and PC
on its own.
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3.1 Compressive Strength

Mix code HL and PC serve as the controls which use 100 % hydrated lime and
Portland cement respectively as the binder to stabilize the brick and without foam.
The rest of the mixes were using combination of HL-GGBS and PC-GGBS as the
binder. From the result observation of HL-GGBS system, the mix code LG-1-0
with binding ratio 30:70 indicates the highest compressive strength of 9.13 N/mm2

at 7 days, 20.84 N/mm2 at 28 days and 26.18 N/mm2 at 56 days. When percent-
age of hydrated lime content in the HL-GGBS ratio was increased, it caused a

Table 3 Results of compressive strength test and density

Mix code Compressive strength (N/mm2) Density (kg/m3)

7 days 28 days 56 days

HL 3.61 13.98 19.71 1,713.3
PC 14.07 26.74 29.60 1,817.6
LG-1-0 9.13 20.84 26.18 1,767.7
LG-2-0 7.62 17.47 24.32 1,769.5
LG-3-0 5.29 15.89 22.25 1,763.5
PG-1-0 14.48 29.88 36.75 1,768.6
PG-2-0 17.69 33.61 39.18 1,755.1
PG-3-0 20.23 38.19 42.87 1,776.4
LG-1-25 7.71 19.43 22.29 1,748.2
LG-2-25 6.04 17.21 21.03 1,734.2
LG-3-25 4.93 15.78 18.70 1,739.2
PG-1-25 9.77 27.97 34.50 1,748.0
PG-2-25 11.90 30.28 36.69 1,759.8
PG-3-25 12.53 33.07 39.02 1,740.0
LG-1-50 6.33 15.19 17.62 1,691.5
LG-2-50 5.64 14.84 16.81 1,675.5
LG-3-50 4.53 13.88 15.02 1,675.2
PG-1-50 8.79 19.03 21.63 1,657.3
PG-2-50 9.20 19.55 24.34 1,650.5
PG-3-50 10.53 20.61 26.59 1,646.6
LG-1-75 3.32 10.56 13.26 1,451.7
LG-2-75 2.41 9.42 11.57 1,453.8
LG-3-75 1.53 8.41 10.78 1,462.4
PG-1-75 5.21 11.39 15.22 1,434.9
PG-2-75 6.17 12.87 16.16 1,454.1
PG-3-75 7.10 13.60 17.44 1,463.3
LG-1-100 0.93 2.90 3.85 1,096.1
LG-2-100 0.85 2.54 3.48 1,115.8
LG-3-100 0.72 2.16 3.19 1,116.3
PG-1-100 1.15 3.27 4.34 1,071.6
PG-2-100 1.38 3.49 4.85 1,085.4
PG-3-100 1.77 3.82 5.22 1,099.2
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decrease in the compressive strength. This is exhibited by samples mix code LG-2-
0 with binding ratio 50:50 which recorded 7.62 N/mm2 at 7 days, 17.47 N/mm2 at
28 days, and 24.32 N/mm2 at 56 days and also LG-3-0 with binding ratio 70:30
which recorded 5.29 N/mm2 at 7 days, 15.89 N/mm2 at 28 days, and 22.25 N/
mm2 at 56 days as shown in Fig. 2. This might be due to the lower total content of
CaO and SiO2 in the hydrated lime compare to GGBS. The higher total amount of
CaO and SiO2 content in GGBS might contribute in the increase of the com-
pressive strength for the brick. The use of hydrated lime on its own as the binder as
in the mix code HL recorded lower compressive strength of 3.61 N/mm2 at 7 days,
13.98 N/mm2 at 28 days and 19.71 N/mm2 at 56 days compare to the mixes that
were using HL-GGBS system at any ratio. Whereas for the PC-GGBS system, the
mix code PG-3-0 with binding ratio 70:30 indicates the highest compressive
strength of 20.23 N/mm2 at 7 days, 38.19 N/mm2 at 28 days and 42.87 N/mm2 at
56 days. When percentage of Portland cement content in the PC-GGBS ratio was
reduced, it caused a decrease in compressive strength. This is exhibited by samples
mix code PG-1-0 with binding ratio 30:70 which recorded 14.48 N/mm2 at 7 days,
29.88 N/mm2 at 28 days and 36.75 N/mm2 and also PG-2-0 with binding ratio
50:50 which recorded 17.69 N/mm2 at 7 days, 33.61 N/mm2 at 28 days and
39.18 N/mm2 at 56 days as shown in Fig. 2. This might be due to the lower total
content of CaO and SiO2 in the GGBS compare to PC. The use of Portland cement
on its own as the binder as in the mix code PC recorded lower compressive
strength of 14.07 N/mm2 at 7 days, 26.74 N/mm2 at 28 days and 29.60 N/mm2 at
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56 days compare to the mixes that were using PC-GGBS system at any ratio.
However, when foam was used, the compressive strength shows reduction. The
higher percentage of foam used, the more reduction was recorded. This indicate
that the use of foam to lightweight the brick reduce the compressive strength.
When 25 % of foam was added into the mixes for both system HL-GGBS and PC-
GGBS, the compressive strength indicate only a slight decrease compare to mix
without foam. When 50 and 75 % of foam was added, the reduction in com-
pressive strength becomes more significant. At this percentage, even though the
compressive strength reduces but the value at 28 days satisfies the minimum
requirement of BS 6073 of 7.3 N/mm2. However, when 100 % of foam was added,
the compressive strength becomes very low and recorded below 4 N/mm2 at
28 days. This is shown in Figs. 3 and 4.

3.2 Density

In this present study, foam was used to reduce the weight of the brick. The pre-
formed foaming method was applied. The ratio of foaming agent to water used was
1:30 for the foam to be fully expanded [22]. The amount of foam injected into the
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mix slurry was control by using watch timer. The function of foam is to create pore
structure by introducing air in the form of small bubbles within the bricks. As
expected, the density of the brick decrease with the increase in the addition of foam
in the mixes for both HL-GGBS and PC-GGBS system as shown in Figs. 5 and 6.
However, a slight decrease in density can be seen for both mixes when only 25 % of
foam content was used. This indicates that the 25 % amount of foam was not
significantly sufficient to reduce the weight of the bricks. When the foam percentage
was increased to 50 %, the density of the brick reduces by approximately 100 kg/m3.
However, this is still considered heavy when the density was recorded approxi-
mately at 1,600 kg/m3. The density of the brick reduces to approximately at
1,400 kg/m3 when 75 % amount of foam was used. This can be considered balanced
within the value of density and compressive strength achieved. By increasing the
foam percentage to 100 %, the density of the brick reduces to approximately
1,100 kg/m3. However, the compressive strength was extremely decreased and have
not achieved the minimum requirement of BS 6073 [23].

4 Conclusion

This study was carried out to evaluate the significance of utilizing industrial by-
products such as fly ash, bottom ash with the incorporation of HL-GGBS and PC-
GGBS as binder with foam in developing the unfired lightweight coal ash brick.
From the result of this study, conclusions can be drawn as the following:

1. The use of traditional binder such as hydrated lime and Portland cement can
be reduced and replaced with GGBS, a by-product from steel manufacturing
process.

2. Hydrated lime and Portland cement can be used to provide the necessary alkali
for GGBS to activate and accelerate its slow cementitious properties.

3. The use of hydrated lime or Portland cement as an activator to GGBS as the
stabilizer was able to increase the compressive strength of the brick compare
to the use of hydrated lime or Portland cement on its own.
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4. The use of PC-GGBS system has achieved higher compressive strength value
compare to HL-GGBS system.

5. In the HL-GGBS system, the ratio of HL to GGBS at 30:70 has recorded
higher compressive strength compare to the ratio 50:50 and 70:30.

6. In the PC-GGBS system, the ratio of PC to GGBS at 70:30 has recorded
higher compressive strength compare to the ratio of 50:50 and 30:70.

7. The increase in the addition of foam in the mixes will decrease the com-
pressive strength and density of the brick.

8. The addition of foam amount by 25 % was not significantly sufficient to
reduce the density of the brick.

9. The amount of foam to 100 % was sufficient to reduce the density of the brick
but achieved lowest compressive strength.

10. Compressive strength of masonry brick unit with 75 % of foam addition at
28 days satisfies the requirements in BS 6073 for the brick to be used as
building material and the density reduces to approximately 1,400 kg/m3.

Further investigation on the durability aspects need to be carried out on the
brick include flexural strength, water absorption, thermal conductivity and salt
attack resistance.
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Fibre Reinforced Modulus of Elasticity
and Compressive Strength of Foamed
Concrete

R. Suzila, M. S. Hamidah, A. Anizahyati and M. R. Ahmad Ruslan

Abstract The influence of fibres in various level of density of foamed concrete to
improve the performance characteristics has been investigated. Fibres used are in
two different types which are synthetic (polypropylene fibre) and natural (kenaf
fibre). Those fibres were cut into same length which is 15 mm with proportion of
3 % by volume in the design mix. The effects on modulus of elasticity and
compressive strength are reported. Compared to plain foamed concrete, specimens
filled with polypropylene (PP) fibre at 1,800 kg/m3 density of foamed concrete,
caused about 40 % increase in modulus of elasticity and a 18 % increase in the
compressive strength. However, kenaf fibre specimens at 1,800 kg/m3 density of
foamed concrete caused a decrease in modulus of elasticity by about 29 % and
decrease in compressive strength by about 21 %. These indicate a vital gain in the
ductility and strength when foamed concrete incorporating with polypropylene
(PP) fibre as compared to kenaf fibre reinforced foamed concrete.

Keywords Compressive strength � Modulus of elasticity � Kenaf fibre � Poly-
propylene fibre � Foamed concrete

1 Introduction

Foamed concrete is an innovative approach of concrete technology that is inherent
in term of cost and constructive over conventional concrete. It is produced using
less material than regular concrete, thus making it a green alternative for typical
heavy concrete. This surety less environment impact by using less cement, much
less sand and eliminated function of gravel in conventional concrete, which all
require large amount of energy to be produced. Owing to this noteworthy,
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structural concrete has been widely manufactured by using foamed concrete in
many applications such as insulating wall panels, thermally insulating foundation
plates, precast and many more.

However, innovation has always been met with resistance. Foamed concrete,
other than its lower strength, its mechanical characteristics also were lacking in
some aspects [1] such as prone to low in elasticity, shrinkage and creep. This
conundrum where influenced by the elimination of coarse aggregate function as a
stronger matrix bond in the concrete.

One of the crucial characteristic of foamed concrete is the low elasticity and
compressive strength due to its high porosity and the probability of high perme-
ability [1, 2]. This could lead to increase in brittleness nature of foamed concrete
and some disadvantage such as poor deformability [3]. The decisive problems of
foamed concrete become the vital problems when these contribute to reduction of
the strength and then affected performance and durability of the concrete.

Therefore, improving ductility and brittleness of foamed concrete is the key point
to make them suitable as structural material with an endeavor to seek a superior
mechanical property of foamed concrete. The vast attractions on the production of
structural foamed concrete in many applications have become awareness for con-
crete industry to implement to greener environment and sustainable construction.
These have renewed the interest in using fibres as a reinforcement that possess
greater mechanical properties in term of elasticity and compressive strength.

There is now ample evidence that the application of discrete fibre has been
proposed by many researchers in enhancement of foamed concrete mechanical
properties such as Bagherzadeh et al. [3], Boghossian and Wedger [4] and Jones
and McCarthy [5]. Conversely, review on the works of Libre et al. [6] and Rashdi
et al. [7] has revealed that addition of fibre did not significantly affect the
mechanical properties of foamed concrete.

Nevertheless, in spite of advantages that have been reported in this area [3–5],
much more research is still needed. This is especially so because of the diversity of
fibre types and various level of density may be obtained by foamed concrete.

The effect of two different types of fibre reinforcement on foamed concrete is
reported in this paper. There are polypropylene (PP) and kenaf fibre. The paper
reports and discusses the different effect from those sample incorporation with
synthetic and natural fibre and the effect of various level of density on the modulus
of elasticity and compressive strength of foamed concrete.

2 Experimental Work

2.1 Preparation of Foamed Concrete Specimens

Five series of foamed concrete with density ranging from 1,000 to 1,800 kg/m3

were cast. There were 90 number of specimens, which consist of 45 cylinders
(100Ø 9 200) mm and 45 cubes (100 9 100 9 100) mm for modulus of elasticity
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test and compressive strength test respectively. For each series, the specimens
were adopted with three batches of different fibre content. In this work, two types
of fibre have been cut into 15 mm length to be incorporated at level of 3 % (by
volume) of kenaf fibre and polypropylene fibre. For each series, 2.0: 1.0 sand
cement ratio and 0.5 of water content were integrated. The polypropylene fibre
used in this research is monofilament type whereas kenaf fibre used is bast type and
was obtained from Lembaga Tembakau Negara (LTN). The Ordinary Portland
Cement (OPC), river sand, tap water and foaming agent of synthetic type based
(Finefoam 707) were used to generate foamed concrete mix.

The cylinder 100Ø 9 200 mm and cubes 100 9 100 9 100 mm were prepared
for three replicate test specimens for both modulus of elasticity test and com-
pressive strength test. The specimens were demoulded after 48 h casting in order
to ensure a sufficient hardening for handling. Then, all the test specimens were
subjected to water cured for 28 days.

2.2 Testing Method

2.2.1 Compressive Strength Test

Foamed concrete with density ranging from 1,000 to 1,800 kg/m3 were cast in
100 9 100 9 100 mm cubes. The cubes were conducted by using the compressive
machine at the pace rates of 3.00 kN/s as recommended by BS 1881: Part 4: 1997.
The stress readings were recorded and analyzed to determine the effect of addi-
tional fibres to the compressive strength at the age of 28 days.

2.2.2 Modulus of Elasticity Test

The modulus of elasticity test was performed at the age of 28 days according to
ASTM C469-02. Two linear variable differential transformers were connected to a
digital transducer and the data were fed into a data logger. The load was applied at
constant rate within the range 35 ± 5 psi per second. The data from both linear
variable differential transformers (LVDTs) were averaged and plotted as stress–
strain relationship graph. To obtain the elastic zone, the data were recorded when the
data points starting at strain value of 50 million, up to 40 % of the ultimate load.

3 Results and Discussions

The results of 28-day modulus of elasticity and compressive strength of foamed
concrete are presented in Table 1 with respect to the specimen level of densities
and fibre type of each series. The series consist of plain foamed concrete (NLWC),
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PP reinforced foamed concrete (LWCP) and kenaf reinforced foamed concrete
(LWCK).

3.1 Effects of Various Level of Density to Modulus
of Elasticity and Compressive Strength

To study the effect of various level of density on elastic modulus and compressive
strength of foamed concrete, five series of specimens were performed ranging
between 1,000 to 1,800 kg/m3 for group addition of polypropylene fibre (LWCP),
kenaf fibre (LWCK) and plain foamed concrete (NLWC). Figures 1 and 2 presents
the modulus of elasticity and compressive strength of the series of unreinforced,
reinforced with polypropylene fibre and kenaf fibre.

Obviously, the elastic modulus of foamed concrete incorporated with poly-
propylene fibre (LWCP) uptakes proportionally with increment of foamed concrete
density. However, the compressive strength values shown abruptly increased
between 1,200 and 1,600 kg/m3.

On the other hand, for both specimens with kenaf fibre (LWCK) and plain
foamed concrete (NLWC) clearly shown a symmetrical trend or achieved almost
the same values up to 1,600 kg/m3. But there is an overlapping results of com-
pressive strength between kenaf reinforced foamed concrete (LWCK) and plain
foamed concrete (NLWC) at the density ranging between 1,200 and 1,400 kg/m3.
Nevertheless, at the end as of 1,800 kg/m3 lightweight concrete filled with PP fibre
(LWCP) gives the highest value for both elastic modulus and compressive
strength.

From Figs. 1 and 2, it shows that the value of elastic modulus and compressive
strength increasing as the density level was increased for all foamed concrete
specimens. It was observed that PP reinforced foamed concrete (LWCP) with the
highest density of 1,800 kg/m3 gives the maximum elastic modulus value of
22.96 GPa as compared to kenaf reinforced foamed concrete (LWCK) and plain
foamed concrete (NLWC) which are 11.59 and 16.36 GPa, respectively. Same
goes to compressive strength, the highest strength of 19.035 MPa was given by PP
reinforced foamed concrete (LWCP), whereas, 12.838 and 16.157 MPa for kenaf

Table 1 Results of modulus of elasticity and compressive strength

Density (kg/m3) Modulus of elasticity (GPa) Compressive strength (MPa)

NLWC LWCK LWCP NLWC LWCK LWCP

1,000 3.88 3.21 5.87 1.91 1.23 1.82
1,200 5.18 4.59 7.78 2.37 1.44 7.01
1,400 7.95 7.10 11.54 3.69 4.68 13.44
1,600 10.69 9.54 16.35 13.25 10.87 16.93
1,800 16.36 11.59 22.96 16.16 12.84 19.04
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reinforced foamed concrete (LWCK) and plain foamed concrete (NLWC)
respectively.

Owing to the high porosity, foamed concrete is more prone to deform.
Apparently, the absence of coarse aggregate in foamed concrete leads to lower
elasticity due to its lower density [5]. Consequently, this would affect the ductility
of the foamed concrete and become more brittle [8]. Moreover, the size of voids in
the foamed concrete will govern its compressive strength. The higher the com-
pressive strength will indicate the lower void size. Foamed concrete which contain
a lot of voids, the compressive strength will reduce according to the reduce of

Fig. 2 Compressive strength of lightweight concrete

Fig. 1 Modulus of elasticity of lightweight concrete
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density. This revealed that the elasticity and compressive strength of lightweight
concrete is affected by the volumetric proportion of aggregate in the concrete in
order to perform the stronger matrix bond [8].

3.2 Effects of Fiber Content

Foamed concrete is expected to manifest a low mechanical behaviour such as
elastic modulus and compressive strength. In this work, two types of fibre were
chosen which are polypropylene fibre (PP) and kenaf fibre to represent the
enhancement in mechanical of different density of foamed concrete.

Results of elastic modulus and compressive strength of foamed concrete with
different types of fibre were performed. The mean of elastic modulus and com-
pressive strength from three identical specimens are expressed as depicted in
Figs. 3 and 4 for group of five different levels of density of foamed concrete.

According to the results illustrated in Fig. 3, it can be seen that the modulus of
elasticity for kenaf reinforced foamed concrete (LWCK) is lower than that of PP
reinforced foamed concrete (LWCP) and plain foamed concrete (NLWC). This is
predictable since the compressive strength as depicted in Fig. 4 also shows that kenaf
reinforced foamed concrete (LWCK) records the lowest value as compared to the other
two PP reinforced foamed concrete (LWCP) and plain foamed concrete (NLWC).

The elasticity and compressive strength increase as the density of foamed
concrete increase. The foamed concrete specimens with addition of PP fibre
(LWCP) attain the highest elasticity and compressive strength as compared to
plain foamed concrete (NLWC). This proved that, inclusion of PP fibre in the
foamed concrete mix improves the elastic modulus and compressive strength of
the resulted foamed concrete. This finding is also in line with that reported by
Jones and McCarthy [5].

Fig. 3 Modulus of elasticity of lightweight concrete
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However, inclusion of kenaf fibre (LWCK) gives lesser impact to the modulus
of elasticity and compressive strength of foamed concrete. In fact, the modulus of
elasticity and compressive strength of kenaf reinforced foamed concrete (LWCK)
is lower than those of plain foamed concrete (NLWC). This could be due to its
high cellulose content that attribute to high absorption of moisture which nega-
tively affects the mechanical properties of the resulted concrete [7]. High amount
of absorbed water causes swelling of fibre. This could fill the gap between fibre
and the matrix bond and eventually could lead to reduction in the elasticity and
compressive strength [8].

These observations emphasize the importance of the matrix bond of foamed
concrete to improve the performance of foamed concrete. The advantage that the
polypropylene fibre contributes to the ductility of foamed concrete is obvious.

4 Conclusion

This study investigates the influence of incorporating fibre into the foamed con-
crete mix made of varies on the compressive strength and modulus of elasticity
properties of the resulted foamed. The following conclusions can be drawn from
the investigation:

1. Addition of polypropylene (PP) fibre appreciably increased the ductility and
strength of foamed concrete. However, addition of kenaf fiber did not signifi-
cantly enhance the modulus of elasticity and compressive strength. This could
be due to kenaf high cellulose content that attribute to high absorption of
moisture which affects these properties. Thus, polypropylene fibre (synthetic)
contributes more to ductility and strength compared to kenaf fibre (natural) in
this study.

Fig. 4 Compressive strength of lightweight concrete
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2. Addition of polypropylene (PP) fibre (LWCP) to 1,800 kg/m3 density of
foamed concrete caused a 40 % increase in modulus of elasticity and a 18 %
increase in the compressive strength. However, kenaf reinforced foamed con-
crete (LWCK) at 1,800 kg/m3 density of foamed concrete caused a decrease in
modulus of elasticity by about 29 % and decrease in compressive strength by
about 21 %.

3. Modulus of elasticity and compressive strength of the foamed concrete
increases as the density of foamed concrete increases. In other words, the
elasticity and compressive strength of foamed concrete is affected by its
density.
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Behavior of Reinforced Masonry Column
Under Axial Loading Using Sand Quarry
Dust Modular Unit

Zulhazmee Bakri, Zakiah Ahmad and Atikah Fatma Md Daud

Abstract Hollow sand cement block with quarry dust as sand replacement is an
important addition to the types of masonry units available to the builder. Therefore
this paper reports the investigation made on the column constructed using hollow
quarry dust cement block (QUCB). The emphasis is given to study the crack
patterns developed in the columns, the load carrying capacity of the block indi-
vidually and when used in the masonry work. Two types of columns were pre-
pared; short and tall column with and without reinforcement where tall column
with size 260 mm (width) 9 260 mm (length) 9 3,190 mm (height) and 260 mm
(width) 9 260 mm (length) 9 700 mm (height) for short column. The specimens
were subjected to axial loads until failure. The results showed that the hollow
quarry dust blocks have the potential to be used as construction structural
elements.

Keywords Masonry � Hollow block � Reinforced column � Quarry dust �
Compressive strength

1 Introduction

Masonry biggest application is in the main structures construction for a building
like buffle wall, column, and so on. Masonry is widely used and started in the
European countries and also some other developed countries [1]. In most cases the
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masonry is used purely as an infill wall. Although bricks belong to the conven-
tional and traditional building materials, reinforced concrete frames are favored in
construction industry nowadays.

Reinforced brick masonry consists of brick masonry which incorporates steel
reinforcement embedded in mortar or grout. This masonry has greatly increased
resistance to forces that produce tensile and shear stresses. The reinforcement
provides additional tensile strength, allowing better use of brick masonry’s
inherent compressive strength. The two materials complement each other, result-
ing in an excellent structural material. The principles of reinforced brick masonry
design are the same as those commonly accepted for reinforced concrete, and
similar formulae are used.

The earliest method of placing reinforcement into brick masonry was simply to
place iron or steel bars in mortar joints, as the bricks were laid. Later the rein-
forcement was placed in collar joints between two masonry wythes and surrounded
by mortar or fine grout. Eventually the space between wythes was increased in
width and filled with grout. The most recent means of constructing reinforced
masonry incorporates hollow brick. These units are manufactured with large open
cells which align vertically when the units are laid. Vertical reinforcement is
placed in the cells by laying the brick over or around the bars, or by threading the
bar in after the brick are laid.

There are various types of masonry unit on the market which are normally been
used in some structural masonry construction. Those are stone, clay brick, concrete
brick, concrete block, and calcium silicate brick [2]. Masonry hollow blocks are
extremely versatile and durable. It offers cost effective and practical benefits for
internal and external walls, column houses and industrial buildings. It is also has
better substitute to work faster and faster to build a structure.

The current standard for designing masonry structure is for solid masonry. The
Australian standard, AS 3700 Standards Australia 2001 [3] for structural masonry
design, provides relatively simple unified design methodology for determining the
design capacity of masonry elements based on empirical data and revisions of
previous code provisions. The basic compression capacity of the section is
determined from characteristic material strength and effective cross-sectional area.
Member capacity is determined by applying a capacity reduction factor to the
sectional resistance. Tabulated values of capacity reduction factor provided are a
function of load eccentricities and member slenderness ratio. For other low
strength compression materials, such as stone masonry, earth walls have histori-
cally been proportioned using simplified geometric rules of thumb. Therefore,
Maniatidis and Walker [4] investigated the validity of using masonry design rules
for the design of rammed earth structural elements under concentric and eccentric
axial load. They found that the existing codes provided a good estimate on the
structural capacity of rammed earth for small load eccentricities up to 10 %.
Maroliya [5] compared the load carrying capacity of hollow concrete block
masonry column and brick masonry column under axial load and found that the
strength of column constructed with hollow concrete blocks gave less strength as
compared to brick masonry. However the cost of column constructed with hollow
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concrete blocks is very much less than that of brick masonry. Shah [6] studied the
load carrying capacity, ductility and serviceability of unreinforced masonry col-
umns with ferrocement by varying cement mortar thickness, gage-wire spacing
and bond at the interface of ferrocement and brick columns and concluded that the
reinforcement with ferrocement have very little benefit which is only on the
reduction of cracks.

This study used new masonry product manufactured using quarry sand and
supplied by ID Interlocking Brick Sdn Bhd. In order to use this block as a
structural elements, there is a need to investigate the performance of the structural
elements constructed using the quarry dust hollow block. Therefore, this study
investigated the performance of reinforced masonry column when subjected to
axial load.

2 Materials and Preparation of Samples

2.1 Quarry Dust Hollow Blocks

The quarry dust hollow blocks were supplied by ID Interlocking Bricks Sdn Bhd
from Terengganu, Malaysia. The brick was manufactured using 1:5:5 (cement:
sand: quarry dust). The size of hollow block is 190 mm (thick) 9 125 mm
(length) 9 125 mm (width) as shown in Fig. 1.

2.2 High Strength Mortar

The mortar is used for bonding blocks. This study used special high mortar
strength called Emaco R1. The reason to use this special mortar is to expedite the
curing process and also to achieve suggested strength of mortar (20 MPa) in
7 days. The mortar was prepared by adding the 0.2 L of water for 1 kg of EMACO
R1. The mortar cubes of size 50 9 50 9 50 mm were prepared and subjected to
compression test after 7 and 28 days.

2.3 Concrete

The concrete used to fill the hole was designed based on Grade 20 concrete.
Concrete cubes of size 100 9 100 9 100 mm were casted and subjected to
compression test after 7, 14 and 28 days.
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2.4 Steel Reinforcement

The size of steel reinforcement used was estimated based on reinforced concrete
design in accordance with BS5628 [7] for designing concrete column of cross-
section 260 9 260 mm using formula as follows;

100As

bd
� 0:4 % ð1Þ

100As

260x260
� 0:4 %

So, As C 270 mm2.
Hence provide 4T10 (314 mm2) and hence As provided CAs required.

2.5 Columns Configurations with and Without
Reinforcement

Two types of columns were constructed; short and tall columns.

1. Short column

The properties of masonry are influenced by the compressive strength and
elastic modulus of bricks and mortar as well as other factors such as interfacial
bond strength between brick and mortar, moisture in the brick at the time of laying,
thickness of mortar joints, arrangement of bricks, workmanship etc. [8].

Compressive strength of masonry is an important characteristics used in the
design of masonry structures. According to British standards (BS 5628: Part1:
1978) [7], the compressive strength of masonry can be determined from the unit
strength method and prism test method. Therefore this study compared the com-
pressive strength using unit strength method and prism method. The prisms or
short columns were constructed with height (h) to thickness (t) ratio of 3.1 as
recommended by the standard where height/thickness (h/t) ratio between 2 and 5
for determining the compressive strength of the masonry. Two types of short
columns were prepared; with and without reinforcement.

(a) (b) (c)Fig. 1 Hollow block;
a schematic diagram, b top
view and bottom view and
c side view
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The column was constructed using layers of a cluster of four blocks jointed
together using mortar of thickness 10 mm as shown in Figs. 2 and 3. Once the
cluster was cured after 7 days, the cluster was stacked on top of each other using
mortar as shown in Fig. 4. As for reinforced short column, the column was filled
with concrete of Grade 20 and T10 reinforcement as shown in Fig. 5. Link was not
used in this study to follow the similar conditions on site and as an Industrialised
Building System (IBS). Three replicates were constructed for each column types.

High Strength 

Mortar 

26
0

260

10

Hollow

Fig. 2 Detail cross section
of a cluster of blocks

Fig. 3 Preparations from
single to cluster four brick

Fig. 4 Construction of short
column

Behavior of Reinforced Masonry Column 601



2. Tall column

Two types of tall columns of size 260 9 260 9 3,190 mm were constructed
with and without reinforcement as shown in Fig. 6. Similar configuration as short
column was used for the reinforcement and without reinforcement. Three repli-
cates were constructed for each column types.

3 Test Methods

3.1 Compression Test

The compression test for mortar cubes, concrete cubes and columns were con-
ducted based on BS5628-1:2005 [7].

The short and tall columns were tested using the Universal Testing Machine
(UTM). For short column, Linear Variable Differential Transducers (LVDT) was
placed at the mid-height as shown in Fig. 7 to measure the lateral displacement
and for the vertical displacement; the measurement was recorded based on the in-
built transducer.

High Strength 
Mortar 

26
0

260

4T10

62
.5

Concrete grade 20
10

Fig. 5 Detail cross section
of brick column with
reinforcement

Fig. 6 Construction of tall
column
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Figure 8 shows the test set-up for tall column. Six LVDTs were placed at the
middle section of the column at two perpendicular faces to measure the lateral
displacement in the x and y direction. One LVDT was placed at the top as shown
in Fig. 9.

For tall columns, the displacements were also measured through three strain
gauges placed at 1/3 height from top and bottom of the column and also at middle
section of the column as shown in Fig. 9.

The preload was set manually at approximately 0.07 ton (0.7) kN. The samples
were compresses until the point where the deflections increased dramatically with
little or no increment in load.

Fig. 7 LVDT for short
column

Fig. 8 LVDT for tall column
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Fig. 9 Schematic drawing of the test set-up of tall column under compression
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4 Results and Discussions

4.1 Compressive Strength of Mortar and Concrete

The compressive strength of mortar and blocks are tabulated in Table 1.
The compressive strength for mortar was found to be 30 N/mm2 at 7 days and it

is adequate for the minimum target which is 20 N/mm2 at 28 days. Therefore,
compression test for mortar was not conducted for 14 or 28 days because the
required minimum strength has been achieved within 7 days.

From Table 1, it can be seen that the compressive strength of concrete at
28 days is about 20 N/mm2 with averages density more than 2,400 kg/m3 which is
as per design.

The compressive strength of the hollow block is 4.9 N/mm2 and is lower than
the compressive strength of the mortar. This strength passed the minimum
requirement for masonry (1.8 N/mm2) in accordance with EN771-1-6 as well as
specification given by Public Works Department, Malaysia which is 2.8 MPa for
hollow blocks per 10 samples taken at random from the Contractor’s stock pile of
1,000 or part thereof [9].

4.1.1 Short Column

The basic objective of present study is to know the load bearing capacity of the
hollow blocks when used in the construction of columns and other such elements
in any construction project. Beside this, the crack pattern at initial and final failure
is also of importance.

Table 2 shows the compressive strength properties of short column under axial
load. The compressive strength of reinforced column is 63 % higher than the
compressive strength of column without reinforcement.

Figure 10 shows the load versus displacement curves for short column with and
without reinforcement.

The curves display significant nonlinearity for both columns but the curve for
reinforced column has bigger area under the curved compared to unreinforced
column. This indicates that the reinforced column has the capability to absorb
more energy before failure and able to sustain bigger load.

The significant contribution of the reinforcement can be seen after load reached
about 100 kN. There is a sharp increase in strength for reinforced column but for
unreinforced column, the strength was gradually reduced. From Table 2, it can
also be seen that reinforced column failed at higher vertical and lateral displace-
ment compared to displacement for unreinforced column. The presence of steel bar
can be the mean reason for ductile behavior of this specimen.

Some of the failure patterns for unreinforced and reinforced columns are shown
in Fig. 11a and b respectively.
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From Fig. 11, the unreinforced columns have more and bigger appearance of
cracks and crushing modes compared to failed reinforced columns. This indicates
that unreinforced column is more brittle than reinforced column. When observed
closely on the failure modes, it can be seen that the failure in unreinforced column
is initiated by the vertical crack in the block rather than splitting in the mortar
which causing the masonry to fail together with the crushing of the blocks. This
kind of failure mode is due to the block which is softer compared to mortar [10].
The block-mortar interface bond seems to remains intact. According to Matthana
[11] when the brick is weaker than the mortar, the brick will be under triaxial
compression and mortar will be under uniaxial compression and bilateral tension.

Table 1 Compressive strength

Item Days of curing Density (kg/
m3)

Max load (kN) Compressive strength (N/
mm2)

Mortar 7 1,814 74.8 29.9
Hollow block [28 days 1,632.6 74.2 4.9
Concrete 7 2,431.3 89.6 19.9

14 2,410.1 109.2 18.2
28 2,425.6 115.0 20.1

Table 2 Compressive strength properties for short column with and without reinforcement

Column type Maximum
load (kN)

Max. lateral
deflection (mm)

Max. axial
displ. (mm)

Compr. strength
(N/mm2)

Without reinforcement 111 0.67 2.54 1.64
With reinforcement 300 1.05 11.38 4.44

Fig. 10 Load versus displacement graphs for short columns
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Under this scenario, the failure of masonry is initiated by tensile splitting. This
stress will then extend to the brick below causing the masonry failure.

As for reinforced column, the failure mode is combination of vertical cracks in
the blocks and shear cracks at the bottom block. As the bond strength is increased
due to the infill concrete inside the hollow section failure of the masonry column
takes place through the development of diagonal shear cracks [12].

4.1.2 Tall Column

Two columns denoted as C1 (reinforced column) and C2 (unreinforced column)
were tested to failure. For C1, the failure started at the bottom of the column in the
form of diagonal shear as shown in Fig. 12a and this is similar pattern as the
failure mode on short reinforced column as seen in Fig. 12b. Later the partial
disintegration of the block appeared at the top in the form of crushing and shearing
in the block as well as splitting in the mortar joints which extended downward as
shown Fig. 12b.

Vertical splitting

(a) (b)Fig. 11 Failure modes;
a unreinforced column and
b reinforced column

(a) (b)Fig. 12 Failure mode on C1;
a at the bottom of the column
and b at the top of the column
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Fig. 13 Failure mode in column C2

Table 3 Compressive strength properties for short column with and without reinforcement

Column type Maximum load
(kN)

Max. lateral
deflection (mm)

Max. axial displ.
(mm)

Compr. strength
(MPa)

Without reinforcement 370 0.60
3.86 5.7
With reinforcement 420 3.74
3.55 6.2

6

0

3

FracturePlastic Strain Elastic Strain

Total Strain

C1 SG6

C2 SG6

S
tr

es
s 

(M
P

a)

Strain (µm/m)

Fig. 14 Stress versus strain graphs for reinforced column (C1) and unreinforced column (C2)
measured using strain gauges at the mid-height of tall column
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In contrast, column C2, the failure started by crushing at the top of column
accompanied by loud sound. Major splitting appeared in the block and extended
down through the block and some parts of mortar joint as shown in Fig. 13.

Table 3 shows the compressive strength properties of tall column under axial
load based on three replicates for each type of column. The compressive strength
of reinforced column is 10 % higher than the compressive strength of column
without reinforcement which is much lower differences than the short column.

Figure 14 shows the stress versus strain diagrams from one of the testes column
for reinforced column C1 and unreinforced column C2 measured using strain
gauges at the mid-height of the tall column. As shown in this diagram, the max-
imum stress for C1 is 6.2 MPa with a vertical shortening of 38 lm/m and the
maximum midpoint lateral displacement 3.74 mm measured by LVDT at the mid-
height. The maximum compressive stress for C2 is 2.9 MPa which is 53.22 %
lower than maximum compressive stress of C1. The vertical shortening for C2 is
25 lm/m and midpoint lateral displacement of 0.60 mm and these values are
lower than the values for C1.

The resulting stress–strain curve also provides a direct indication of the material
properties. Both C1 and C2 columns are in elastic region until 33 lm/m before
entering on partially plastic and maintained in plastic region until 41 lm/m before
failure. Even though the elastic and plastic region of C1 and C2 is about the same,
the compressive stress performance was different. The addition of reinforcement
helps the column to be more ductile and achieve higher strength.

5 Conclusions and Recommendations

Two types of columns constructed using quarry dust blocks were investigated;
unreinforced and reinforced column. The following conclusions were derived:

(a) The compressive strength of hollow quarry dust block is 4.9 N/mm2 and it
passed the minimum requirement for masonry as specified by Public Works
Department, Malaysia which is 2.8 MPa for hollow blocks.

(b) The compressive strength of reinforced short column is 63 % higher than the
compressive strength of unreinforced short column.

(c) Unreinforced columns have more and bigger appearance of cracks and
crushing modes compared to failed reinforced columns. This indicates that
unreinforced column is more brittle than reinforced column.

(d) The failure in unreinforced column is initiated by the vertical crack in the
block rather than splitting in the mortar which causing the masonry to fail
together with the crushing of the blocks. This kind of failure mode is due to the
block which is softer compared to mortar.

(e) The significant contribution of the reinforcement can be seen after load
reached about 100 kN. There is a sharp increase in strength for reinforced
column but for unreinforced column, the strength was gradually reduced.

Behavior of Reinforced Masonry Column 609



(f) The maximum stress for reinforced tall column is 6.2 MPa with a vertical
shortening of 38 lm/m and maximum midpoint lateral displacement of
3.74 mm.

(g) The maximum compressive stress for unreinforced tall column is 2.9 MPa
which is 53.22 % lower than maximum compressive stress of reinforced tall
column. The vertical shortening for unreinforced column is 25 lm/m and
midpoint lateral displacement of 0.60 mm and these values are lower than the
values for reinforced tall column.

(h) The addition of reinforcement helps the column to be more ductile.
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Charpy’s Impact Test on Co-cured In-line
Joint Unidirectional Kenaf Fibre
Reinforced Plastic Composite

Safarina Haslimawaty Hamdan, Anwar Zainal Abidin
and Zakiah Ahmad

Abstract Synthetic fibre reinforced polymer has gained popularity due to its good
mechanical properties. Apart from synthetic fibre, natural fibre can also be used to
reinforce polymer and should be encouraged due to its environment friendly
nature, availability and biodegradability. Length of the natural fibre is based on the
length of the plant itself and is limited (usually 5 ft) compared to synthetic fibre
that can be manufactured to the desired length. Due to the limited length of natural
fibre, overlapping joint can be an alternative method in order to produce a long
natural fibre reinforced polymer composite. Unlike their synthetic reinforced
plastic composite counterparts, the fracture behaviour of natural fiber reinforced
plastic composite have hardly been investigated. Therefore this study investigated
the effect of overlapping length on the impact toughness. A series of kenaf plastic
composites were manufactured using treated and untreated fiber with different
lengths of lap joints; 0, 10, 20, 30, 40 mm and a control specimen. Charp’s impact
tests were conducted on notched and unnotched samples. Based on the findings it
can be concluded that the impact strength is proportionally increases with
increasing length of the joint lapping of the kenaf. This indicates that joint lapping
of kenaf fibre is stronger as the lapping length increases.

Keywords Kenaf � Fibre reinforced polymer � Impact � Strength �Charpy impact �
Polymer � Epoxy
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1 Introduction

Scientist and engineer in recent years have been attracted to natural fibre com-
posite where preparation and evaluation of natural fibres have been made to
identify any suitability for various applications [1]. This is due to their excellent
specific mechanical properties, sustainability and low cost. Natural fibre com-
posites are suitable for applications in the construction and automobile industry,
for low cost sustainable housing and the interiors of automobiles [2]. The indus-
trial use of plant fibres serves as an alternative source of income for farmers. In
addition, natural fibres are an alternative to wood-based raw materials, reducing
the depletion of rain forests.

The properties of natural fibres vary significantly depending on what part of a
plant they are obtained from. Other factors such as age of plant [3] and growth
conditions [4] also contribute to this variation in properties. Cellulosic fibres that
are currently in use in the textile and composite manufacturing industry as raw
materials can be classified into three main groups, related to the parts of the plants
from which they are obtained. These are bast fibres (flax, hemp, jute and kenaf),
leaf fibres (sisal, banana and palm), and seed fibres (cotton, coir and kapok). A lot
of studies have been carried out on lignocellulosic composites using plant based
natural fibres (from annual crops such as sisal, kenaf, hemp etc.) in combination
with a resin matrix such as a thermosetting resin [5–7], thermoplastic resin [8], or
biodegradable resin [9].

Composites containing unidirectional fibres are amongst the simplest form of
composite materials and can have tensile strengths of up to 3 GPa [10] along the
fibre axis. The suitability of natural fibres as reinforcement in polymeric matrix
composites is highly dependent on their surface properties. The fibre surface is
made up of a complex of diverse polymers consisting of cellulose, hemicellulose
and lignin. Plant based natural fibres, have surfaces that contain impurities such as
waxy residues [11] that affect their bonding with polymeric matrices. To enhance
the bond strength, it is therefore necessary to apply some form of treatment to the
surface to either change it physically or chemically. Bisanda [12], reported on the
effect of treating sisal fibre bundles using 0.5 N NaOH on the wetting ability and
coherence of sisal-epoxy composites. The composites were more rigid and denser
due to their lower porosity. The compressive strength and water resistance of the
composites was also improved following alkali treatment of the sisal fibre bundles.
Towo and Ansell [13] investigated the effect of treatment of sisal fibre bundles
with alkali solution on the mechanical properties of sisal fibre reinforced plastic
composite using polyester and epoxy resin. He found that there is an increased in
stiffness of composites with treated fibre but results in lower impact strength.

Application of natural fibre such as of kenaf (Hibiscus Cannabinus L) in fibre-
based composites no doubt will add some value towards the industrial applications
[14] since kenaf fibre has tensile strength and modulus of 11.9 and 60 GPa,
respectively [15]. Most of the studies on kenaf fibre composites have concentrated
on static mechanical properties rather than impact. The composites also were made
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of short distributed fibres rather than unidirectional fibres. For long unidirectional
fibre composite, the fibres need to be jointed. For these materials to be effectively
used in engineering applications, their behaviour in impact is of considerable
interest.

Therefore this study investigated the impact strength of the unidirectional kenaf
fibre composite with jointed fibres.

2 Sample Preparation and Test Methods

2.1 Preparation of Fibre

Kenaf fibres were obtained from Lembaga Kenaf dan Tembakau Malaysia located
in Kelantan. The fibres were first undergone surface treatment. Two types of fibres
were prepared; treated and untreated fibres. For treated fibre, the fibres were
soaked in distilled water for approximately 3 h to clean and remove impurities on
their surface and placed between tissue paper overnight to remove excess moisture
followed by further drying in an air-circulating oven overnight at 80 �C. The fibres
were immersed in a 0.06 M sodium hydroxide solution for 48 h and later rinsed in
distilled water [6]. Excess NaOH was neutralized by soaking in dilute acetic acid
(1 %) for 5 min followed by rinsing with distilled water three times. Litmus paper
was used to verify that all the acid had been washed out of the fibres. The fibres
were dried at room temperature between layers of tissue for 2 days, before further
drying in an oven at 80 �C overnight.

2.2 Preparation of Kenaf Plastic Composite

The kenaf fibres were then cut to the desired lengths based on the joint lapping
lengths required as shown in Fig. 1 where x varies for control, 0 mm (butt joint),
10, 20, 30 and 40 mm to fit the mould of length 250 mm.

These fibres were combed to remove residues and to align the fibres. Specific
weights of the fibre bundles have been used for determining the amount of fibre
required for each composite. To enable good penetration of resin, the fibres were
divided into several bundles of approximately equal weight. The fibres were
divided into equal proportion.

The resin used is epoxy resin which was supplied by ASACHEM (M) SDN
BHD, Malaysia. Specimens of Kenaf fibre reinforced polymer (KFRP) were pre-
pared by mixing kenaf fibres and epoxy resin in a 7:3 ratio.

The mix design of the composite is shown in Table 1. The resin came in two
parts; the base resin and the hardener, Asasin 8505 A and Asahard 8505 B
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respectively. The designed proportion of part A and B was mixed together and
stirred thoroughly until uniform mixture was obtained (about 5–6 min).

Figure 2 shows the mould used in the manufacturing and it was made from
stainless steel. It is rigid enough to prevent distortion and constructed in such a
manner as to facilitate the removal of the moulded specimens without damage. The
mould was cleaned and coated with release agent, Freekote.

The first layer bundle was first placed inside the mould then the epoxy resin was
poured in zig-zag patterns over the kenaf fibre bundle and then a second layer was
placed inside the mould followed by the resin and the process was repeated until all
the fibres have been placed. Zig-zag pattern ensures an even distribution of epoxy
resin on the kenaffibres [16]. A total of seven layers of kenaffibres were applied for a
single specimen having a total of fourteen bundles of kenaf fibres all together. To
avoid loss of the resin, the mould was rested between the platens for about 5 min for
the resin to pre-cure (harden a little bit). Then the mould was pressed at 60 bar for
24 h. Figure 2 shows the process flow in the manufacturing of the composite. The
specimens prepared were plate of size 250 mm 9 20 mm 9 4 mm (length, width
and thickness respectively). Figure 3 shows the close-up of the overlapping samples
being prepared.

250mm: control without joint

125mm 125mm

Overlapping = 0mm

Xmm

X mm

Overlapping = X mm(10,20,30,40 mm)

Fig. 1 Schematic diagram of joint and overlapping length of the joint

Table 1 Mix design of the composite

Item Kenaf Epoxy resin

Fraction (%) 70 30
Volume 250 mm 9 20 mm 9

4 mm = 20,000 mm3

Density ( g/cm3) 1.2 0.001067
Weight 70/100 9 20,000 mm3 9 1.2

g/cm3 = 16.8 g
30/100 9 20,000 mm3 9 0.001067

g/cm3 = 6.40 g
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2.3 Charpy’s Impact test

The impact specimens were prepared with size 127 mm 9 12.70 mm 9 4 mm.
Two types of specimens were prepared, notched and unnotched. The Charpy
impact specimens were cut from the sheet in accordance with ASTM D6110.
Figure 4a and b shows the dimensions of the specimens both for unnotched and
notched specimens respectively. For notched specimens, the notch was machined
using milling machine.

Impact energy is a measure of the work done to fracture a test specimen. The
impact strength of the composites was determined using the edge-wise Charpy
impact test according to ASTM D6110-10 (Fig. 5) using a 10.34 J pendulum. When
the striker impacts the specimen, the specimen will absorb energy until it yields. At
this point, the specimen will begin to undergo plastic deformation at the notch. The
test specimen continues to absorb energy and work hardens at the plastic zone at the
notch. When the specimen can absorb no more energy, fracture occurs.

Specimens were manufactured according to method BS 3518-1, 1993 which is
ideal for studying surface effects and materials exhibiting inter-laminar fractures.

The Charpy impact strength, for unnotched sample, acU, was determined using
Eq. (1).

Fig. 2 Process flow of the manufacturing of the composite
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acU ¼
w

hb
J=m2
� �

ð1Þ

where W is the corrected energy, in Joules, absorbed by breaking the test speci-
men, h is the thickness, in millimetres, of the test specimen and b is the width, in
millimetres, of the test specimen.

For the notched samples the acN was calculated using the following equation;

acN ¼
W

h � bN
� 103 J=m2

� �
ð2Þ

where bN is the remaining width (mm), at the notch base of the test specimen.
Five specimens were used for each composite type for determining the impact

strength/toughness of the composites.

Fig. 3 Close-up view jointed fiber during manufacturing process

(a) 

b=12.7 mm

127 mm

h=4 mm

bN= 10.2 mm

2.5 mm

h=4 mm
127 mm

45°

Fig. 4 Geometry and
dimensions of the Charpy
impact specimen,
a unnotched specimen and
b notched specimen
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3 Results and Discussion

3.1 Toughness of Kenaf Fibre Reinforced Polymer

Figure 6 shows the summary of the impact strength of KFRP with different
overlapping length, notched and unnotched as well as treated and untreated fibre.

In general, as the overlapping length increases the impact strength increases and
the impact strength of KFRP with treated fibre is higher than composite with
untreated fibre. The detail comparison is explained in next sections.

3.2 Toughness for Untreated Kenaf Fibre Reinforced
Polymer

Table 2 tabulated the Charpy impact properties of the KFRP for the notched and
unnotched samples together with standard deviation values. Five specimens were
tested for each composite.

An analysis of variance (ANOVA) at 0.05 % probability was performed for the
impact energy of composite. The ANOVA revealed that there is highly significant

Fig. 5 Striking edge and
support blocks for flatwise
Charpy’s impact test (plan
view)
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difference in the impact energy of unnotched specimens for all of the composites
(p = 0.000).

For untreated and unnotched samples, the impact strength of KFRP composites
increases as the overlapping length increases and the impact energy is higher than
control specimens. At the overlapping section, the density is higher therefore more
energy is required to initiate the cracks. At high strain rates, the crack initiation
rate is faster than the surface crack opening rate, so the high volume fraction of
fibre higher energy is required to initiate cracks and to subsequently propagate
them and this accounts for the higher impact energy.

For notched specimens, there was significant difference in the impact energy for
all overlapping lengths. The impact energy of butt joint (0 mm overlapping length)
of notched specimens is the weakest as expected since at that section only resin
that bonds the two sections together. A similar result was found for unnotched
samples. The impact strength for notched samples were not in the same trend as

Fig. 6 Impact strength of all composites tested

Table 2 Impact energy of kenaf fibre reinforced composite with different overlapping length

Specimen Untreated unnotched Untreated notched Treated unnotched
Impact strength (kJ/m2) Impact strength (kJ/m2) Impact strength (kJ/m2)

Control 35.77 (8.7)a 23.39 (9.64) 53.75 (4.3)
0 mm 6.83 (2.5) 3.54 (2.8) 5.99 (3.4)
10 mm 44.69 (21.4) 31.26 (13.5) 59.62 (12.7)
20 mm 50.98 (6.3) 56.02 (22.3) 56.20 (15.53)
30 mm 63.20 (8.7) 36.22 (7.7) 61.97 (22.4)
40 mm 75.58 (18.8) 35.01 (13.3) 92.37 (42.0)
a Value in the bracket is the standard deviation
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unnotched samples where the impact strength increases with overlapping length up
to 20 mm length and as the overlapping length increases further the impact
strength decreases. This may be due to weak fibre/matrix adhesion. According to
Hojo et al. [17], for a given volume fraction of filler, the fracture strength com-
posite was decreased as the average size of the filler increased. The impact strength
of notched sample with 20 mm overlapping length is 10 % higher than control
notched samples but this may be due to high variation in the samples since the
standard deviation is highest, 22.3 % compared to other samples.

In general, the impact strength of notched samples is lower than the unnotched
samples. The impact strength of control unnotched sample is 34.6 % higher than
the impact strength of notched samples. This means that the composite specimens
exhibit a ductile mode of failure and possess high impact strength when unnotched
but undergo a transition to brittle fracture, accompanied by low impact energy,
when notched. This behaviour arises from a locally high triaxial stress concen-
tration at the notched tip which induces an increased rate of strain at the notched
tip [18]. By applying the Vincent notch sensitivity criterion, the kenaf plastic
polymer composite can be characterized as materials that are ductile in an un-
notched state and brittle when a notch is introduced (notch brittle) [19].

3.3 Toughness for Treated Kenaf Fibre Reinforced Polymer

Table 2 also shows the summary statistics for experimental Charpy impact tests on
unnotched and notched samples with treated and untreated kenaf fibre.

A paired t-test was performed to evaluate whether there is a significant dif-
ference in the impact energy of the unnotched KFRP with untreated and treated
fibres. There were significant improvement in the impact energy for the KFRP and
the impact energies for control samples increased by 33.5 %.

It can be clearly seen that KFRP using treated kenaf fibres yields the highest
strength compared to KFRP with untreated fibres. This is due to surface treatment
which provides better bonding between the matrix and kenaf fibres. This further
reinforces the finding that treatment results in an increase in bond strength which
creates stiffer composite. Results also indicate that as length of the lapping joint
increases, the impact strength also increases. For the case of treated unnotched
specimen, the 10 mm lapping joint recorded slightly higher impact strength
compared to 20 mm lapping length. This is probably due to non-uniform specimen
size during molding process.

The fibres for both untreated and treated fibre composites suffered tensile
failure as shown in Fig. 7a and b respectively.

There is visible evidence of fibre pull-out from both untreated and treated fibre-
epoxy resin composites but the pull-out fibres is more in untreated—epoxy resin
composites (Fig. 7a). This presents further evidence of the improved bonding in
sisal fibre bundle composites when epoxy resin is used. The increased bond
strength is evident from the extent of damage observed on the fibre surfaces of
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both the untreated and treated fibre composites. Epoxy resin forms strong bonds
with lignocellulosic fibres due to the formation of hydrogen bonds with hydroxyl
groups on the fibre surface.

3.4 Failure Modes

Following Charpy impact the failure mode of the untreated unnotched KFRP
composites (Fig. 8) were analysed. From Fig. 8a, b the failure mode of KFRP with
0 mm overlapping have smooth fracture surface compared to control with more
zig-zags pattern which indicates very brittle failure and this is reflected by the low
impact energy (Table 2). Similar characteristics were found for notched samples.

Fig. 7 Scanning electron
microscopy of KFRP
composite failed samples
with; a untreated fibre, 709

and b treated fibre, 3009

magnification

Fig. 8 Failure modes of KFRP’s unnotched impact specimens with different overlapping length;
a control, b 0 mm, c 10 mm, d 20 mm, e 30 mm and f 40 mm
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The weak internal bond allows debonding of fibres within the matrix resulting
in shear movement between fibre and matrix. The frictional force resulting from
the movement of fibres within the composite makes it behave less ductile material,
hence the lower impact energy. As the overlapping length increases, the failure
modes changes as seen in Fig. 8 from rather smooth fracture surface (Fig. 8b, c) to
delamination and fibre pull out followed by tensile failure (Fig. 8d, e, f). The
denser section of the longer overlapping length increase the resistance to fracture
but the weak internal bond allows debonding of fibres within the matrix resulting
in shear movement between fibre and matrix. The frictional force resulting from
the movement of fibres within the composite makes it behave like a ductile
material, hence the higher impact energy. A similar observation was made by
Pavithran et al. [20] on untreated sisal-polyester composites.

Similar characteristics and behavior was found on notched untreated samples
where the longer the overlapping length the less brittle modes can be seen.
However the fracture was not through the notched but the samples failed outside
the overlapping area as shown in Fig. 9 which is the less dense area and this may
have caused the lower in the impact energy compared to unnotched samples as
shown in Table 2.

4 Conclusion

The impact strength of kenaf fibre reinforced polymer composites was investigated
and the conclusion is as follows;

• For untreated unnotched samples, the impact strength of KFRP composites
increases as the overlapping length increases and the impact energy is higher
than impact strength of control samples.

• In general, the impact strength of notched samples are lower than the unnotched
samples. The impact strength of control unnotched sample is 34.6 % higher than
the impact strength of control notched samples.

Fig. 9 Failure modes of
KFRP’s notched impact
specimens showing the
breaking not through the
notched point
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• For control treated unnotched samples, the impact strength of KFRP composites
is 33.5 % higher than control untreated samples due to the improved bonding
due to fibre surface treatment with alkali solution.
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Abstract Active crack due to fatigue loading in reinforced concrete beams is a
crucial phenomenon and need to be classified. Twelve beams were tested under
three point loading with various fatigue loading in conjunction with acoustic
emission monitoring. A total of six phases of fatigue maximum loading were
performed on the reinforced concrete beams with frequency of 1 Hz, sinusoidal
wave and 5,000 cycles for each phase. Two indices of qualitative analysis of
acoustic emission signal such as RA value and average frequency were determined
to classify the crack of the reinforced concrete beams subjected to the fatigue
loading. The relationship of these two indices showed promising results corre-
sponding to the development of active crack in the reinforced concrete beams as
the maximum fatigue load increased.
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1 Introduction

Reinforced concrete (RC) structure has been used widely in civil engineering con-
struction such as bridges, dams and buildings. These structures are exposed to
fatigue loading during services. Fatigue is a process where the cracks developed
slowly in the structures at initiation stage towards to the failure stage. Assessment of
the fatigue crack progression in the RC structure is significantly important. The
assessment is required in order to detect the incoming cracks in the structure before it
is getting worse and becoming dangerous. Early assessment of the RC structure
would be advantage as cost repair will be less and the service life of the structure
could be prolonged. The cracks need to be classified therefore the behavior of the
crack and the damage level can be identified. The crack can be assessed using
acoustic emission (AE) technique. AE is defined as the class of phenomena whereby
transient elastic waves are generated by rapid release of energy from localized
sources within a material [1]. It is a useful technique to investigate local damage on
RC structures in real time by using AE transducers. The cracks can be detected and
monitored using transducer that coupled on the RC surface.

In crack classification a qualitative of AE parameter analysis is always utilised.
Typical AE parameters are counts, amplitude, rise time and duration. Counts are
the number of times of AE signal crossing a pre-set threshold level. Amplitude is
the maximum positive or negative signal excursion during a hit. Rise time is a time
interval between the first hit above threshold level and the peak amplitude.
Duration is the time interval from the first signal threshold crossing to the end of
threshold crossing. However, for crack classification of tensile crack and shear
crack, relationship of two indices of RA value (rise time/amplitude) and average
frequency (counts/duration) have been extensively applied by many researchers
[2–8]. Figure 1 shows a typical relationship between average frequency and RA
value and its association with tensile and shear crack modes. Tensile crack exhibits
the opposing movement of the crack sides and produce short rise time and high
frequency while shear crack produces lower frequency and longer rise time [4].

Relationship of average frequency and RA value has also been recommended
by RILEM technical committee for classification of active cracks in concrete
structures using relationship of these two indices [7]. The use of RA value and
average frequency has been applied by many other researchers [2, 4, 5, 8–19]. For
instance, crack classification of recycling concrete made of recycled aggregate
under cyclic loading has been investigated by Watanabe et al. [8]. They found that
the nucleation of tensile and shear cracks in recycling concrete is different from
that of normal concrete. The changing of tensile crack and shear crack on RC
beam under monotonic test has also been explored by Ohno and Ohtsu [20]. The
discrimination of crack modes of cementitious material has been studied by Ag-
gelis et al. [2–4] and found that these two indices exhibit strong sensitivity to the
fracture mode. The classification of different crack types due to corrosion of
prestressed concrete structure exposed to specific zones has been reported by
Elfergani et al. [5]. Most of the researches are based on the analysis of AE signal at

626 N. Md Nor et al.



channel basis [2, 3]. However, the crack classification under dynamic loading as
well as fatigue loading and its analysis based on located event is still limited.

In the present study, RC beams subjected to various fatigue load range con-
current with AE monitoring with four sensors were investigated. The classification
of active cracks in the RC beam specimens is determined using the relationship
between average frequency and RA value. The relationship is also compared
between those obtained from the channel basis and those at the located event.

2 Experimental Programme

2.1 Preparation of Reinforced Concrete Beams

Twelve reinforced concrete (RC) beams with dimension of 150 9 150 9 750 mm
were prepared. The concrete was made up from cement, water, fine aggregate and
coarse aggregate with proportion of 1:0.43:2.16:2.60, respectively. Then, 1 % of
retarder of cement weight was added in the concrete mix to improve the work-
ability of the fresh concrete. The maximum coarse aggregate of 20 mm was used.
The beams were designed as a singly RC beam with two high yield steels of
16 mm to strengthen the tension part and two mild steels of 8 mm as hanger bars.
In the stirrups, 12 mm diameter of mild steel with spacing of 100 mm centre to
centre was used. The compressive strength at 28-day of the concrete mix was
found to be 44.65 N/mm2.

Fig. 1 AE source and typical corresponding waveform [6]
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2.2 Fatigue Tests and AE Monitoring

All beams were tested under two different fatigue load range based two indices of
first load crack (Pcr) and ultimate load (Pult). The Pult was determined from the
static test for the same beam size with total of five RC beams which was conducted
prior to the experimental work. The average Pult from the static test was 158.85
kN. The Pcr was identified using theoretical calculation and based on the visual
observation. Theoretical calculation shows that the Pcr was 23.94 kN and from
observation, the Pcr was found to be 24 kN. Hence, the Pcr of 24 kN was used for
the load ratio. The six load phases of the tests which are 0.5 Pcr, 0.8 Pcr, 1.0Pcr,
0.2Pult, 0.5Pult and 0.6Pult with the constant minimum load, Pmin of 0.1Pcr were
adopted. Hence, in Phase 1 to Phase 6, the maximum loads, Pmax are 12, 19, 24, 32,
79 and 95 kN respectively. Minimum load, Pmin of 2.4 kN was used throughout the
test. A servo-hydraulic testing machine was employed for subjecting prismatic RC
beams of 150 9 150 9 750 mm to the required fatigue loading. The specimen set
up is represented in Fig. 2. A sine wave load cycle was applied with frequency of
1 Hz. Each phase, the RC beams were loaded up to 5,000 fatigue cycles.

Four AE sensors (VS75-V) were applied on the beam as shown in Fig. 2. Two
of them were coupled at the centre of the end section of the beam and the other two
were coupled on the top side of the beam, 175 mm from the both edges. Both
sensors were calibrated using Hsu–Nielson (H–N) technique [21]. The sensors
were coupled on the beam surfaces using high performance grease. All sensors
were considered coupled if the wave generated by at least three or more replicates
of pencil lead fracture (PLF), produces high amplitude of above 95 dB or the
sensitivity within +3 dB in different [21, 22]. A pencil with a Nielson shoe (Teflon

Fig. 2 Setup of the third point bending test for the RC beams
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shoe) was used to break a 0.5 mm 2H lead to generate a simulated acoustic wave
against the surface of the beam. This technique was used to ensure the sensor and
the beam was in a good contact to provide a reliable result throughout the test.

AE threshold level was set at 45 dB to ensure a high signal above the noise
level is recorded. The wave velocity of 4000 m/s was used throughout the test. The
AE parameters fixed are rearm time of 1.62 ms, duration discrimination time of
400 ls, pre-trigger samples of 200 and the sample rate of 10 MHz. The digital
setting has been filtered for 25–850 kHz. The results were digitised, stored and
visualised in AMSY-6 software.

For each load phase, the crack patterns were marked on the beam surface and
designated as 1 to 6 (to represent Phase 1 to Phase 6).

2.3 AE Parameter Analysis

Qualitative AE parameter analysis was used to determine and classify the active
fatigue crack of the RC beams subjected to loading of Phase 1 to Phase 6 either it is
tensile or shear crack. The AE parameters used for analysis are count, duration,
amplitude and rise time. The active fatigue crack for each phase is determined based
on two indices of RA value and average frequency. The RA value is the rise time (ls)
over the maximum amplitude (lv). The average frequency is the counts (number of
threshold crossing) over the duration of the signal and noted as kHz. In the analysis
of RA value and average frequency, two methods were utilised and compared. They
are based on channel basis so called as conventional method and another one is based
on the located event. In AMSY-6 listing, the located event is abbreviated as LE. The
location was selected at where the shear crack (shear zone) occurred and designated
as Section A (Sec A). Based on the graph of amplitude with respect to X-location
shown in Fig. 2, Sec A is found representing highest amplitude up to 99 dB which
shows high intensity of the crack. Higher amplitude events also increased as failure
approaches [23]. In Sec A, the analysis is based on the located event from distance
0.1 m to 0.3 m and was calculated for each phase. The analysis also took into
account the values obtained from Channels 1, 3 and 4 as shown in Fig. 3. However,
the dominant value was from Channel 3. The analysis in Sec A was then compared
with the analysis of the closest channel (sensor). The closest sensor to Sec A was
Channel 3 (CH3) and data collected are based on the event value (EV).

3 Results and Discussion

3.1 Visual Observation of the Crack Patterns

Figure 4 shows the crack patterns of the RC beam under six different fatigue load
range. Numbers 1 to 6 indicate the crack pattern corresponding to Phase 1 to Phase
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6 of loading as shown in Fig. 4d, f. The cracks progressively increased as the load
increased. Figure 4a shows no crack is developed on Sec A in Phase 1 when
maximum loading (Pmax) of 12 kN was applied. However, the first crack was
developed at the centre of the beam and noted as 1. The first crack in Sec A was
occurred as the loading of Phase 2 was applied or when the maximum load
increased to 19 kN as shown in Fig. 4b. In this phase, the crack was almost
vertically propagated over the mid height of the beam. Most of the cracks were
started at the mid-span of the beam specimen. The third crack was then propagated
just after from the crack tip happened in Phase 2. However, the occurrence of
crack is not always from just a previous phase, but in some cases it continuous
from that of earlier phase. For instance, crack in Phase 4 was propagated from tip
of the crack appeared on Phase 2. From visual observation, all the crack patterns
for the beam are almost the same, it can be considered that cracks in Phase 2 and
Phase 3 at Sec A are tensile crack.

The shear cracks were progressively propagated when the maximum load
applied is reached to the ultimate static load. When load of 79 kN was applied
(Phase 5), the crack propagations were drastically increased and continuously
propagates as maximum load increased to 95 kN. In Phase 5, a large shear crack is
formed while the flexural crack becomes inactive [24]. In the relationship between
average frequency and RA value, tensile crack was used to indicate the occurrence
of flexural crack. The crack pattern appears on the beam when subjected to loading
of all phases is represented in the crack pattern as shown in Fig. 4f.

Sec A

Fig. 3 Relationship between amplitude and X-location
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3.2 Relationship of Average Frequency and RA Value

Figures 5 and 6 show the relationship between average frequency and RA value
for beam subjected to increasing fatigue load range. In left side of the figures show
the graph for Section A (Sec A) and right side for channel basis. Sec A is the
analysis of the results based on the located event. Meanwhile, channel basis is the
analysis of the results based on the event of AE signal at Channel 3. In this case,
Channel 3 is analysed due to close channel to Sec A. The diagonal line in the
figures indicates the transition line between tensile crack and shear crack [8] and
used as a reference line for crack classification. The plot in Figs. 5 and 6 are
compared with those captured visually as shown in Fig. 4.

The plot in Fig. 5 was obtained from the specimen subjected to the fatigue
loading with the maximum loading based on Pcr. It indicates a progression of crack

(a) (b)

(c) (d)

(e) (f)

Sec A

Sec A

Sec A
Sec A

Sec A
Sec A

Fig. 4 Crack pattern of RC
beam subjected to increasing
fatigue load range. a Phase 1
(0.5 Pcr); b Phase 2 (0.8 Pcr);
c Phase 3 (1.0 Pcr); d Phase 4
(0.2 Pult); e Phase 5 (0.5 Pult);
f Phase 6 (0.6 Pult)

Active Fatigue Crack Detection 631



since low load increment was applied on the beam for both Sec A and Channel 3. In
Sec A, it started with tensile crack in Phase 1 while the shear crack started to develop
in Phase 2 and it progressively increases when reached to Phase 3. However, it does
not well corresponding to those of in Fig. 4b, c which the tensile cracks are observed.

In Channel 3, the relationship shows that the shear crack has occurred although
the load of Phase 1 was adopted. In Channel 3, it indicates that the shear crack

Fig. 5 Relationship between average frequency and RA value based on Pcr. a Phase 1; b Phase 2
and c Phase 3
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initiated in Phase 1 to Phase 3. From Fig. 3, the amplitude in Channel 3 is scattered
anywhere along X-location based on time of arrival. The intensity at particular
location for example Sec A (located event) represents a better explanation than
Channel basis.

Figure 6 shows the relationship between average frequency and RA value for
specimen when subjected to maximum loading based on Pult (Phase 4 to Phase 6).

Fig. 6 Relationship between average frequency and RA value based on Pult. a Phase 4; b Phase
5; c Phase 6
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In Sec A (left figures), as continuation from previous phase, shear cracks progres-
sively developed till Phase 6. However, based on Channel 3, high average frequency
is produced as the maximum loading in Phase 4 (0.2 Pult). It might be due to
progression of high shear cracks in the beam as shown in Fig. 4d. In this case, results
in Phase 5 and Phase 6 are almost the same due to no increment of cracks devel-
opment in the beam when maximum load in Phase 6 (0.6 Pult) has applied.

Figure 7 shows the fatigue crack classifications in the RC beams subjected to
fatigue loading of all phases in Sec A which the analysis is based on the located
event. This figure is based on the average of highest first 100 RA value. It is found
that, when Pcr is applied, the cracks are in tensile and followed by shear when Pult

is applied. These plots of all phases are matched with the crack propagation
captured as illustrated in Fig. 4. It can be used as an indication of the crack
development in the beam on time as the AE signal captured by the sensors that
relate with time of arrival.

When highest average of RA value in Channel 3 is used as shown in Fig. 8,
there is no obvious trend for identification of cracks classification as those in the
located event of Sec A. It is depicted that the crack was in tensile up to the load in
Phase 4 range followed by shear crack when maximum load in Phase 5 and Phase
6 were applied.

Load based 

on Pcr
Load based 

on Pult

Fig. 7 Relationship between
average frequency and RA
value for beam subjected to
all phases of fatigue loading
based on AE signal of the
located event in Sec A

Fig. 8 Relationship of
average frequency and RA
value for beam subjected to
fatigue loading of all phases
based on AE signal in
Channel 3
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4 Conclusions

This study addresses the classification of active fatigue cracks in the reinforced
concrete beams subjected to various fatigue load range from 0.5 of first load crack
up to 0.6 of ultimate strength. The AE analyses are performed in terms of the
relationship between average frequency and RA value at Sec A. The relationships
derived under each phase of loading are compared with physical crack pattern that
marked on the beam surface.

It is deduced that the relationship based on located event are more representable
and well corresponding to the physical crack pattern than those captured on
channel basis. Hence, the classification of tensile crack and shear crack can be
used as an early warning detection of the beam when subjected to fatigue.
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Flexural Behavior of Reinforced Concrete
(RC) Beams with Externally Bonded (EB)
Carbon Fiber Reinforced Polymer
(CFRP) Sheets

M. N. Nurbaiah, A. H. Hanizah and I. Nor Farhana

Abstract Strengthening is a way to lengthen the serviceability of building structures
under increased loading requirements and severe conditions. Externally bonded (EB)
is one of the strengthening techniques that is being practiced nowadays. The present
investigation is studying on the enhancement in flexural performance and the
effectiveness of un-cracked RC beams strengthened with Externally Bonded (EB)
Carbon Fibre Reinforced Polymer (CFRP) sheet/s U-wrap anchorage systems with
different locations and dimensions. A series of RC beams were fabricated with the
dimensions of each beam as 170 mm width 9 270 mm depth 9 2,325 mm length.
Five (5) variables were involved in this investigation. All beams were tested under
four point bending. Test results show that the strengthened RC beams performed
better than control beam with nominal increase in stiffness and higher ultimate load.
The results show that the strengthened beams increase the flexural strength up to
35 % and decrease the deflection to about 40 % as compared to the control beam.
Meanwhile, due to presence of U-wrap gave an effect in increasing load carrying
capacity by 35 % than the control beam. The U-wraps at mid span has minimized the
deflection by another 10 % compared to beams having U-wraps at the ends only.

Keywords Externally bonded � Strengthening � Flexural � Reinforced concrete
beams � Stiffness

1 Introduction

Structural strengthening is the process of upgrading the structural system of an
existing structure to improve the building’s performance under existing loads or to
increase the strength of the existing structure to carry additional loads. One of the
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traditional methods of strengthening includes bonding the structural members with
steel plates using epoxy. However, due to corrosion and heavy weight of the steel
plate, difficulty of forming joint between steel plate and beam and intensive labour
for surface preparation of the beam, therefore these create major setback of using
steel plate as a strengthening material.

Extensive research has been carried out in this field to develop a new method
that is reliable, cost effective and easy in handling as alternatives to steels and
alloys [1, 2]. Besides, use of Fibre Reinforced Polymer (FRP) sheets as the
material to strengthen structural members is becoming popular due to its high
corrosive resistance and high strength-to-weight-ratio [3–5]. Hence, using Exter-
nally Bonded (EB) Fibre Reinforced Polymer (FRP) sheets to concrete structures
has been widely accepted in the industries as a method of strengthening and
retrofitting. This technique is done by bonding the CFRP sheets to the tension soffit
of reinforced concrete beams using epoxy. However, this EB technique causes
some reduction in ductility of the beam, but it results in a higher ultimate flexural
strength and stiffness [5, 6]. Generally, concrete cover delamination is one of the
failures of beam strengthened with Carbon Fibre Reinforced Polymer (CFRP)
sheets. This failure may occur due to the peeling off of the bottom concrete cover
along the level of the longitudinal steel reinforcement. Introducing an anchorage
system on the ends of the FRP sheets is one solution to improve the performance of
the EB FRP technique [7]. Meanwhile, Xiong et al. (2005), as in [8] identified that
this problem can be delayed or even prevented by combining Carbon Fibre
Reinforced Polymer (CFRP) sheets at the tension face of the beams and Glass
Fibre Reinforced Polymer (GFRP) sheets by wrapping three sides of the beams
continuously (U-wrap). The way of preventing debonding by introducing U-wraps
is also in agreement with other researchers [9, 10]. Besides preventing delami-
nation, the FRP U-wraps also could enhance the beams load carrying capacity [9,
11]. However, Ceroni et al. (2007), as in [7], reported that when the U-strips are
concentrated at the ends, the strengthening material would experience local slip,
cutting or debonding with a loss of effectiveness before they reached the tensile
strength of FRP fibres. An efficient way to avoid debonding and allow tensile
fracture of FRP fibers at the mid span of beam is by applying the strips as being
distributed along the beam instead of concentrated at the ends.

Even though a lot of studies had been conducted, that performances and ben-
eficial effect due to the arrangement of the U-wrap anchorage are still not yet
quantified. Therefore, this research investigation aims to compare the flexural
behaviour of strengthened RC beams with different locations and dimensions of U-
wrap anchorage system in the same load condition.
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2 Experimental Programme

2.1 Test Series

There were two series of RC beam specimens prepared. In the first series, one (1)
specimen of un-strengthened RC beam made of concrete grade 30 was prepared
and were designated as CB (control beam).

In the second series, a total of four (4) RC beams were prepared and
strengthened using EB CFRP sheets. The RC beams strengthened with external
CFRP sheets were designated as B-2C, B-1C-U, B-2C-U, and B-2C-UD where by
letters B-1C or 2C are referring to the beam strengthened with one (1) or two (2)
layers of CFRP sheets at the centre of the soffit of the beam. Each CFRP sheet used
was 100 mm wide and 0.12 mm thick and it is bonded to the soffit of the beam.
The letter U implies that the EB CFRP sheets are with U-wrap arrangement at the
ends of the strengthening length. While, letters U and D represents the EB CFRP
sheets covering the beam strengthened with U-wrap arrangement at both the end
and the middle of the strengthening length. The cut-off point of each sheet to be
applied on soffit face is 20 mm from each support as shown in Fig. 1. The details
of the specimens prepared are shown in Table 1 and Fig. 2.

2.2 RC Beam Configuration

The RC beams are designed to be over reinforced in resisting internal shear force
to ensure that the beams would fail in pure bending or flexure. All RC beams were
prepared using the same configuration. Each beam is 2,325 mm length, 270 mm
depth, 170 mm width, and 2,025 mm length between supports with 20 mm con-
crete cover thickness as shown in Fig. 3a and b. Each beam is reinforced longi-
tudinally by two 12 mm diameter high yield strength steel bars positioned below
the neutral axis of the beam to cater for the tension force, while two 10 mm
diameter mild steel bars are used as tie bars located at the compression side
of the beam. Eight (8) mm diameter stirrups are spaced at 75 and 225 mm

Fig. 1 CFRP sheets applied on the soffit
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centre-to-centre near the end and around the middle span respectively as shown in
Fig. 3a. The RC beams were designed to have a span-to-effective depth ratio of
9.0, and therefore they are expected to fail in flexural. The shear reinforcement
consists of two (2) 8 mm diameter plain mild steel bars closed stirrups, spaced at
225 mm spacing near mid span and ten (10) 6 mm diameter closed stirrups, spaced
at 75 mm spacing positioned at each side of the beam. Figure 3a and b shows the
beam configuration and its detail drawing.

2.3 Preparation of RC Beam Specimens

All RC beam specimens were cast using timber formwork and ready mix concrete
designed for Grade 30. The formwork was dismantled from the RC beam speci-
mens in the next day after concrete casting. After dismantling the formwork, the

Table 1 Details of the RC beam specimens

Test
series

RC beam
designation

Strengthening
method

Variable

1 CB – –
2 B-2C EB 2 CFRP sheets
2 B-1C-U EB 1 CFRP sheets with U-wrap at the end of the

strengthening length
2 B-2C-U EB 2 CFRP sheets with U-wrap at the both end of the

strengthening length
2 B-2C-UD EB 2 CFRP sheets with U-wrap at the both end and centre

of the strengthening length

Fig. 2 Strengthening scheme; a B-1C-U, B-2C-U; b B-2C-UD
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RC beam specimens were wet cured by covering them with wet burlap for 28 days
and cured for another two (2) weeks after installation of the EB with CFRP sheet/s.

2.4 RC Beam Specimens Strengthened with EB CFRP
Sheets

In order to obtain good bonding between the concrete surface and CFRP sheet, the
concrete surface was firstly roughened using a hand held diamond grinder. The
surface was grinded about 1–2 mm thick. The surface of the specimen was also
blown using compressed air to remove any excess particles. After cleaning pro-
cess, the surface was applied with an adhesive. The CFRP sheet to be glued on the
surface is 150 mm width and 0.12 mm thick in size and then was pressed into the
surface with the adhesive. A paint roller was used to press the CFRP sheet to

Fig. 3 The configuration details of RC beam specimens
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ensure a uniform thickness of adhesive and expel any entrapped air. For two (2)
sheets of CFRP, adhesive was applied onto each layer. Finally, a layer of adhesive
was applied on the CFRP sheet for better adhesion. The thickness of adhesive
applied was approximately 2 mm in thickness. To apply for the U-wrap anchorage
system, a layer of U-shaped continuous CFRP sheet with specific dimension was
glued to the bottom and lateral faces of the RC beam using adhesive.

2.5 Experimental Set-up

All RC beams were tested under four-point bending with a clear span 2,025 mm
and internal span 675 mm. The RC beam EB CFRP sheet/s was fixed with strain
gages and Linear Voltage Displacement Transducer (LVDT). One LVDT was
placed at the mid span and the other two were placed under points of load
applications to measure the vertical displacements. The flexural testing was per-
formed by providing loading in load controlled mode at 0.02 kN/s until failure.
The setting up of the flexural testing is shown in Fig. 4.

2.6 Four-Point Flexural Strength Test

All RC beam specimens were tested under flexural strength test (use four points
bending). The four-point bending (flexure) static loading was performed using
Universal Testing Machine with under displacement controlled at a constant head-
loading rate of 0.015 mm/sec. Load increment, ultimate load, strain and deflection
were recorded by data logger while the crack pattern was visualized manually.

Fig. 4 Experimental of
strengthened beam set-up
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3 Result and Discussion

The summary of experimental results for the two series of five (5) RC beams is
illustrated in Table 2. The load versus deflection curves for EB CFRP sheets
strengthened beams with and without U-wrap anchorage are shown in Fig. 5.

3.1 Load Displacement Curves

Figure 5 shows the evidence that applying EB CFRP sheets at the tension face of
the RC beams enhances the ultimate flexural strength capacity, yield load and
stiffness of the beam. Increasing a layer of CFRP sheet for strengthening signifi-
cantly improves and provides stiffness of the RC beam. The strengthened beam
with one (1) layer EB CFRP sheets (B-1C-U) recorded an increase by about 27 %
compare to that control beam. The strengthened beam with two (2) layers EB
CFRP sheets (B-2C-U) recorded about 36 % increase in strength capacity over the
control beam and 12.9 % increase corresponding to one (1) layer EB CFRP sheet.

As shown in Fig. 5, the results reveal that by adding the U-wrap anchorage of
CFRP sheets does not significantly enhance the strength capacity of the beam, but
can expand the durability of the strengthened beam. Specimen B-2C-U has
increased about 2.9 % over the strengthened beam without U-wrap (B-2C), while
B-2C-UD has increased 34.56 % with respect to control beam but has no differ-
ence over the B-2C, respectively.

Figure 5 reveals that the RC beam strengthened with two (2) layers EB CFRP
with U-wrap anchorage at its both ends (B02C-U) exhibits the higher ultimate load
and stiffness than the other strengthened beam. The better performance of the beam
could be attributed to the effect of U-wrap anchorage system and the number of
layers applied at the bottom of the surface. However, these results cannot verify the
experimental results conducted by Ceroni (2010), as in [12]. The investigation by
Ceroni (2010), as in [12] revealed that by using distributed U-wrap anchorage the
strengthened beam can exhibit higher ultimate load compare to the U-wrap at both
ends of strengthening length. Nevertheless, this could be due to the locations of the
U-distributed wrap anchorage. In this study, the distributed U-wrap anchorage was
not wrapped along the beam, but only focused on the flexural area (between the load
cells). Therefore, this would be one of the factors that affected the result.

3.2 Failure Mode and Crack Pattern

As shown in Table 2 and Fig. 6a, the control RC beam specimens were found to
fail due to yielding of steel tension reinforcement followed by crushing of concrete
at compression zone. There was no shear crack observed. The beam failed due to
crushing of concrete in a ductile flexural mode.

Flexural Behavior of Reinforced Concrete (RC) Beams 643



T
ab

le
2

S
um

m
ar

y
of

ov
er

al
l

te
st

re
su

lt

B
ea

m
ty

pe
Y

ie
ld

po
in

t
lo

ad
,

P y
(k

N
)

D
efl

ec
ti

on
at

yi
el

d
po

in
t

(m
m

)

U
lt

im
at

e
lo

ad
P

u

(k
N

)

D
efl

ec
ti

on
at

ul
ti

m
at

e
lo

ad
(m

m
)

%
in

cr
ea

se
of

ul
ti

m
at

e
lo

ad
F

ai
lu

re
m

od
e

C
B

89
.1

3
11

.1
8

97
.0

2
28

.2
1

–
R

ei
nf

or
ce

m
en

t
yi

el
di

ng
fo

ll
ow

ed
by

co
nc

re
te

cr
us

hi
ng

B
-2

C
11

7.
82

12
.7

3
14

8.
26

23
.8

9
34

.5
6

D
el

am
in

at
io

n
of

th
e

C
F

R
P

st
re

ng
th

en
in

g
ne

ar
th

e
su

pp
or

t
fo

ll
ow

ed
by

co
nc

re
te

co
ve

r
B

-1
C

-
U

10
3.

81
11

.2
1

13
2.

93
27

.1
9

27
.0

1
D

el
am

in
at

io
n

of
th

e
C

F
R

P
st

re
ng

th
en

in
g

be
lo

w
th

e
lo

ad
po

in
ts

fo
ll

ow
ed

by
co

nc
re

te
co

ve
r

B
-2

C
-

U
11

2.
13

10
.2

7
15

2.
64

20
.0

5
36

.4
4

B
-2

C
-

U
D

10
7.

09
9.

95
14

8.
26

18
.9

8
34

.5
6

D
el

am
in

at
io

n
of

th
e

C
F

R
P

st
re

ng
th

en
in

g
ne

ar
th

e
su

pp
or

t
fo

ll
ow

ed
by

co
nc

re
te

co
ve

r
an

d
ru

pt
ur

e
of

C
F

R
P

sh
ee

t
at

U
-

w
ra

p

644 M. N. Nurbaiah et al.



For RC beam specimens strengthened with one (1) layer or (2) layers CFRP
sheets with U-wrap failed by delamination of CFRP sheets at soffit of mid spans
followed by concrete cover separation as shown in Fig. 6b and c. Concrete
crushing at compression zone was also observed. Meanwhile, Fig. 6d and e show
beams B-2C and B-2C-UD failed due to delamination of CFRP sheets near the
supports after extensive cracking of the concrete covers below the load points.
Rupture of U-wrap CFRP sheets at mid span was observed together with concrete
crushing at compression zone [12].

The flexural cracks propagated from the bottom to vertically upwards as the
load increased. However, the width of the cracks is small for strengthened RC
beam specimens and this reflects the effect of the strengthening which makes the
beams stiffer. The cracks continued to travel up along the depth of the beam until
yielding of the steel reinforcement began. Unlike the control beam, the cracks
were smaller in width and closely spaced. The number of cracks was increased but
with shorter crack length especially around the mid-spans.

Fig. 5 Load deflection curve for the comparison of the beam performance between strengthened
beam with and without anchorage system
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Fig. 6 Strengthened
specimens after failure; a CB;
b B-1C-U; c B-2C-U; d B-
2C; e B-2C-UD
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4 Conclusions

The following conclusions are drawn based on the experimental work of
strengthened beams with Carbon Fiber Reinforced Polymer (CFRP) sheets.

1. The strengthened beams failed due to compression failure before and after
yielding of steel bars, rupture of Fiber Reinforced Polymer (FRP) sheets,
delamination of FRP sheets and concrete cover separation. In this research, the
common failure mode is delamination of CFRP sheet, which leads to concrete
cover separation. Concrete crushing at compression zone was observed during
the experimental testing. Rupture of U-wrap at mid span also occurred in beams
strengthened with distributed U-wraps.

2. The results reveal that adding the U-wrap anchorage of CFRP sheets does not
significantly enhance the strength capacity of the beam, but by adding can
expand the durability of the strengthened beam. In this study, the average
flexural capacity was as high as 35.5 % for the beam strengthened using EB
CFRP U-Wraps sheet anchorage. However, the flexural capacity for beams
strengthened with EB CFRP sheets with no anchorage increases by 34.6 %.

3. Stiffness is enhanced for RC beams with strengthening system using CFRP
sheets and U-Wrap anchorage. The stiffness has minimized the deflections at
mid spans of the strengthened beams compared to the control beam. The beam
strengthened with U-Wraps anchorage at the flexural area has reduced the
deflection at mid span by 10.7 % compares to beam having only U-Wraps at the
ends.

4. The different numbers of layers of CFRP sheet affect the flexural strength in
such a way that the areas that contacted to the surfaces of the beams. The
double area of CFRP sheet has increased the stiffness; hence the ultimate loads
of beams also increase. Even though the percentage increase of ultimate load of
beams strengthened with one layer of CFRP sheet and beams strengthened with
two layers of CFRP sheets is relatively small, 12.9 %, the deflection at mid
span was minimized by the beams strengthened with two layers of CFRP sheet.

5. The different locations of U-wraps anchorage of CFRP sheet have given an
effect to the flexural strength and the deflection at mid span. The U-wraps
anchorage can also delay or prevent the delamination or debonding failures of
either concrete cover or FRP sheet. Delamination failures of CFRP sheet at the
bottom were observed even though with the existing of U-wraps. The high
stress concentration developed had caused the delamination failures.
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Heat of Sorption and Moisture Buffering
Properties of Building Insulation
Materials

Neal Holcroft and Andy Shea

Abstract Latent heat of sorption exchanges in hygroscopic materials can affect
thermal comfort, and potentially the heating requirements of buildings, while
moisture buffering regulates humidity levels, allowing for a healthy indoor air
quality. In this study experiments were conducted to compare the moisture buf-
fering performance of three hygroscopic natural fibre insulation (NFI) materials
(hemp-lime, hemp fibre, sheep’s wool) alongside two more conventional materials
(glass wool and gypsum plasterboard). Samples with a surface area of
200 9 200 mm were exposed to a cycle of step changes in relative humidity
between 53 and 75 %, changing every 12 h in isothermal conditions. Their
moisture buffering performance was then determined by their change in mass.
Thermocouples were placed on the surface and 15 mm below the surface of each
sample to record temperature changes. The hemp-lime sample showed the greatest
moisture buffering capacity, around double that of the hemp fibre and sheep’s
wool, which had similar performances. In comparison, the mineral wool and
gypsum plasterboard samples showed negligible moisture buffering. Temperature
changes were greater at 15 mm than at the surface, with the overall balance of
heating and cooling approximately equal at dynamic equilibrium. The sheep’s
wool saw the largest change in temperature, while the hemp-lime had a higher
temperature difference over the whole cycle. These effects will clearly alter
internal conditions and should be included in building simulations to determine
their impact on energy use.
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1 Introduction

The operation of buildings accounts for around 30–40 % of global energy use [1],
much coming from the burning of fossil fuels. The manufacture of building
materials accounts for 40–50 % of total raw material flow, much of this with a
high embodied carbon, such as steel and cement [2]. Therefore, as currently
operating, buildings are a large source of greenhouse gases (GHG). With a pop-
ulation projected to peak at &10 billion by 2050 [3], (assuming a continuing
convergence of fertility rates to replacement level) and the requirement for
improvements in standards of living for the majority of these people, there will be
a great demand for new housing and the improvement of existing housing in the
coming years, resulting in increased use of limited resources and increases in GHG
emissions.

Natural fibre insulation (NFI) materials sequester carbon taken up during
photosynthesis within the building structure. Life cycle assessments based on UK
production have shown that both hemp-lime [4] and sheep’s wool [5] insulation
have a negative embodied carbon on installation. These materials are also often
by-products of food production, so do not take up extra land to produce.

All NFI materials are hygroscopic. Within their structure they have hydroxyl
groups which will hydrogen bond with water molecules. The quantity of water
adsorbed is related to the relative humidity of their environment, therefore they are
able to stabilise the humidity of a room by adsorbing when the relative humidity
increases and desorbing as it decreases [6]. This effect is particularly useful in cold
or temperate regions with high humidity levels, where requirements for increased
insulation and airtightness can have the unwanted effect of increasing the relative
humidity to levels which induce mould growth [7], cause health issues [8], and
potentially structural damage.

It has also been proposed that moisture buffering may reduce energy use
through both direct and indirect effects on heating load [9]. An indirect saving
would be to achieve a healthy level of humidity with a lower ventilation rate or
greater airtightness [10], therefore losing less heated air to the outdoors, and using
less power to run the ventilation system. A direct effect on heating load would be
the effect of latent heat exchanges caused by the adsorption and desorption of
water vapour.

Osanyintola and Simonson [9] examined the effects of the heat of sorption by
comparing two simulations of a 12 m2 bedroom in a Northern European climate,
one with hygroscopic materials (wood fibreboard and cellulose insulation) and one
without. Heating was set to maintain the room at 20–21 �C during the heating
season, and moisture levels to that created by two people sleeping at night. The
simulation was based on empirical data described in [11]. During occupation it
was found that energy use was &10 % lower in the room insulated with hygro-
scopic materials, due to heat of sorption. However, over the whole heating season
it was nearly equal because when the relative humidity was decreased (people left

650 N. Holcroft and A. Shea



the room) evaporative cooling increased energy use. Although, if heating controls
were set to account for this it is possible that an energy saving could be achieved.

Qin et al. [12] also modelled the effect of moisture buffering on the cooling load
of a building located in a tropical climate. It was estimated that energy use could
be decreased by &16 % during occupied hours by reducing the indoor humidity
and therefore indoor enthalpy.

The research presented in this paper forms part of preliminary laboratory testing
for a project investigating the hygrothermal performance of insulation materials
and their suitability for the retrofit of buildings. Moisture Buffering tests are being
performed to assess the potential of a series of materials including hemp-lime,
hemp fibre, sheep’s wool, mineral wool and gypsum plasterboard. As a part of
these tests the heat of sorption is also being measured.

2 Methods

2.1 Moisture Buffering Capacity

The ability of a material to adsorb and desorb water vapour was determined by
exposing each sample to a cycle of step changes in relative humidity between 53
and 75 %, changing every 12 h, while kept in isothermal conditions of 23 �C in
accordance with ISO 24353 [13]. The cycles were repeated until the amount of
moisture adsorbed and desorbed was equal.

Each sample had an exposed surface area of 200 9 200 mm with a thickness
representative of the product (Table 1). All other surfaces of the sample were
covered in aluminium foil to prevent any moisture transfer (Fig. 3). The sample
mass was recorded every minute to the nearest 0.1 g using an electronic balance.
The conditions were created by placing the sample in a climate chamber with
averaged vertical and horizontal air speeds of 0.38 and 0.88 m/s. A windscreen
was used to prevent influence of airflow (Fig. 1). The temperature and relative
humidity in the chamber were measured every 5 min using a Tiny Tag TV-4505
temperature and relative humidity probe.

The moisture buffering capacity q (g/m2) was then calculated using the
formula:

q ¼ ma�md

A
ð1Þ

where,
ma Mass of the sample at completion of moisture adsorption process (g)
md Mass of the sample at completion of moisture desorption process (g)
A Surface area of sample (m2).
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The moisture sorption rate Gn (g/m2h) was also calculated at hourly intervals
using the formula:

Gn ¼
mn�mn�1

Dt
ð2Þ

where,
Mn Mass of the sample at time n
Mn-1 Mass of the sample at time n-1
Dt Time elapse.

Table 1 Material properties

Material Manufacturer Thickness
(mm)

Bulk density
(kg/m3 @ 23 �C,
60 % RH)

Thermal
conductivity
(W/mK)

Percentage of
difference
between plates

Hemp-lime Lime technology 90 272 ± 14 0.073 8.41
Hemp fibre Lime technology 75 42 ± 2 0.043 1.42
Sheep’s wool Black mountain 100 23 ± 4 0.045 1.22
Glass wool Knauf 100 10 ± 1 0.041 2.23
Gypsum Pb Knauf 12.5 640 ± 22 0.166 0.90

Fig. 1 Climate chamber
with electronic balance and
samples
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2.2 Latent Heat of Sorption

The temperature at the adsorption/desorption surface, and at 15 mm below the
surface (12.5 mm in the case of gypsum plasterboard) was measured using T-type
Welded Tip Thermocouples. For the hemp-lime samples holes were drilled using a
3 mm drill bit from the base of the sample upwards. For the fibrous materials the
insulation was slightly opened up with a probe and the thermocouple pushed in.
For the gypsum plasterboard the thermocouples were secured to the top and
underneath of the material using small strips of masking tape. Any small holes
made for the thermocouples in the exterior of the sample were sealed up with
aluminium tape. The calibration of the thermocouples had a standard deviation of
between 0.08 and 0.14 �C, over a range of 0–30 �C.

2.3 Thermal Conductivity and Bulk Density

Thermal conductivity of the materials was measured using a Fox 600 heat flow
meter (HFM) produced by LaserComp (Fig. 2). This consists of an upper and
lower plate able to be maintained at different temperatures using Peltier elements
and a water cooling system. Heat flux transducers (254 9 254 mm) are bonded to
the centre of both plates, which measure temperature and heat flux every 0.7 s, and
average them into blocks every 512 readings. The plates are closed around the
sample and the HFM is run until the temperature gradient across the sample is
measured to have reached steady-state as set by the equilibrium criteria. For these
tests this was set so that heat flux must not vary more than 2 % for 10 successive
blocks, with a minimum of 100 blocks for the denser hemp-lime and plasterboard
samples, and for 5 successive blocks, with a minimum of 10 blocks for the other

Fig. 2 LaserComp Fox 600
heat flow meter
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lighter samples, while the temperature of each plate remained within 0.2 �C of the
setpoint. The thermal conductivity is then calculated for both plates using the one-
dimensional steady-state Fourier equation, and the percentage difference between
each plate is given.

Samples of 600 9 600 mm were preconditioned at 60 % RH and 23 �C and
weighed at regular intervals, to the nearest 1 g, to determine when they had
reached hygric equilibrium. The final value was then used to calculate the sample
density at those conditions. As the HFM is not in a conditioned laboratory, the
samples were then wrapped in a thin plastic film to maintain this moisture content
during testing. The upper and lower plates were set to 0 and 20 �C respectively as
suggested for building applications in ISO 8990 [14]. The samples were weighed
before and after the test to measure any change in moisture content.

3 Materials

3.1 NFI Materials

Both hemp based insulation materials are made from the stem of the hemp plant.
The fibre is mechanically separated from the outside of the stem and the remaining
central woody core (shiv) is used to make hemp-lime. The hemp fibre (95 %) is
blended with a polyester binder (5 %) to keep the insulation to a specific density
and treated with fire protectant. Sheep’s wool insulation is produced by first
cleaning (scouring) the wool and blending with a recycled polyester binder in the
same proportions as with the hemp fibre insulation. The hemp shiv was mixed
1:1.5 parts with lime binder and formed into a 90 9 600 9 600 mm slab. It was
conditioned at 23 �C and 60 % RH for 2 years, by which time it should have been
fully carbonated. For the moisture buffering tests this slab was cut into
200 9 200 mm pieces using a wood saw.

3.2 Conventional Materials

Both glass wool and gypsum plasterboard are non-hygroscopic, although gypsum
has been shown to have some moisture buffering properties [15]. Glass wool is
made from recycled glass, which is heated to 1,500 �C and spun into fibre, then
coated in a formaldehyde based resin as a binding agent. Plasterboard is made by
making a gypsum slurry (CaSO4�2H2O), which is formed into sheets, dried and cut
into sections. The plasterboard sample was made by fixing the section of plas-
terboard above 100 mm of glass wool using four thin pieces of wood doweling so
the sample was representative its configuration in an actual building (Figs. 3, 4).
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4 Results and Analysis

4.1 Moisture Buffering Capacity

Results of the moisture buffer capacity tests are given in Fig. 5. The hemp-lime
sample showed the greatest capacity; roughly double that of the two natural open
fibre materials, of which, the sheep’s wool sample performed slightly better than
the hemp fibre. However, this may be related to the difference in thicknesses of the
materials. The gypsum plasterboard sample only changed its mass by a small
amount (0.2–0.3 g), which was difficult to clearly detect with the sensitivity of the

Fig. 3 Test samples (Back
Sheep’s wool, gypsum
plasterboard, glass fibre;
Front Hemp fibre, hemp-
lime)

Fig. 4 Gypsum plasterboard
sample

Fig. 5 Moisture buffering
capacity of samples
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balance used. The glass wool and gypsum samples followed similar trends with
slight changes in mass after a step change in relative humidity. Unexpectedly, the
glass wool slightly decreased in mass by &0.3 g during the high relative humidity
period (Fig. 6). Being inert and impervious to water it was expected there would
be no change in mass. However, this result was a clear trend over all four cycles
measured, although again the change in mass was very small and could potentially
be due to the instrumentation.

Previous moisture buffering capacity tests have been conducted on hemp-lime
and gypsum plasterboard, although they are not directly comparable to these tests
as they were conducted under different conditions. The NordTest Project [15] used
adsorption and desorption periods of 8 and 16 h respectively, and a change in
relative humidity of 33–75 %. Under these conditions 12.5 mm of gypsum plas-
terboard buffered 27 g/m2. Collet et al. [16] used the same protocol to test a hemp-
lime sample that gave a value of 90 g/m2, however, it was more dense (430 kg/m3)
than the sample described in this paper.

Despite the differences in method between the NordTest Project and ISO 25343
the result for the hemp-lime sample matches well to Collet’s measurements. This
is because there is a relatively small change in water content of hemp-lime
between 33 and 53 % RH, with larger changes happening at higher humidities
[17]. Also, as can be seen in Fig. 7, between 8 and 12 h the moisture sorption rate
had almost levelled off, and was much lower than the initial rate.

The moisture buffering capacity of gypsum plasterboard measured for the
NordTest Project was higher than the result shown in this paper. Figure 6 shows
that after 30 min the gypsum plasterboard sample had absorbed as much as was
possible over this change in relative humidity, and so had reached hygric equi-
librium. Therefore, the differences in time scheme had no effect on the results.
However, as the change in relative humidity was greater in the NordTest Project
the sample began absorption at a lower moisture content, so was able to absorb
more moisture.

Fig. 6 Moisture adsorption
and desorption at dynamic
equilibrium
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4.2 Rates of Adsorption and Desorption

Over the first 20 min the sheep’s wool and hemp fibre samples adsorbed moisture
most rapidly (Fig. 6). However, after 30 min the hemp-lime had adsorbed more
than the hemp fibre, and after 60 min, more than the sheep’s wool. From then until
the end of the adsorption period the hemp-lime continued to increase in mass at the
fastest rate (Fig. 7). After 4 h the sheep’s wool and hemp fibre samples converged
on the same adsorption rate. After 12 h the hemp-lime sample was still adsorbing
at 2.5 g/m2 h, while the hemp fibre was at 1 g/m2 h and sheep’s wool 0.75 g/m2 h.
The desorption rates mirrored closely the adsorption rates as would be expected in
a dynamic equilibrium.

Being a dynamic system the moisture buffering capacity test is a function of
both the material’s ability to store moisture and its permeability to water vapour.
From these results it can therefore be inferred that, of the hygroscopic materials
tested, the sheep’s wool is the most permeable, as it has the fastest initial increase
in mass, followed by hemp fibre then hemp-lime, which is in alignment with their
measured densities (Table 1). However, as the rate of increase of the sheep’s wool
and hemp fibre slow while the hemp-lime continues at a higher rate it must have a
greater storage capacity. Sorption isotherm and water vapour diffusion tests will be
conducted to test this hypothesis.

4.3 Latent Heat Changes

When analysing this data it is important to consider that the thermocouples are
only measuring a single point on the whole sample surface. There may be some
variation across the surface, which is not detected by this method.

The temperature at 15 mm into the sample was higher than at the surface in all
cases except the glass wool, for which both temperatures remain almost identical

Fig. 7 Hourly moisture
adsorption and desorption
rates
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(Figs. 8, 9, y axes differ). Simulations of the hemp-lime sample conducted using
the dynamic heat and moisture transfer software WUFI� predicted this result,
showing that the maximum and minimum temperatures are likely to be 4–5 mm
below the surface. This is due to air movement in the chamber quickly cooling the
surface. This seems to have the largest effect on the sheep’s wool sample, with its
surface temperature being much cooler than at 15 mm.

At 15 mm (Fig. 9) the sheep’s wool responded most rapidly to the step change
in humidity, increasing 2.9 �C in 8 min, but then quickly returned to the ambient
temperature. The hemp fibre increased 2.4 �C in 13 min but continued to give off
heat, so cooling more slowly. The hemp-lime sample reacted more slowly taking
1 h to increase 1.7 �C, but then maintained a higher temperature than the other
samples over the 12 h. The temperature underneath the gypsum plasterboard
showed only a small increase of 0.5 �C.

These results correlate well with the rates of adsorption (Fig. 7). Indeed, the
moisture sorption rate, Gn (g/m2 h), could be assumed to be directly proportional
to the heat flux (W/m2) produced by latent heat, which should be related to the
change in temperature. This data will therefore be useful in validating future heat
and moisture transfer models.

Fig. 8 Surface temperature
during adsorption and
desorption

Fig. 9 Temperature at
15 mm below the surface
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When comparing the temperatures during adsorption and desorption, the hemp-
lime results are almost a mirror image, with the areas under (and above for
desorption) the curve equal. For the sheep’s wool and hemp fibre the temperature
increase at the beginning of the adsorption period is greater than the decrease at the
start of desorption. However, the temperature decrease is at a slower rate and stays
cooler for a little longer so overall the difference is small. This effect may be due to
a hysteresis between adsorption and desorption [18].

James et al. [19] also measured the effect of latent heat during moisture buf-
fering tests. Again a different protocol was used using adsorption and desorption
periods of 24 h each, and a change in relative humidity between 30 and 70 %.
Three sections of 500 9 500 mm gypsum plasterboard were layered on top of
each other and the temperature and relative humidity were monitored between the
sheets. The step change in relative humidity induced a temperature increase of
approximately 0.5 �C, the same as the temperature change recorded in this paper.
However, it took 4–5 h rather than the 8 min shown here, which could be due to
the layering of the plasterboard.

4.4 Thermal Conductivity and Bulk Density

The manufacturers of the hemp fibre and sheep’s wool both gave thermal con-
ductivities of 0.039 W/mK for dry samples. The measurements made at 60 % RH
are both a little higher than this value, consistent with the adsorption of water
vapour onto the fibres. The thermal conductivity of the glass wool was not affected
by being at 60 % RH. However, if liquid water condensed within it then this would
have a significant effect. The properties of hemp-lime are variable. Besides
moisture content, the density is a significant factor in determining its thermal
conductivity, but other factors may have an effect, such as: the types of lime and
hemp used; the ratio of lime, hemp and water when mixed; the sample age, and
therefore, extent of carbonation of the lime. However, the measured value is close
to what would be expected for its density and moisture content [20].

During the test the hemp fibre sample increased its mass by 1 g (0.1 %), the
sheep’s wool by 2 g (0.3 %), and the hemp-lime by 2 g (0.02 %) showing that the
technique of wrapping the samples in a thin plastic film was effective at main-
taining the moisture content. For the hemp fibre and sheep’s wool the percentage
difference between the plates was less than 2 %, indicating good accuracy. For the
hemp-lime sample it was 8 %. This is because moisture transfer is slower in hemp-
lime, so a moisture gradient across the sample will not have had time to establish
during the test period. The resulting moisture movement and latent heat exchanges
make it more difficult to establish steady heat transfer.
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5 Conclusions

The hemp-lime sample showed the largest moisture buffering capacity of the
samples so far tested, adsorbing moisture at higher rate than the other materials
except over the first hour after the step increase in humidity. The sheep’s wool and
hemp-fibre performed similarly, but with the sheep’s wool adsorbing more rapidly
over the first 4 h. The conventional materials had a negligible moisture buffering
capacity. Hemp-lime should therefore be able to regulate indoor humidity the most
effectively; however, the surface is usually finished with a lime plaster, which is
likely to reduce its buffering capacity. The effect of this will be studied in future
experiments.

The hemp-lime sample produced heat over the full adsorption period, but also
cooled the most during the desorption period. The sheep’s wool sample had an
initial peak in temperature then quickly returned to ambient conditions, while the
hemp fibre sample maintained temperatures between the two. Overall the heat
produced was balanced out by the cooling effect, which should be expected at
dynamic equilibrium. However, these heat flows should be included and building
simulations as the heating load may be able to be adjusted to reduce energy use.
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Performance Based Design of Self-
Compacting Concrete Incorporating
Class F Fly Ash

Juli Asni Lamide and Roslli Noor Mohamed

Abstract The application of self-compacting concrete (SCC) in speeding the
development of construction technology has become a growing trend due to its
known advantages. It is now well established since it has three significant prop-
erties which are flowing or filling ability, passing ability and segregation resistance
as the main self-compactability characteristics. As a result of all these capability,
SCC has increased the workability in the fresh concrete properties while main-
taining or even increase the strength in hardened concrete properties. This study
presents an experimental study on the performance based design of self-com-
pacting concrete incorporating Class F fly ash where a total of 6 cubes, 3 cylinders
and 3 prisms were cast and tested to failure while another 6 cubes, 3 cylinders and
3 prisms were also prepared for the normal concrete (NC) as control specimens.
The mix design of SCC was established based on limited water-powder ratio to
meet the self-compactability characteristics. The performance of SCC was studied
through the fresh concrete properties as well as the mechanical properties of
hardened concrete. Experimental results on the fresh and hardened properties of
SCC mix design indicated that both workability and strength of self-compacting
concrete were found to be higher compared to the normal concrete.

Keywords Self-compacting concrete � Fly ash � Workability � Strength

1 Introduction

Self-compacting concrete (SCC) is known as an innovative concrete which flows
under its own weight in fresh state without any agitation or mechanical consoli-
dation to fill the formwork and encapsulate the reinforcement [1]. Because of its
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advantages compared to normal concrete (NC), SCC greatly improved the quality
of concrete construction and thus it has been implemented extensively in bridge
decks and piers, pavements, road surfaces, precast structural elements and also
highrise building [2].

It is well known the design of SCC requires a careful combination of the
various material components of the mixture. SCC must achieve high workability
and flow into the formwork under its own weight without compaction and no
segregation [3]. The plastic attributes of SCC is characterized by filling ability,
passing ability and segregation resistance.

The mix design of concrete could be only considered as having self-compac-
tability when all these three characteristic is achieved; namely filling ability,
passing ability and segregation to resistance [4]. General experience has shown
that the rheological study of concrete is important for the construction industry
especially when dealing with SCC. The rheological properties of SCC is affected
by the type and volume of superplasticizer, water to powder ratio, maximum size
and proportion of coarse aggregate and mixing sequence and time as well [5].

2 Aims and Objectives

The aims and objectives of this study are:

1. To study the properties and performance of self-compacting concrete in fresh
and hardened state.

2. To produce a concrete with high workability properties that can easily flows
under its own weight in congested reinforcement zone in precast concrete
connections.

3 Background of Problem

Self-compacting concrete is first developed by Professor Hajime Okamura in the
early 1980s due to the problem of lacking of skilled workers to work in the
construction [1]. By using SCC, the construction could be progressed with limited
number of workers. Okamura introduced SCC technology based on using con-
ventional superplasticizers so that highly flowable concrete could be created. In
addition, viscosity-modifying agents (VMA) are also added to the mixture which is
useful in increasing the plastic viscosity, thus prevents the occurrence of segre-
gation [1].

In the 1990s, the technology starts to spread in Europe. They came with an
approach which using powders such us cement, supplementary cementitious
materials, and inert materials that are able to pass the 150 lm sieve to increase
plastic viscosity. Later, the addition of polycarboxylate superplasticizers and
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optimization of aggregates improved the quality of SCC and reducing the mate-
rials cost [1].

Generally, in any location of reinforcement congestion, placement of concrete
and compaction of concrete, even with a mechanical vibrator, becomes very dif-
ficult [6]. Consequently, it will eventually lead to defects such as honey combing
which affected the strength and durability of concrete. This undesirable phenom-
enon could be eliminated or minimised if congestion of reinforcement can be
reduced through design optimization. However, another option is by using high
workability concrete, which can flow easily around congested reinforcement, thus
overcoming this problem.

As such, failure of precast concrete joint or connection always associated with
the poor casting quality of concrete such as honeycombs, which, in most cases,
resulted from the congestion of reinforcement [7]. Therefore, SCC could be
applied in precast concrete industry because the use of self-compacting concrete
(SCC) is expected to not only eliminating the vibration works, but perhaps more
economical in performance compared to conventional concrete [6]. SCC also
could reduce the construction time of concrete structure by eliminating the
vibration works and reduction of noise problem especially in areas where vibration
works are prohibited [8].

4 Experimental Set-Up

4.1 Materials

In order to produce for the concrete mix design, raw materials such as cement, fly
ash, coarse aggregate, fine aggregate were prepared. The type of cement used in
this study is Ordinary Portland Cement (OPC). Class F fly ash produced by coal-
burning electric utilities obtained from Tanjung Bin Power Plant is used. Table 1
shows the chemical composition of Class F fly ash extracted from Tanjung Bin
Power Plant. It has been decided that both coarse aggregates and fine aggregates
used are crushed type. Sieve analysis was conducted according to BS 882: 1992 to
find out the percentage of the fine aggregates that passes through 600 lm. The
maximum size of aggregates used is 10 mm. Glenium ACE 389 RM was used as
the superplasticizer.

4.2 Mix Design

The concrete mix is designed to achieve compressive strength of Grade 30. In this
study, DOE method of mix design is used in order to design the concrete mix for
normal concrete while for the SCC, the mix design is developed based on the
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modification of previous research to meet the SCC requirements, as given by
European Federation 2005 [9]. Table 2 shows the initial range of certain param-
eters as a guide to achieve self-compactability characteristics. During the mixing
process, modification is made until a satisfactory mix is obtained, based on the
results of fresh concrete properties. The mix design could be considered as SCC
when satisfactory rheological properties of fresh concrete such as filling ability,
passing ability and segregation resistances are achieved [10].

4.3 Experimental

Two types of experimental series were carried out after the mixing process is done.
The first one is fresh concrete test, which consists of slump flow test, J-Ring test,
L-Box ratio test, and V-funnel flow time. The second one is testing on the hard-
ened concrete.

1. Testing of fresh concrete: Slump flow test was carried out to assess the flow-
ability and the flow rate of self-compacting concrete in the absence of
obstructions. The test was carried out based on the slump test described in EN
12350-2. The result obtained could be used as an indicator of the filling ability
of self-compacting concrete. Based on Specification and Guidelines for SCC
[11], the diameter ranging from 650 to 800 mm can be accepted for SCC. In the
slump flow test, the flowrate can be measured through t500 and the segregation
resistance can be observed [12].

Apart from slump flow test, J-Ring test, L-Box test and V-funnel test were also
conducted in order to assess the flowability and passing ability, and also on the
stability of SCC [13]. The L-Box ratio obtained from test should be in the range of
0.8–1.0 while for the J-Ring value, it should be within the range of 0–10 mm.

Table 1 Chemical
composition of Class F fly
ash [16]

Chemical contents Formula Concentrations (%)

Carbon dioxide CO2 0.10
Silicon dioxide SiO2 47.10
Aluminium oxide Al2O3 30.00
Iron oxide Fe2O3 7.34
Lime CaO 7.21
Titanium dioxide TiO2 1.83
Potassium oxide K2O 1.62
Magnesium oxide MgO 1.52
Phosphorus pentoxide P2O5 1.37
Sodium oxide Na2O 0.72
Sulphur trioxide SO3 0.49
Strontium oxide SrO 0.32
Barium oxide BaO 0.27
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Figure 1 shows the dimensions of J-ring and positions for measurement of height
differences in order to record the data for the need of calculating the blocking step
value. The dimensions of L-box apparatus and the positions for measurement of H1

and H2 are shown in Fig. 2. H1 and H2 are used to calculate the value of L-box
ratio. V-Funnel test is used to assess the viscosity, flowability and segregation
resistance of self-compacting concrete. It indicates the period of a defined volume
of SCC, needs to pass through a narrow opening. This test evaluates the flowing
ability of SCC by measuring the time in seconds, taken for the mixture to com-
pletely empty out through the V-funnel. As stated by EFNARC [11], a concrete
could only be qualified as SCC if the time taken ranging from 6 to 12 s.

Table 2 Typical range of SCC mix composition [9]

Constituent Typical range by mass (kg/m3) Typical range by volume (l/m3)

Powder 380–600
Paste 300–380
Water 150–210 150–210
Coarse aggregate 750–1000 270–360
Fine aggregate Content balances the volume of the other constituents, typically

48–55 % of total aggregate weight
Water/powder ratio by vol 0.85–1.10

Fig. 1 Dimensions of the J-
ring and positions for
measurement of height
differences [10]
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2. Testing of hardened concrete: Testing on the hardened concrete was conducted
to confirm the cube compressive strength, flexural tensile test and splitting
tensile tests. The test compares the over mentioned properties between NC and
SCC. The cube compressive test is carried out based on BS 1881: Part 108:
1983. A total of 12 concrete cubes with dimension of 100 9 100 9 100 mm
were prepared and tested at the age of 7 days and 28 days. The second test is
splitting tensile strength of cylindrical concrete specimens. The test was carried
out in accordance to BS 1881: Part 117: 1983. Total of 6 concrete cylinders
with 150 mm in diameter and 300 mm height is to be tested after 28 days
curing process. Another test was flexural test which is in accordance with (BS
1881: Part 118: 1983). The size of prism is 100 9 100 9 500 mm. The flexural
strength test was conducted at the age of 28 days under four points loading until
the prisms fail and results of ultimate load was recorded.

5 Results and Discussion

5.1 Mix Design

In general, the mix design between the normal concrete and self-compacting
concrete was different. The workability of SCC mix increased due to the approach
of increasing the powder content while minimizing the content of coarse aggregate

Fig. 2 Dimensions of L-box apparatus and positions for measurement of H1 and H2 [10]
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compared to the fine aggregate in the mixture. In contrast, the normal concrete
showed a low workability due to the high portion of coarse aggregate compared to
the fine aggregate. Therefore, NC mixture needs more energy in order to make the
coarse aggregate flow with the cement paste easily and the passing ability is also
affected by the content of coarse particles [14]. Table 3 presents mix proportions
for NC and SCC used in this study. As shown in Table 3, the water-powder ratio
was different between NC and SCC mixture. It was found that, the powder content
in SCC mixture was increased with the addition of fly ash. Therefore, the SCC has
a lower water-powder ratio compared to NC. Fly ash was added in the SCC
mixture to ensure the water-powder ratio by volume is in the range of 0.85–1.10
thus, meets the requirement of self compacting concrete.

5.2 Fresh Concrete Testing

Figure 3 shows four testing that has been performed in the laboratory while
Table 4 shows the results obtained from all these tests.

1. Slump flow test: For the slump flow test, the average diameter is 670 mm, while
the t500 mm is 2.05 s. Based on Fig. 4, the circular spread of concrete makes
the test result acceptable and it showed that the mixture flows homogeneously
without any segregation. Therefore, the filling ability property for this mixture
is achieved since all specified criteria have been fulfilled. According to Schutter
[10], the higher the slump flow spread, the greater is the filling ability of the
fresh mix. Meanwhile, the only test carried out to observe the workability
properties of NC was the slump test and the result obtained from this test was
90 mm which is in the range of 60–180 mm.

2. J-ring test: The calculated J-ring value for this test is 9.25, which fall in the
range of self-compactibility characteristics given by EFNARC [11]. In the J-
Ring test, the presence of obstacles did not affect the flow of concrete. The
observations indicated that the mixture flow homogeneously yet spread of

Table 3 Mix proportions Component Content (kg/m3)

NC SCC

Characteristic strength (N/mm2) 30 30
Cement 395.00 411.56
Fly ash 0 116.08
Coarse aggregate 967.50 629.10
Fine aggregate 824.20 752.82
Superplasticizer (1.5 % by powder weight) 5.93 7.91
Water 213.3 185.00
W/P Ratio 0.54 0.35
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mixture was circular. The J-ring value will be higher if the mixture is
obstructed by the bars, thus results to block the passing ability. The result
obtained from this test is the blocking step BJ value which indicated the nec-
essary level of passing ability of self-compacting concrete. This value actually
indicates the passing ability by the size of the blocking step BJ between the
levels of the concrete inside and outside of the ring at the end of its flow.

Fig. 3 Testing on fresh concrete properties for SCC

Table 4 Results of fresh
properties of SCC

Name of test Results Range

Slump flow test 670 650–850 mm
t500 mm Slump flow test 2.05 2–5 s
J-Ring test 9.75 0–10 mm
L-Box ratio 0.82 0.8–1.0
V-Funnel test 6 6–12 s
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3. V-funnel test: As seen in Table 4, the V-funnel flow time, tv is 6 s. Based on the
range given by EFNARC [11], the result obtained is acceptable. The V-funnel
flow time tv measures the filling ability. The time is affected by the viscosity
(water-powder ratio and the free water volume) itself. A substantial increase of
tv might occur which indicate a partial blocking caused by increased concen-
tration of coarse aggregate at the bottom of the funnel. However, the filling
ability of concrete is high enough to achieve satisfied result for this test because
the smooth surface characteristic and spherical shape of fly ash improved the
workability of concrete mixture [12].

4. L-box test: The L-Box ratio obtained from the L-Box test is 0.82 which was
calculated by dividing the value of H2 to H1. This test can be used to assess the
passing ability and leveling ability of concrete. L-Box test was also used to
detect the resistance segregation of the mixture. As shown in Fig. 4, the coarse
aggregate still can be seen at the top of the L-box which means there are no
segregation between the coarse aggregate and the cement paste.

5.3 Hardened Concrete Testing

Three different tests were performed in order to evaluate the hardened or
mechanical properties of concrete whereby, every value that obtained from all
testing was taken based on the average from the three tested specimens.

1. Cube compressive strength: Based on the results obtained, SCC achieved
highest average compressive strength at the age of 7 days at 28.27 MPa, while
the lowest compressive strength was the NC cube which is 25.36 MPa. The
compressive strength results at the age 28 days are 37.65 and 42.18 MPa for
NC and SCC respectively. It also showed the same pattern of result obtained as
the compressive strength at the age of 7 days whereby, the compressive
strength increase slightly for the SCC compared to NC. Figure 5 shows that the
highest average compressive strength was at the age of 28 days. Therefore, it is

Fig. 4 Observation on
segregation of mixture after
filling the L-box
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found that the compressive strength of SCC provides 10.74 % of increment
compared to NC.

2. Splitting tensile test: As shown in Fig. 6, the tensile splitting strength of SCC
specimens was slightly higher compared to NC cylinder. NC cylinder attained
lower value due to a corresponding lower compressive strength as reported
earlier in the compressive strength properties. The characteristic tensile split-
ting strength obtained through this test for SCC and NC is 3.84 and 2.98 MPa,
respectively. According to previous researcher [15], the tensile strength of
concrete is normally around 10 % from the compression strength of concrete.
The mode of failure indicates that the cylinder has vertical crack at the centre of
cylinder which means, with an extended load applied to the specimen the
cylinder tend to split into two parts.

3. Flexural tensile test: As shown in Fig. 7, SCC shows high value of flexural
strength compared to NC. The flexural strength recorded for SCC and NC from
this test were 5.67 MPa and 4.93 MPa respectively and the percentage
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difference for these two values is 13.05 %. Thus, it can be seen that, the uses of
SCC in construction may benefit from the increment of flexural strength. In
flexural test, there was no first crack found nearby the mid span of the prism
when the load is increased. At about the peak loads, the stiffness of the segment
started to decrease. A vertical crack quickly formed at the midspan of the
segment as the peak load was reached and this led almost immediately to the
segment being broken into two at the midspan. All specimens were failed
without any earlier sign of cracks when the load was increased to the maximum
level.

6 Conclusion

Based on the overall results, analysis and comparisons in term of the fresh concrete
properties and hardened concrete properties between normal and self compacting
concrete, the main conclusion that can be drawn are as follows:

• The addition of fly ash as part of powder content in the mixture does provide
positive effects on the workability of SCC.

• The workability of SCC concrete is better than NC because its ability to flow
under its own weight without any compaction efforts in order to fill the
formwork.

• The increment in compressive and tensile strength of SCC can be explained by
the lower water-powder ratio, as compared to NC. The use of SCC improved the
mechanical properties such as compressive strength, tensile splitting strength
and flexural behavior of the concrete compared to NC due to less of honeycombs
and high quality concrete observed in SCC products.

A general conclusion that can be drawn is that the mixture was considered as
SCC because the passing ability, filling ability and segregation resistance prop-
erties of SCC has been achieved and the most important thing when it is able to
enhanced the mechanical properties of concrete. Thus, SCC mix design is greatly
suggested to be used in precast concrete industry as it is able to overcome the
problems in this industry.
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Mechanical Properties of Modular
Cement Block Reinforced with Treated
Oil Palm Trunk Fiber

Mazlina Mohamad and Zakiah Ahmad

Abstract As brick is not considered as Industrialised Building System (IBS) due
to its size. Therefore, this study manufactured sand-cement block with modular
dimension; 400 mm 9 200 mm 9 300 mm. However, sand-cement block is
heavy and brittle especially with modular size. In-line with requirement for sus-
tainable and environmentally friendly building materials, therefore this study is
looking at the potential in using oil palm trunk fiber (OPTF) in the production of
modular sand-cement block with high percentages fiber in order to reduce weight.
The investigation on the mechanical properties of modular oil palm fiber sand-
cement blocks have been carried out by varying process parameters, such as fiber
condition (untreated and alkali treated) and fiber percentages (20, 30 and 50 % by
volume). The treated and untreated fibers were characterised by tensile strength
and scanning electron microscopy. The effects of fiber treatments on the physical
and compressive strength properties of OPTF cement blocks were determined. The
results showed that compressive strength of OPTF cement blocks increases with
increasing in the fiber percentage due to the improvement of bonding between the
matrix and fiber.

Keywords Oil palm trunk fiber � Treated fiber � Lightweight blocks �Modular unit

1 Introduction

In the construction of walling units, cement block is preferred due to bigger
dimension as compared to bricks as well as reduction in the time of construction
and manpower. However, cement block is heavy and the materials in cement block
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becoming more expensive in the market, i.e. the price of sand and cement. One of
the ways to reduce the weight of the block is to replace the sand with natural fiber
at large quantity. The addition of the fibers not only reducing the weight but it
improves a lot in terms of the block’s mechanical properties. Such as non-abrasive,
combustible, nontoxic, low cost, biodegradable properties, increase a flexural
strength, bearing capacity, and also increased the impact toughness [1, 2].

From the previous research done by Stephens [3] on natural fiber reinforced
concrete blocks, the addition of 1 % sugarcane bagasses fiber volume can improve
the compressive and tensile strength of the concrete block slightly. He also had
shown that the addition of 3 % fiber volume has enhanced the impact resistance.
The reinforcement of the cement based composite with fiber has been seen since
the Egyptian times where straws or horsehairs were added to mud bricks, as well
as in early Japanese and Chinese housing construction where straw mats acting as
reinforcements [4].

In order to provide a healthy ecosystem with low cost but high performance as
demanded by industry, natural fiber is the best choice for environmentally product
due to the biodegradability of plant fibers [5]. Some natural fibers have relatively
high stiffness and strength without irritations to skin [4]. However, Abdul Khalil
et al. [5] reported that natural fiber composite has low compatibility between
cement matrix and fibers which form weak interface and leads to low mechanical
properties. In obtaining strong bonding between matrix and fiber, modification is
required either by matrix and fiber modification by using physical and chemical
treatments or by adding interfacial additives such as chlorination, bleaching and
delignition [6, 7]. Pretreatment of the fiber can modify the fiber’s surface chem-
ically by cleaning, prevent moisture absorption and enhance the roughness [6, 8]
however, the effect of treatment affected by the types of chemical, concentration
and processes involved [9].
In most lignocellulosic wastes, the chemical attack on the cellulose is retarded due
to the presence of cellulose crystallinity, hence making treatment a necessity.
Treatment using sodium hydroxide (NaOH) is found to be more effective com-
pared to water in removing the oil, but this can resulted in a poorer fiber where the
physical and mechanical properties will decreased with the increment of bulk
density. Ray et al. [10] studied the alkali treatment of jute fibers and found that the
treatment removed the lignin and hemicellulose, which later affects the tensile
characteristics of the fibers. The removal of hemicellulose during treatment pro-
cess has reduced the density and rigidity of the interfibrillar region. It has increased
the capability of the fibrils in rearranging themselves along the direction of tensile
deformation, resulted in better load sharing when the fiber is stretched. Hence, the
stress development in the fiber will be higher. Other studies also reported on the
effect of alkaline treatment on fibers such as sugarcane, coir and flax fibers which
caused modification in the crystallinity [11] which indicates increment in the
percentage of crystallinity index of treated fibers. This phenomenon is due to the
better packing of cellulose chain caused by removing the cementing materials [11].
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Based on the review work on the effect of treatment on fibers, therefore this
research investigated on the physical and mechanical properties of cement modular
block reinforced with treated oil palm trunk fiber.

2 Materials and Methods

2.1 Oil Palm Trunk Fiber

The oil palm trunk fibers (OPTF) were taken directly from the plantation. The
fibers were kept for 2 days in order to easily remove the parenchyma which
contains carbohydrates. This parenchyma can retard the concrete hardening
process.

2.2 Determination of Physical Properties and Chemical
Composition of OPTF

2.2.1 Density of Fiber

The apparent bulk density of the oil palm trunk fibers has been determined by
using the Archimedes principle. Firstly the weight of the bundle of oil palm trunk
fiber was taken and recorded as Mfa.

Secondly, the bundle was immersed in canola oil until wetted (Fig. 1) before
the weight was recorded. Lastly, the apparent bulk density of OPTF bundle was
then calculated by using the formula (1):

qb ¼ qs
Mfa

Mfa �Mfs
ð1Þ

where
qb is the bulk density of oil palm trunk fiber
qs is the density of the solvent (canola oil = 920 kg/m3)
Mfa is the weight of fiber in the air
Mfs is the weight of fiber in the solvent.

Actually it is very difficult to properly determine the dimension of fibers as the
natural fibers come in different texture and sizes. Therefore, eventhough Eichorn
and Young [12], Devi et al. [13] and Mwaikambo and Ansell [14] agreed that
fibers had a circular cross section, different methods have been used in determining
the approximate values for the diameters of fibers. A calibrated FEG-SEM at an
excitation voltage of 2 keV has been used to measure diameter of hemp fibers [12].
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While Devi et al. [13] and Mwaikambo and Ansell [14] used a stereo microscope,
and SEM and image analysis techniques for pineapple and sisal fibers respectively.
In this study, the diameter of the fiber was determined using SEM.

2.2.2 Determination of Tensile Strength of Oil Palm Fiber

Five (5) specimens of oil palm trunk fibers with approximately 70 mm of lengths
were weight before mounted on manila-card coupons by using epoxy resin as
shown in Fig. 2. The coupon has been gripped with hydraulic clamps of 5 kN load
cell Instron machine. The tensile test has been conducted based on ASTM D885
(1995) [15] at a rate of 1 mm/min.

2.2.3 Determination of Chemical Composition of Oil Palm Trunk
Fiber

The chemical composition was performed according to TAPPI standards (1985)
[16]. Hollocellulose determination was carried out in the same manner as
described by Wise et al. [17].

Fig. 1 Oil palm trunk fibers
immersed in canola oil
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2.3 Pre-treatment of Fiber

In the pre-treatment process, OPTF was treated with two types of solutions namely
sodium hydroxide (NaOH) and water at room temperature. For water pretreatment,
the fibers were soaked with water for at least for 2 h to remove impurities and
large particles. For another treatment, the fibers were placed in a tanks filled with
0.2 M Sodium Hydroxide (NaOH) solution for 2 h. After two-hour treatments, the
solution was drained and the treated OPTF fibers were washed with water. The
density of fiber, thickness swelling, tensile properties were determined and
analyzed.

2.4 Cement Composite

2.4.1 Binders

The cement binders constituents used were ordinary Portland cement, sand and
OPTF. The fine aggregate used satisfied the sieved analysis grading in accordance
with BS 882:1992.

2.4.2 Mixing and Casting

The ratio of cement to sand was set at 1.0 and 3.0 respectively. Length of OPTF
used was 25 mm since from the previous studies by Jelani et al. [18], for grade 30
concrete the optimum length of OPTF is 25 mm. The detailed of mix proportion is
shown in Table 1. The mixing method is critical to the properties of oil palm trunk
fiber reinforced cement composite (OPTFC). The addition of fiber has to be uni-
formly dispersed in the mix in order to obtain homogenous OPTFC mixture.
Therefore, the consistency of the matrix needs to be neither too stiff nor too wet to
ensure that the mixture can have uniform distribution in the mould A very dry-zero

Fig. 2 Fiber tensile test set-
up
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slump mix was used in manufacturing the cement block as it allow variation in
OPT fibers volume fraction percentage without causing ‘balling’ which normally
plague normal concrete mixture.

Slump test was carried out to find the water/cement ratio that produces zero
slumps. It was found that the suitable zero slump water/cement ratio ranges
between 0.45 and 0.65. Therefore, a ratio of 0.50 was used throughout the pro-
duction. Before mixing process, fibers were dipped in water for 30 min to allow
saturation in order to reduce water absorption during mixing process. Cement,
fibers and sand were mixed by adding one-third of water at a time. The fresh mix
was manually poured into the formwork of size 400 mm 9 200 mm 9 300 mm
and vibrated for 2 min using portable vibration meter and compacted using
vibration table. The block was demoulded after 24 h and covered with wet gunny
sacks and sprinkled with water regularly.

2.5 Compression Test

At least seven specimens were prepared for each parameters tested. The specimen
size is 400 mm (length) 9 200 mm (width) 9 300 mm (thick) as shown in
Fig. 3a. Compressive strength tests were performed in accordance with BS 1881:
Part: 119: 1993 as shown in Fig. 3b at a rate of 2 mm/min. The Modulus of
Elasticity was determined using method for determining the static modulus of
elasticity in compression in accordance with BS 1881: Part 121: 1983.

2.6 Scanning Electron Microscopy

The OPTF and the fracture surfaces of concrete have been inspected using
Scanning Electron Microscopy (SEM) at Metal Performance Technology Center,
SIRIM Berhad. JEOL JSN6310 scanning electron microscope (SEM) equipped
with a computer image analysis system was used, after gold coating.

Table 1 Mix design (kg/m3)

% Vol. of OPTF 0 20 30 50

Vol. of OPTF (m3) 0 4.8 9 10-3 7.2 9 10-3 1.2 9 10-2

Weight of OPTF (Kg) 0 5.28 7.92 13.2
Vol. of cement (1 Part) (m3) 6 9 10-3 4.8 9 10-3 4.2 9 10-3 3.0 9 10-3

Weight of cement (Kg) 18.9 15.12 12.23 9.45
Vol. of cement (3 parts) (m3) 1.8 9 10-2 1.44 9 10-2 1.26 9 10-2 9.0 9 10-3

Weight of sand (Kg) 47.7 38.16 33.39 23.85
Water W/C = 0.5 (Kg) 9.45 7.56 6.62 4.73

Note q cement = 3,150 kg/m3 ; q sand = 2,650 kg/m3

Size block = 400 mm 9 200 mm 9 300 mm (total volume = 24 9 10-3 m3 )
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3 Results and Discussions

3.1 Properties of Control Oil Palm Trunk Fiber

The physical and mechanical properties and chemical composition of oil palm
trunk fiber without pre-treatment are shown in Table 2.

The fiber bundles are of varying cross section with cross-sections ranging from
0.3 to 0.6 mm in diameter. In terms of color, the vascular bundles of OPTF were
light yellowish in fresh state and turned to dark grey when dried.

In this study the tensile strength of OPTF was found to be 300–600 N/mm2

which is considered high when compared with other natural fiber such as sisal
(280–568 N/mm2) and Jute (250–350 N/mm2) [19] but much lower than synthetic
fibers namely E-glass fiber (2,000–2,500 N/mm2) and carbon fiber (4,000 N/mm2).
Preferable synthetic fibers in composite material industry are glass
(E = 70–80 GPa), aramid (E = 120 GPa) and carbon (E = 220–700 GPa) [20]
but for natural fibers, hemp (69 GPa), sisal (E = 21 GPa) and kenaf
(E = 53 GPa) are commonly used. However, due to low cost and better
mechanical properties, glass fibers are preferable compared to others [21].
According to Fordos [22], thick wall is one of the criteria for a fiber to obtained
greater tensile strength. Therefore, the high tensile strength value of the OPTF may
be due to the thick wall and it was found that OPTF is not easily collapse even
though the fiber has lost its moisture. By looking at the SEM photo on the fiber
structure as shown in Fig. 4, the node like cell material indicated by the arrows
holds adjacent ultimate fibers together which makes the fiber stiff and as compared
to other fiber such as wood fiber [23].

The other advantage of OPTF is that it possesses high density (1,140 kg/m3).
The high density also indicates that the fiber is strong. The high content of lignin in
OPTF (23.03 %) also gives extra merit to the fiber because lignified cellulose
fibers retain their strength better than delignified fibers when exposed to moisture
[22]. With all these reasons, oil palm trunk fiber was found to have the potential as
concrete reinforcement.

Fig. 3 a Compression test
specimens. b Test set-up for
compression test
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3.2 Effect of Treatment on Mechanical Properties of OPTF

Table 3 shows the summary of physical and mechanical properties of OPTF before
and after treated with water and NaOH.

The moderately higher tensile strength properties for the OPTF treated with
NaOH than OPTF treated with water is due condition of the characteristic of the
fiber as explained in this section. According to Kolop et al. [2], low tensile strength
will be obtained for fiber with water pretreatment as the fiber can be brittle and
easily broken as a result on influenced by too much water content. It has been seen
earlier that the alkali treatment reduces the fiber diameter and increases the
strength of fiber. Some studies on the alkali treatment of jute-fibers reported [10]
on the removal of lignin and hemicellulose, which affects the tensile characteristics
of the fibers. The interfibrillar region was found to be less dense and rigid when the
hemicelluloses was removed and thereby provide the fibrils capability to rearrange
themselves along the direction of tensile deformation. When natural fibers are
stretched, such rearrangements amongst the fibrils would result in enhancement on
load sharing and hence result in higher stress development in the fiber.

3.3 Effect of Treatment on Surface Morphology of OPTF

The surface morphology based on the level of smoothness and roughness of the
OPTF before and after treatments were analysed using scanning electron
microscopy (SEM). Significant changes have been observed after the treatments.

Table 2 Properties of oil
palm trunk fiber

Properties Values

Bulk density 1,140 kgm-3

Tensile strength 300–600 N/mm2

Modulus of elasticity 15–32 GPa
Hollocellulose 72.12
Lignin 23.03
Alpha-cellulose 46.58

1.5μm5 μm

(a)    (b)Fig. 4 SEM micrograph
showing the OPTF fiber at
different magnification a 659

and b 1,5009
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Rougher surfaces were obtained which resulted from removal of non-cellulosic
materials, surface impurities, waxes and organic substance. Figure 4a shows the
SEM micrograph of untreated OPTF. The impurities can be clearly detected on the
surface of untreated fiber. In Fig. 5a, fewer impurities have been removed from
fiber surface after treated with water.

However, after treated with 0.2 M NaOH (Fig. 5b) the OPTF has smoother
surfaces which indicate better removal of impurities and the diameter of the fiber
also reduced. Alkali treatments change the accessibility, reactivity, structure and
morphology in cellulosic fibers depending on factors such as degree of polymer-
ization, physical state of the material, treatment temperature and alkali concen-
tration [24, 25]. However, this study did not varies the NaOH concentration to see
these effects on the fiber.

3.4 Effect of Treatment on Physical Properties of OPTF

The apparent bulk density is always less than the absolute density which is
includes all the pores and lumen due to the buoyancy effect cause by the trapped
air. Based on Aziz and Ansell [26], high porosity of fiber will affect the density of
material by reducing it which resulted in lower bulk density.

Natural fibers have lower density compared to glass fiber. The absolute density
of natural fiber was found to be most probably between 1.2 and 1.6 g/cm3 [27].
From Table 3, it can be seen that the density of OPTF varied with the methods of
treatments and the treatment shows positive changes in fiber densities. The density
of OPTF treated with water is the highest followed by treated with NaOH and
control OPTF. Nevertheless, both treatments did not show significant change in

Table 3 Summary of physical and mechanical properties of OPTF

Treatment
methods

Density (g/
cm3)

Thickness swelling
(%)

Tensile strength (N/
mm2)

MOE
(GPa)

Control 1.14 0 32.7 32
Water 1.24 0.12 28.5 31
NaOH 1.20 0.04 38.8 36

Fig. 5 OPTF fiber a after
treated with water and b after
treated with NaOH
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density. This happened as the dried fibers absorbed water during 2 h of pretreat-
ment where the stress developed in the fiber increased due to interfibrillar swelling
which explained the increase in the density of OPTF. The increase in water dis-
tribution in the fiber may results in stress and local weakness [28] and therefore
under pressure a fiber can split into its fibrils as seen in Fig. 5a. Meanwhile, the
treatments of NaOH at the same time have removed most of the impurities and
chemically modify the surface of fiber [8] and swelled the fiber. The weight loss of
the fibers was mainly due to loss of the carboxyl group containing fiber molecules
fiber. Alkali penetrates more deeply inside the fiber because of interfibrillar
swelling, resulting in fiber splitting (Fig. 5b) due to a less homogeneous distri-
bution of alkali inside the fiber [29, 30]. The effect on thickness swelling of the
fiber can be seen in Table 3. The results obtained show that fiber which was treated
with NaOH display lower thickness swelling (0.04 %) than that of treated with
water (0.12 %).

3.5 Compression Strength Properties of OPTF Cement Block

Figure 6 shows compressive strength of cement block reinforced with 0, 20, 30
and 50 % of OPT fiber. As the percentages of OPTF increases, the strength
decreases. The composite cement reinforced with 20 % OPTF treated with NaOH
gives the highest compressive strength which is 10.7 N/mm2 and the lowest
strength is seen for cement composite reinforced with 50 % untreated OPTF. This
is due to lack of water for composites causes the mixing is not workable and
difficult to mix homogenously, then the packing of the fiber becomes difficult and
voids are introduced into the product.

From the histogram, in general the compressive strength of the cement com-
posites improved with 20 % OPTF for all types of cement composites and for this
20 % OPTF, the strength of cement composite with NaOH treated OPTF is higher
than cement composite with water treated OPTF followed by cement composite
with untreated OPTF. The increasing of compressive strength of pretreatment of
fiber with NaOH is not surprising as in Table 3, it shows that tensile strength for
OPTF treated with NaOH gives higher value compared to OPTF treated with water
and untreated OPTF. NaOH pretreatment results in decreasing of spiral angle, such
as increase in the molecular orientation and strength on a fiber surface, and closer
to a fiber axis [8]. This indicates that the strength of cement composite depends on
the strength of the fiber and this may not the only reason since the bondability of
the cement to fiber is also important. In general the NaOH treated fiber improves
the compressive strength of the cement composite which can so be seen for cement
composite with other percentages of OPTF (30 and 50 %). A similar trend was
found from Augustine and Stephens [31] where the increments of sisal fiber
volume lead to reduction of concrete compressive strength as the fiber fail to resist
axial compressive load.
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Addition of fibers into cement matrix will enhance tensile strength by reducing
the rate of crack growth. However, the poor compatibility by natural fiber com-
posites will form weak interface and leads to poor mechanical properties. To reduce
this problem, pretreatment of fiber is important. According to Kalia et al. [32], by
applying alkaline treatment has resulted in an improvement in strength of fibers
which was also found in this study which lead to increase in strength of the cement
composite. Alkaline pretreatment removed more lignin fractions from the biomass
because of the solubilization of lignin in alkaline solution [33]. From this treatment,
the fiber can improve the adhesion characteristics and strong fiber matrix interface
bond as the treated surface allows for the absorption of the cement matrix.

4 Conclusion

Based on the experimental study, on the effect of pretreatment of OPTF on cement
blocks, following conclusions are drawn:

a. Pretreatment of NaOH contributes to higher value for tensile and MOE for
OPTF compared with those having pretreatment with water and untreated fiber.

b. OPTF treated with water gives higher value of thickness swelling and density of
fiber which resulted in weak and brittle fiber as shown by the low tensile
strength value.

c. Cement blocks with NaOH treated fiber gives higher value in compressive
strength compared with cement blocks with OPTF treated water and untreated
fiber. The increasing of compressive strength of pretreatment NaOH fiber is not
surprising because NaOH treated fiber has high tensile strength, providing good
fiber matrix bonding, and able to interrupt the distribution of compressive stress
that results in multi cracking in blocks.

Acknowledgments This study was funded by the Research Management Institute (RMI),
Universiti Teknologi Mara, Malaysia.

Fig. 6 Compressive strength
of cement block with various
percentage of OPTF
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Tensile and Interlaminar Shear Strength
of Unidirectional Kenaf Fibre Reinforced
Polymer with Overlapping Joint

Safarina Haslimawaty Hamdan, Anwar Zainal Abidin
and Zakiah Ahmad

Abstract Natural fiber has been chosen to replace the use of synthetic fiber
because of its characteristics and the fact that it is environmentally friendly.
Natural fiber has limited length which differs from synthetic fibers which can be
fabricated with the desired length. Therefore, there is a need to join the length of
natural fiber in the manufacturing of the plastic composite. Forming a longer
length fiber plastic composite by using the method of jointing might results in
lower strength compared to full length fibers. Therefore, this paper reported the
investigation made on the tensile strength and interlaminar shear strength of kenaf
fiber reinforced plastic composite by jointing the fibers through co-cured in-line
joint by overlapping the fibers with different overlapping length (0, 10, 20, 30, and
40 mm). The effects of pre-treatment of the fibers with sodium hydroxide were
also studied. The results shows that the composites can be manufactured by joint
the fibers with maximum length of 20 mm overlapping length. Beyond that length,
the specimens failed at outside the overlapping area.
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1 Introduction

Fiber such as glass, carbon, aramid, etc. has been used in the fiber reinforced
polymer composites because of their favourable mechanical properties. However,
these synthetic fibers are quite expensive. Therefore natural fibers such as jute,
flux, hemp, kenaf etc. can be the alternative fibers in order to reduce the cost of the
composites [1]. The emergence of these lignocellulosic fibres as a viable
replacement for glass fibre in reinforcing polymeric matrices has attracted the
interest of researchers over the past few decades [2, 3]. These fibres are known to
deliver similar performance to glass fibres and can be 25–30 % stronger than glass
fibres for the same weight [4]. The elastic moduli for natural fibres are comparable
to those of E-glass, with flax having potentially the highest value compared to the
other fibres The main advantages of natural fibers include acceptable specific
strength properties, low density, high toughness, good thermal properties, light-
weight, non-corrosive, low cost and so on [5]. The low specific weight of natural
fibers which resulted in a higher specific strength and stiffness compared to glass
fiber and this is the characteristic that is important for designing the bending
stiffness [6]. Kenaf is the crops that has been planted in Malaysia as alternative
crops to replace tobacco for its fibers. Kenaf fiber has been shown to have good
tensile strength and modulus of elasticity of 11.9 and 60 GPa respectively [7].

Besides having good mechanical properties, the properties of composites
depend on the properties of the matrix and also their interfacial compatibility.
However, adhesion between the hydrophilic fiber (such as jute fiber, sisal fiber)
and hydrophobic matrix (such as polypropylene, polyester, epoxy) is poor [8].
Therefore, the bond between them needs to be improved. This may be improved by
alkali treatment. It is believed that the alkali treatments results in an improvement
in the interfacial bonding by giving rise to additional sites for mechanical inter-
locking, hence promoting more matrix/fiber interpenetration at the interface [3].
Alkali treatments may change the structure, accessibility, morphology and reac-
tivity, in cellulosic fibres depending on factors such as treatment temperature,
alkali concentration, its degree of polymerisation and the physical state of the
material [9–11]. Silva and Al-Qureshi [12] analysed the mechanics of wetting
systems of sisal fibre bundles in epoxy resin by comparing untreated fibres with
those treated using 5 % NaOH solution. There was a decrease in the tensile
strength of the fibres of approximately 14 % after treatment which may be due to
the loss of hemicellulose and lignin.

The application of unidirectional fiber in the composites requires the fiber to be
jointed in order to have a longer length composite. The strength of the composite will
depend on the strength of the joint. Therefore an experimental investigation was
performed to determine the tensile strength properties of unidirectional co-cured in-
line joint of kenaf fiber reinforced plastic composites with different overlapping
length (0, 10, 20, 30, 40 mm). The interlaminar shear stress plays a very important
role in the damage of composite laminates. With higher interlaminar shear stress,
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delamination can easily occur on the composite interface. Therefore this study also
looked at the interlaminar shear strength of the composite.

2 Experimental

2.1 Materials

Kenaf fibers were collected from Lembaga Kenaf located in Kota Bahru, Kelantan.
The supplied kenaf was processed by water retting in order to get the long fiber.
The resin was two parts epoxy resin with based resin, Asasin 8505 and hardener,
Asahard 8505 supplied by SIKA Malaysia. The mould release agent used was
Frekote 700-NC.

Epoxy resin was prepared by mixing two components, based epoxy resin,
Asasin 8505 and harderner, Asahard 8505 at ratio 70:30 respectively thoroughly at
room temperature. The resin was placed in a vacuum oven to remove any bubbles
formed during the mixing process.

2.2 Treatment of Fiber

Fibre samples were immersed in an aqueous alkaline solution of 0.06 M sodium
hydroxide (NaOH) mixed with distilled water for about 24 h at room temperature.
The fibre was washed with running tap water and then neutralised with an acetate
buffer containing 0.01 mol/l of acetic acid and 0.01 mol/l of sodium acetate (pH
5.0). The fibre sample was sufficiently washed with distilled water until the pH
value of the solution indicated 7.0. The fibers were dried at room temperature by
placing them in between layers of tissue for 2 days, before further drying in an
oven at 80 �C for 24 h.

2.3 Moisture Content

In order to determine the weight loss of fibers during alkali treatment, the moisture
content (MC) of the fibers was first calculated. The moisture content of the fibers
was calculated according to Eq. (1). Firstly, the fibers were conditioned at room
temperature for 24 h and weighed (w1). Then they were dried at 105 �C for 4 h.
The fibers were weighed again (w2) after cooling down in a desiccator.

MC % ¼ w1 � w2

w2
ð1Þ

The measurement was performed three times for each sample to obtain a mean
value.
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2.4 Weight Loss in Percent

The weight loss of the fibers during alkali treatment was determined. The as
received kenaf fibers of 0.25 g were conditioned at room temperature for 24 h and
the weight was taken and denoted as wm. The weight of the dried fibers (wd) was
calculated according to Eq. (2).

wd ¼ wm � ðwm �MCÞ ð2Þ

Then the fibers were treated with NaOH as explained in Sect. 2.2 and dried. The
weight of the dried fibers after treated was measured and denoted as w3. The
weight loss of the fibres was calculated according to Eq. (3).

Weight loss ¼ ðwd � w3Þ
w3

ð3Þ

The measurement was performed three times for each sample to obtain a mean
value.

2.5 Tensile Strength of Fiber

The single strand of both treated and untreated kenaf was taken and attached on a
manila-card coupon (Fig. 1) by using high performance glue. The tensile test was
conducted according to ASTM D885 (1995) using Shimadzu Machine from Civil
Engineering Fabrication Lab. The ends of the manila-card coupons were gripped
by hydraulic clamps to align the fibre with the machine axis. The sides of the hole
on the coupon were cut with a pair of scissors to allow load transfer to the fiber
during tensile testing. The specimens were loaded with a crosshead speed of
1 mm/min. Ten (10) specimens, which were five treated and five untreated kenaf
fibers were used in this test.

Fig. 1 Single strand kenaf
fiber mounted on coupon
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2.6 Preparation of Kenaf Fiber Reinforced Plastic
Composite

The composites were manufactured using unidirectional kenaf fibre bundles with
epoxy resins as the matrix materials. The untreated and treated fibers were combed
to make them straight. All the combed kenaf fibers were cut to required length
based on the different overlapping length (0, 10, 20, 30 and 40 mm) as well as
control samples and to make samples of length 250 mm. The fibers were divided
into several bundles with approximately equal weight.

The mould was cleaned using a soft scraper prior to clean off any residue left on the
mould surface. A release agent, Frekote was applied to all surfaces exposed to the resin to
make the process of releasing the composites easier, and prevent damage to the mould.

The composites were manufactured using a stainless steel mould as shown in
Fig. 2a. The fibers were then inserted layer by layer into the mould, with a layer of
epoxy matrix between the layers of the fiber bundles. At the bottom of the first fiber
bundles and the top of last fiber bundle, no resin was introduced. The resin was
allowed to rest for 3 min before the top cover was placed to avoid loose of resin in the
mould. Once the top cover was placed onto the mould, the composite was rested for
another 2 min before applying the full pressure of 60 bars (Fig. 2b) until the resin
began to feel sticky. The samples were left for 24 h before demoulding. The samples
prepared were of size 20 mm (width) 9 4 mm (thick) and 250 mm (length).

2.7 Tensile strength of KFRP

The static tensile strengths of the different KFRPs were measured using BS EN
ISO 527-5 (1997) using straight edge specimens as shown in Fig. 3. The com-
posites were fitted with 1.6 mm thick aluminium end tabs which were bonded with
Sikadur resin to minimize damage to the outer fibers and matrix.

Fig. 2 Manufacturing the KFRP specimen; a Epoxy resin poured over layer of kenaf in a zig-zag
pattern and b specimen allowed to rest before applying pressure
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The tensile test was conducted using Universal Testing Machine Instron at a
rate of loading of 1 mm/min.

2.8 Interlaminar Shear Strength

The apparent interlaminar shear strength is defined as the value of the apparent
interlaminar shear stress at failure or when the load reaches a maximum value.
Interlaminar shear test was carried out in accordance with BS EN ISO 14130. The
specimens were cut from the prepared specimen in Part F to a size of 40 mm
length 9 20 mm width 9 4 mm thick to give a bending specimen with span to
depth ratio of 5:1 mm. The test was conducted on an INSTRON 100kN (3,382)
with speed of the testing was 1 mm/min. All the samples’ fracture surfaces before
and after testing was examined by using Scanning Electron Microcopy (SEM).
This value is determined using Eq. (4) as shown below.

sM ¼
3FM

4bh
ð4Þ

where FM is the failure or maximum load, in Newtons, b is the width of the test
specimen and h is the thickness of the test specimen.

3 Results and Discussions

3.1 Effect of Treatment on the Physical Properties of Kenaf
Fiber

The weight loss of the kenaf fiber after treatment with NaOH was found to be
1.8 %. This reduction may be due to loss of the carboxyl group containing fiber
molecules [13]. Figure 4 shows the surface morphology of the kenaf fiber bundle,

Fig. 3 Tensile test specimen
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untreated and treated with NaOH. A closer look of the treated fiber shows the
effect of the NaOH on the surface. The smoothness and lack of debris on the
surface due to attack by the alkali (Fig. 4b) as compared to the roughness of the
untreated fiber (Fig. 4a) which can be associated with the weight loss and has been
associated with better wetting of such fibers (Arnold 2008) can be clearly observed
in Fig. 4b.

3.2 Effect of Treatment on the Tensile Strength of Kenaf
Fiber

The tensile strengths of the treated and untreated kenaf fiber bundles were deter-
mined using the cross-sectional areas with the diameter of the fibers obtained using
the microscopy methods. It can be observed that the average tensile strengths
obtained for untreated fiber is 15.48 kN (140 MPa) which is 6.2 % higher than
untreated fiber (14.57 kN, 132.5 MPa). This indicates that the treatment with
NaOH decreased the tensile strength of the fiber. The density of the untreated and
treated fiber is 1.19 and 0.75 g/cm3 respectively and this reflected in the value of
tensile strength. The higher the density the higher the tensile strength.

3.3 Tensile Strength of KFRP Composite

The tensile test results for the treated and untreated KFRP have been plotted in
Fig. 5 as a function of overlapping length. From this figure, it is clear that the
KFRP with treated fiber are higher than KFRP with untreated fiber except for
control samples which is quite surprising. For control specimens, KFRP with
untreated fiber have tensile strength of 15.8 % higher than KFRP with treated

Fig. 4 SEM scans of kenaf fiber; a untreated fiber bundle and b treated fiber bundle showing the
impurities and smooth surface respectively
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fiber. This may be due to the tensile strength of untreated kenaf fiber is higher than
treated fiber.

However as the overlapping length increases, for both KFRP composites, the
tensile strength of the composites with treated and untreated fibers are increasing
as the overlapping length increases up to 20 mm overlapping length excluding the
control specimens.

When jointed with 20 mm overlapping length, the tensile strength of KFRP
with treated fiber has no significant different in the tensile strength with that
control KFRP with untreated fiber but higher than the control sample with treated
fiber. The result also shows that fiber length has profound impact on the properties
of the jointed composites. In small overlapping size, tensile strength is low due to
the fact that length may be not sufficient enough for proper distribution of stress.
As proper length is not available for stress distribution, failure occurs easily. But as
the fiber length longer than 20 mm, the tensile strength decreases at the over-
lapping area as at that area, the density is high and the weak area will be outside
the overlapping and induce weakness and the specimens mostly failed around
those areas. Figure 6 shows the failure modes of the tensile specimens with dif-
ferent overlapping length. Both types of KFRP composites have similar failure
patterns.

At the same time, the matrix resin need to hold the fibers together, therefore, the
matrix has the important function of transferring applied load to the fibers. The
efficiency of a fiber reinforced composite depends on the fiber–matrix interface
and the ability to transfer stress from the matrix to the fiber [13]. The increase in
tensile strength for the alkali treated kenaf fiber bundles in epoxy resin composites
is linked to the improvement of surface properties. Treatment of kenaf fiber with
low concentration of NaOH has been reported to improve the mechanical

Fig. 5 Tensile strength of KFRP composite with treated and untreated fibers
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properties of natural fibers by improving their internal properties by facilitating
rearranging of crystallites into well-ordered states [14, 15]. They suggested that the
orderly rearrangement of crystallites reduces the number of weak points on the
fiber surface resulting in better stress distribution along the fiber length.

The KFRP composite for both treated and untreated fiber suffered tensile failure
as shown in Fig. 7a and b respectively. There is no visible evidence of single fiber
pull-out from both untreated and treated fiber-epoxy resin composites which
indicate good bonding between the fibers and the matrix. The good bond strength
is evident from the extent of damage observed on the fiber surfaces of treated and

Fig. 6 Failure modes of tensile specimens

Fig. 7 Tensile failure of a treated kenaf fibre KFRP composite and b untreated kenaf fibre KFRP
composite after tensile test
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untreated KFRP composite. There is pull-out of ultimate fibers from the fiber
bundles as shown in Fig. 7b coupled with tearing of fiber cell walls.

3.4 Interlaminar Shear Strength

The interlaminar shear stress plays a very important role in the damage of com-
posite laminates. Figure 8 shows the result for interlaminar shear strength of KFRP
composites with treated and untreated kenaf fiber as well as for different over-
lapping length.

From Fig. 8 it can be seen that the interlaminar shear strength of KFRP com-
posite with untreated fiber is higher than KFRP composite with treated fibers. This
provides evidence that the low in tensile strength of the composite since with high
interlaminar shear stress, the delamination can easily occur on the composite
interface. This also indicates the bonding of the treated KFRP composite is not as
good as the KFRP composite with treated fiber.

4 Conclutions

The following conclusions can be drawn from this study:

Fig. 8 Interlaminar shear stress for KFRP composite with different overlapping length
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1. The weight loss of the kenaf fiber after treatment with NaOH was found to be
1.8 % which can be seen from the smoothness and lack of debris on the surface
due to attack by the alkali through SEM micrograph.

2. The average tensile strengths obtained for untreated fiber is 15.48 kN
(140 MPa) which is 6.2 % higher than untreated fiber (14.57 kN, 132.5 MPa).
This indicates that the treatment with NaOH decreased the tensile strength of
the fiber. The density of the untreated and treated fiber is 1.19 and 0.75 g/cm3

respectively.
3. The tensile strength of kenaf fiber reinforced plastic composite without joint

(control specimens) with untreated fiber has higher tensile strength than KFRP
with treated fiber. However as the overlapping length increases, the tensile
strength of the composites with treated and untreated fibers are increasing as the
overlapping length increases up to 20 mm overlapping length excluding the
control specimens.

4. The interlaminar shear strength of KFRP composites with untreated fiber is
higher than KFRP composite with treated fibers. This provides evidence that
the low in tensile strength of the composite. This also indicates the bonding of
the treated KFRP composite is not as good as the KFRP composite with treated
fiber.
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Compressive Strength of Laminated
Rubber Bearing Due to Different
Temperature Exposure

Norliyati Mohd Amin, Anizahyati Alisibramulisi
and Norhayati Kadir

Abstract In Malaysia, the usage of laminated rubber bearing (LRB) is lacking
due to low seismic intensity. Nevertheless, it is still used as precaution to public
safety. The determination of the suitable rubber according to temperature is very
important since Malaysia is one of the hot climate countries. Thus, temperature is
one of important parameters to be taken into account. Commonly, rubber will melt
and change their strength properties immediately if highly exposed to high tem-
perature, and the situation is the same for LRB. The LRB is a combination of
rubber and steel which is good to isolate earthquake energy. The objectives of this
study is to determine the compressive strength performance of LRB using three
different temperatures; room temperature (26–28 �C), 30 �C and 50 �C. The result
shows that the maximum loads under compression test were between 373.2 and
793.3 kN for the three variable temperatures studied.

Keywords Laminated rubber bearing (LRB) � Temperature � Compression test

1 Introduction

Laminated Rubber Bearing (LRB) is one of base isolation systems. LRB is
commonly used to absorb seismic loading produced by earthquakes energy. The
bearings are generally placed at bottom of the building to make sure the overall
building structural elements are not affected due to earthquake loading. In struc-
tural earthquake engineering, natural rubber and steel are used as base isolator for
energy removal systems to reduce earthquake effect on structures. Laminated
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natural rubber and steel, as a bearing can provide high vertical stiffness and
flexibility in horizontal direction to ensure that they can support the loading from
the structure and prevent excessive sideways from any horizontal loading espe-
cially when earthquakes occur. The determination of suitable rubber according to
temperature is very important since Malaysia itself is one of the hot climate
countries. The temperature is one of important parameters to be taken into account.
Rubber can shift their properties due to changes of temperature caused by sur-
rounding environments.

1.1 Objective

The aim of this study is to measure the effectiveness of LRB subjected to com-
pression load with variable temperatures and can be subdivided into:

1. To evaluate the mechanical properties of LRB when compressively loaded and
different temperatures were imposed on it.

2. To determine the load of maximum breaking point of LRB due to vertical loads
with the different temperatures.

1.2 Significance of Study

Rubber can be categorized into two types, which are synthetic rubber and natural
rubber. The synthetic rubber is not highly suggested in Malaysia because of its
higher cost compared to the natural rubbers. Laminated Rubber Bearing is a
combination of steel and natural rubber in which the interval layers contribute in
preventing seismic loading. Natural rubber is also very suitable to be used for
strengthening application and it is also environmental—friendly. Therefore, this
research is conducted to evaluate the mechanical properties of LRB due to dif-
ferent temperatures.

1.3 Scope of Work

To investigate the mechanical properties of LRB, natural rubber with different
value of temperatures was tested under compression. There is steel plate between
rubber and it forms several layers. Three values of temperature were decided based
on tropical climate range, where the samples were heated in oven for room tem-
perature (26–28 �C), 30 �C and 50 �C. Then, the samples were imposed with
vertical loads.
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2 Laminated Rubber Bearing as Base Isolation System

Base Isolation systems reduce building vibrations during earthquakes. This means
that the building is less shaking, thus, the chance of damage can be reduced. To
have a fixed-base, normally a building is supported directly on this system. When
base isolation is used, special structural bearings are inserted between the bottom
of the building and its base foundation. A bearing is a device to allow constrained
relative motion between two or more parts, typically rotation or linear movement.
Bearings may be classified as large space according to the motions it allows and
according to its principle of operation as well as by the directions of applied loads
it can handle. The most recent and interesting application in seismic isolation for
building is Laminated Rubber Bearing (LRB).

Laminated Rubber Bearings components are shown in Fig. 1. The bearings are
designed to be very stiff and strong for vertical loads so that it can carry the weight
of the building. However, it is designed to be much weaker for horizontal loads, so
that it can move sideways during an earthquake [1].

2.1 Application of Laminated Rubber Bearing

LRB have been used to isolate substructure so that the super structure do not collapse
easily during an earthquake where the superstructure may follow the movement of
building gently. More recently, elastomeric bearings have been increasingly
employed in buildings and bridges as a means of decoupling the structure from
seismic ground motions. Since most buildings and bridges have service lives of at
least 30–60 years, questions about the long-term behavior of base-isolation bearings
arise. The dynamic response of building and lifeline structures subjected to earth-
quakes ground motion is dependent upon a number of factors, including structural
configuration, mass, stiffness, damping and ductility [3].

Fig. 1 Component of
laminated rubber bearing [2]
(IDEERS Resistant Building
2000)
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Buildings with small damping ratios and natural period in the same range as the
influence of strong motion are likely to have significantly amplified responses, and
hence suffer damage in earthquake. Historically, the philosophy behind most design
standard has been to provide sufficient strength to resist dynamically-induced lateral
forces, while limiting damage to an acceptable level. Newer design methodologies
have maintained this philosophy, but have explicitly incorporated more advance
concept such as ductility, stability, and energy dissipation under cycling loading.
The behaviors of building with and without isolation bearing are shown in Fig. 2.

2.2 Effects of LRB Subjected to Different Temperatures

LRB does not perform well at high temperature which is (greater than 70 �C) and
low temperature but do perform quite well at temperature between these extremes
[3]. At temperature above 70 �C, many elastomers degrade via a mechanism of
cross linking or by a mechanism of reversion; breakage of crosslink creating free
radicals which reform into cyclic structures [4]. Both mechanisms increase the
hardness and modulus of the elastomers, resulting in embrittlement. For example
[4] observed an 80 % reduction in the elongation at break in 170 days, and a
doubling of the modulus in 50 days for vulcanized natural elastomers heated at
70 �C. Another significant property is the behavior of an LRB at a low tempera-
ture. The temperatures of interest are the cold crystallization temperature and the

Fig. 2 Difference of two
types of building with and
without bearing [2] (IDEERS
Resistant Building 2000).
a Building with fix base.
b Building with base isolation
bearing

Steel plate

Rubber plate50 mm

210 mm

Fig. 3 LRB dimensions
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glass transition. Many properties change when cold crystallization occurs,
including increases in the hardness and shear stiffness and a decrease in maximum
elongation at break [1].

Figure Remarks
Firstly, the 2.5 mm 
steel plates were cut 
into small sizes by 
using hydraulic 
swing beam  
shearing machine as
shown in Fig.4 (a).

After that, the steel plate 
was loaded on the 
machine and the machine 
cut those plates into the 
dimensions required.

The rubber and steel 
plate have been ensured 
to be of the same sizes 
before continuing to the 
next stage.

(a)

(b)

(c)

Fig. 4 a Machine that was used to cut the steel plate. Remarks Firstly, the 2.5 mm steel plates
were cut into small sizes by using hydraulic swing beam shearing machine as shown in Fig. 4a.
b Steel plate was loaded on the machine to be cut. Remarks After that, the steel plate was loaded
on the machine and the machine cut those plates into the dimensions required. c Materials used.
Remarks The rubber and steel plate have been ensured to be of the same sizes before continuing
to the next stage. d Epoxy on rubber sheet. Remarks Next, rubber sheet surface has been applied
with epoxy. Two minutes were allowed before joining it together with steel plates. e Joining the
steel and rubber. Remarks Some pressure has been applied to the surface after joining the material
so that it can stick perfectly. The same steps were repeated until finish. f Completed samples.
Remarks The completed samples have been cured for 2 weeks in room temperature so that the
strength required is achieved
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3 Experimental Investigation

3.1 Experimental Set-Up

The LRB are produced with 210 mm 9 50 mm dimensions, whereby, the rubbers
are 5 mm 9 7 pieces and steel plates are 2.5 mm 9 6 pieces. The sizes were
chosen from previous experiment which was conducted by Japanese researchers
[3]. The dimensions were proposed by them and they investigated the aging effect
on damping ratio of LRB. In their experiment, rubber properties of degradation

Figure RemarksFigure Remarks

Next, rubber sheet 
surface has been applied
with epoxy. Two minutes
were allowed before 
joining it together with 
steel plates 

Some pressure has been 
applied to the surface 
after joining the material 
so that it can stick 
perfectly. The same steps 
were repeated until 
finish.

The completed samples 
have been cured for two 
weeks in room 
temperature so that the 
strength required is 
achieved.

(d)

(e)

(f)

Fig. 4 continued
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process were mainly focused compared to this study, where LRB was exposed to
different temperatures to determine its mechanical properties. Figure 3 shows the
dimension of Laminated Rubber Bearing used in this study.

Fig. 5 Sample of LRB in the
microwave oven

Fig. 6 Experimental set-up

Table 1 Result of LRB subjected to compressive loads and different temperatures

Temperature Sample 1 room temperature
(26–28 �C)

Sample 2
30 �C

Sample 3
50 �C

Maximum breaking point
(kN)

793.3 556.4 373.2

Stress (N/mm2) 62.9 44.1 29.6
Deformation (mm) 8.9 10.6 7.8
Strain (%) 4.44 5.2 3.9
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3.2 Manufacturing of Laminated Rubber Bearing Samples

Laminated rubber bearing was fabricated using steel plate and rubber sheet with
epoxy. The procedures of manufacturing laminated rubber bearing polymer are
shown in Fig. 4a–f.

3.3 Heating the Samples

The equipment that has been used for heating the samples is microwave oven as
shown in Fig. 5. The microwave oven was set to the according temperature and the
samples were put into it for about fifteen (15) minutes. Note that, the three tem-
peratures applied were: room temperature, 30 and 50 �C.

3.4 Vertical Load of Laminated Rubber Bearing

Universal Testing Machine (UTM) is the equipment that has been used for vertical
load test. The equipment consisted of a 100 kN capacity actuator with a mini
controller. The actuator was mechanically connected to the specimen through a
reaction loading frame. The LRB was placed between these two plates as shown in
Fig. 6. The test was carried out under displacement control condition.

4 Results and Discussions

This section discussed the obtained results in accordance to the objectives of this
study.

0
100
200
300
400
500
600
700
800
900

Load vs Deformation

Sample 1 (Room 
Temperature)
Sample 2 (30 oC) 

Sample 3 (50 oC) 

Load (kN)

0 2 4 6 8 10
Deformation (mm)

Fig. 7 Load versus
deformation
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Fig. 8 LRB mode of
failures. a Sample 1 (room
temperature). b Sample 2
(30 �C). c Sample 3 (50 �C)
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4.1 Deformation of LRB

Table 1 shows the result of the compression test on three LRB samples with three
different temperatures. The highest maximum break point was 793.3 kN at room
temperature, while the lowest for maximum break point was 373.2 kN at 50 �C.
For the stress, the maximum stress was 62.9 N/mm2 at room temperature and the
lowest stress was 29.6 N/mm2 at 50 �C. The highest deformation was 30 �C
sample with 10.6 mm deformation, while, the minimum deformation was 7.8 mm
from 50 �C sample. Maximum and minimum strain were 5.2 % (30 �C sample)
and 3.9 % (50 �C sample) respectively.

From Fig. 7, it is observed that during the testing, the 30 �C sample goes
smoothly until it reaches 300 kN load. After it reaches 300 kN, the sample starts to
fail slowly but deformation remains constant until it totally breaks at 556.4 kN.
For the 50 �C sample, after the load reach around 250 kN, the sample starts to
break and fails drastically at 373.2 kN which is believed due to the high tem-
perature exposure. Nevertheless, maximum breaking point load 793.3 kN is
obtained from room temperature sample.

4.2 Failure Mode of Laminated Rubber Bearing

From Fig. 8, Sample 2 and 3 shows that the rubber looks fissure and it is caused by
the heat that is trapped in the rubber. The excessive damage can be seen with the
rubber is burning inside.

5 Conclusion

From this study, it can be concluded that, LRB exposed to different temperatures
and subjected to compressive load, its mechanical properties are affected as
follows:

1. LRB exposed to high temperature (50 �C) leads to higher failure rate due to its
melting behavior.

2. The highest maximum breaking point load is 793.3 kN from room temperature
sample, whereas the lowest maximum breaking point load is 373.2 kN from
50 �C sample.

3. The maximum stress, 62.9 N/mm2 is obtained from room temperature sample
and the lowest stress 29.6 N/mm2 is obtained from the 50 �C sample.

4. Maximum and minimum strain are 5.2 and 3.9 %, obtained from 30 �C sample
and 50 �C sample respectively.
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Effect of Superplasticizers on Workability
of Fly Ash Based Geopolymer

Behzad Nematollahi and Jay Sanjayan

Abstract This paper evaluates the effect of different commercial superplasticizers
(SPs) usually used for ordinary Portland cement concrete production such as
naphthalene, melamine (second generation of products) and modified Polycar-
boxylate based (latest generation) on the workability of a class F fly ash paste
activated by 8 M NaOH solution (28.6 %) ? Na2SiO3 (71.4 %) with a SiO2/Na2O
ratio of 2.0. These SPs at a dosage of 1 % by mass of fly ash were added to the
fresh paste and flowability of the activated fly ash paste was measured by mini
slump test and compared with that of the paste without using any SP. The
experimental results indicated that each SP affected the workability of the fly ash
geopolymer differently. When the NaOH ? Na2SiO3 used as the activator the
modified Polycarboxylate based SPs (latest generation) was the most efficient type
which increased the relative slump of the paste up to 45 % with reference to the
paste without using any SP.

Keywords Fly ash based geopolymer � Superplasticizer �Activator �Workability �
Mini-slump test

1 Introduction

Geopolymer in the contrary to ordinary Portland cement (OPC) is a novel engi-
neering cement-less binder with environmentally sustainable characteristics [1].
Reference [2] coined the term geopolymer to describe the inorganic aluminosili-
cate polymers produced by synthesizing natural materials such as kaolinite clay or
industrial by-products such as fly ash and slag with highly alkaline activators. In
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this study geopolymer is produced by mixing Class F (low calcium) fly ash which
is an industrial by-product of coal-fired power stations [3] containing high amounts
of silicon and aluminum as the source material with a multi-compound activator
composed of NaOH and Na2SiO3 solutions. The production of fly ash based
geopolymer requires approximately 60 % less energy than that required for
manufacture of OPC resulted in low carbon emission [4].

High range water reducing admixtures commonly known as superplasticizers
(SPs) are added to OPC concrete to reduce its water content while maintaining a
constant workability resulting in higher strength and durability of concrete.
However, SPs can be used to ‘‘plasticize’’ or fluidize the concrete by maintaining a
constant water content resulting the concrete to flow better with no change in the
compressive strength. There are several types of SPs such as lignosulphonates
(Lig), naphthalene (N) and melamine-based (M), and modified Polycarboxylates
(PC) [5].

The effect of SPs in OPC paste, mortar and concrete has been widely evaluated
by several authors such as [6–9] and many others. Recently, some studies have
been conducted on the effect of the SPs on slag based geopolymers [10–14].

On the contrary, effect of the SPs on fly ash based geopolymer has been
received less attention. Reference [15], for instance, studied the effect of latest
generation of SPs based upon vinyl copolymer and polyacrylate copolymer on the
workability of fly ash based geopolymer pastes activated by only 8 M NaOH
solution. They concluded that addition of these SPs does not increase the work-
ability of the activated fly ash pastes. Reference [16] studied the effect of a N based
SPs on workability of the fly ash based geopolymer concrete activated by 8 M
NaOH solution (28.6 %) ? Na2SiO3 (71.4 %) with a SiO2/Na2O ratio of 2.0. It
was concluded that addition of N based SP improved the workability of fresh
concrete. Reference [17] evaluated the effect of Lig, M and PC based SPs on paste
rheology (i.e. yield stress and plastic viscosity) of alkali activated fly ash. They
concluded that when 12.5 M NaOH solution (85 %) ? Na2SiO3 (15 %) with a
SiO2/Na2O ratio of 3.3 used as the activator the PC based SPs (with a dosage of
0.8 %) seems to be the most effective type, however, these researchers have not
studied the effect of N based SP in their study. Reference [18] studied the effect of
two different SPs (N based and PC based) in the workability of the fly ash based
geopolymer concrete. They concluded that N and PC based SPs did not greatly
improve the workability of the concrete activated by 7 M KOH solution
(28.6 %) ? Na2SiO3 (71.4 %) with a SiO2/Na2O ratio of 2.0. Reference [19]
studied the effect of a PC based SP on workability of self compacting geopolymer
concrete. They concluded that addition of PC based SP with the dosages of 3–7 %
by mass of fly ash resulted in increase in the workability of the fly ash based
geopolymer concrete activated by 12 M NaOH solution (28.6 %) ? Na2SiO3

(71.4 %) with a SiO2/Na2O ratio of 2.06 with respect to the concrete containing
3 % SPs. However, these researchers did not report the effect of the SP (i.e.
increase/decrease in the workability of the concrete) with respect to the original
concrete without using any SP.
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As demonstrated in the above, the inconsistency in the research results reported
is due to diversities in the conditions in which fly ash based geopolymer pastes,
mortars and concrete were prepared such as composition of the fly ash, nature and
concentration of the activators used, type and dosage of SPs, etc. Hence, the
objective of this study is to evaluate the effect of different SPs on the workability
of the fly ash based geopolymer pastes.

2 Material

2.1 Fly Ash

The low calcium fly ash (class F) used in this study was supplied from Gladstone
power station in Queensland, Australia. Table 1 present the chemical composition
and loss on ignition (LOI) of the fly ash determined by X-ray Fluorescence (XRF).

2.2 Activator

The investigated activator was a multi-compound activator composed of sodium
hydroxide and sodium silicate solutions. The sodium hydroxide solution was
prepared with a concentration of 8.0 M using sodium hydroxide (NaOH) beads of
97 % purity supplied by Sigma-Aldrich and tap water. The Grade D sodium
silicate solution (Na2SiO3) was supplied by PQ Australia with a specific gravity of
1.53 and a modulus ratio (Ms) equal to 2.0 (where Ms = SiO2/Na2O,

Table 1 Chemical
composition of fly ash
determined by XRF

Chemical Component (wt. %)

Al2O3 27.0
SiO2 48.8
Fe2O3 10.2
CaO 6.2
MgO 1.4
TiO2 1.3
P2O5 1.2
K2O 0.85
Na2O 0.37
SO3 0.22
BaO 0.19
SrO 0.16
MnO 0.15
ZrO2 –
LOIa 1.7

a Loss on ignition
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Na2O = 14.7 % and SiO2 = 29.4 %). Sodium silicate and sodium hydroxide
solutions were mixed together with Na2SiO3/NaOH ratio of 2.5 to prepare the
multi-compound activator.

2.3 Superp Lasticizers

Six types of superplasticizers (SPs) investigated in this study were as follows: one
melamine-based powder (M), two naphthalene-based (N1, N2), and three modified
Polycarboxylate admixtures (PC1, PC2, PC3). According to [20], melamine-based
and naphthalene based SPs are classified as the second generation of SPs which
their fluidization mechanism is based on electrostatic inter-particle repulsion;
whereas, modified Polycarboxylate SPs are considered as the third generation
(latest generation) of SPs which in addition to electrostatic repulsion benefits from
steric repulsion produced by lateral ether chains on the SP’s molecule. All these
SPs are commercial products supplied by SIKA and BASF, Australia commonly
used in conventional ordinary Portland cement (OPC) concrete. The characteristics
of the SPs used in this study are summarized in Table 2.

3 Experimental Procedure

To prepare the activated fly ash paste, the ratio of activator to fly ash was held
constant equal to 0.30 and activator and fly ash were mixed together in a mixer for
4 min. Subsequently different SPs with the dosage of 1 % by mass of fly ash was
added to the fresh paste and mixed for another 4 min. Table 3 lists the various mixes
prepared using different activators and SPs in this study. Following [13], mini slump
tests also known as spread-flow tests were conducted to determine the flowability of
the fly ash based geopolymer pastes. According to [21], a layer of the fresh paste
about 25 mm in thickness was poured into the truncated conical mould (top diam-
eter = 70 mm, bottom diameter = 100 mm, height = 50 mm) and tamped 20
times with tamper. Subsequently the conical mould was filled with the paste and
tamped as specified for the first layer. The top surface of the mould was leveled and
the extra paste was removed. After 1 min the conical mould was lifted vertically and
diameter of the paste spread was measured along two perpendicular directions. The
relative slump value was derived from the following equation:

Cp ¼ d=d0ð Þ2�1 ð1Þ

where Cp is relative slump, d is the average of two measured diameters of the paste
spread and d0 is bottom diameter of the conical cone, equals to 100 mm in this
study [22]. The flowability of each mix was tested twice and compared with that of
the paste without using any SP.
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3.1 Results and Discussions

The relative slump of the paste with and without using different SPs is presented in
Fig. 1. As can be seen in this figure, relative slump of the pastes with using
modified Polycarboxylate-based SPs (PC1, PC2 and PC3) and naphthalene- based
SPs (N1and N2) were increased with respect to that of the paste without using any
SP; however, the relative slump of the paste with using melamine-based powder
(M) was decreased with respect to that of the paste without using any SP. The
increase in relative slump was 45, 41, 39, 6, 8 % for the pastes with using PC1,
PC2, PC3, N1and N2 respectively with reference to the paste without using any SP
and the decrease in relative slump was 3 % for the paste with using M based SP
with reference to the paste without using any SP. Similar results have been
reported by [17] for flow table spread in fly ash based geopolymer mortar with
using M and PC based SPs. However, the effect of N based SP on the workability
of activated fly ash mortar has not been investigated in their study.

From the mini slump test results it can be concluded that each type of SPs
influenced the fly ash based geopolymer paste differently. This could be due to the
instability of these commercial SPs designed for use with OPC in high basic media

Table 3 List of various
mixes prepared using
different activators and
superplasticizers

Mix number Type of superplasticizer

1 –
2 N1
3 PC1
4 PC2
5 PC3
6 N1
7 N2
8 M

Table 2 Physical and chemical properties of the SPs

SP Chemical base Appearance/
color

pH
(20 �C)

Density (g/
cm3)

PC1 Modified polycarboxylate Light brown
liquid

6.5 1.05

PC2 Modified polycarboxylate Clear brown
liquid

5.0 ± 1.0 1.07

PC3 Modified polycarboxylate Light brown
liquid

4.3 ± 0.5 1.06

N1 Sodium naphthalene formaldehyde
sulphonate

Dark brown
liquid

7.0 ± 0.5 1.2

N2 Sodium naphthalene formaldehyde
sulphonate

Dark brown
liquid

7.0 1.21

M Suphonated melamine methanol
condensate

Gray powder 8.0–10.0 0.80
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such as NaOH ? Na2SiO3 [17, 23]. In other words according to [23], all of the SPs
used in this study were chemically unstable in multi-compound activator
(Na2SiO3/NaOH = 2.5) with pH equals to 13.36 at 23 �C and all of them expe-
rienced structural changes which resulted in loss of their fluidifying characteristics.
In summary, in the case of fly ash based geopolymer activated by multi-compound
activator (Na2SiO3/NaOH = 2.5), PC based SPs (latest generation) would be the
most effective type of SPs resulted in 39–45 % increase in relative slump with
reference to the paste without using any SP. It could be due to the fact that
although PC based SPs were also chemically unstable in multi-compound activator
(Na2SiO3/NaOH = 2.5); however, existence of several lateral chains in its struc-
ture results in steric repulsion that compensates the tendency of particles to form
complexes, therefore their plasticizing (fluidifying) ability would be greater than N
based SPs [17].

4 Conclusions

In this study the effects of six different SPs (three modified Polycarboxylate (PC)
based, two naphthalene (N) based and one melamine (M) based SP) on workability
of fly ash based geopolymer paste has been evaluated. Based on the experimental
results, it is concluded that the effect of different SPs on the workability of fly ash
based geopolymer directly depends on the type of SPs. In the case of fly ash based
geopolymer activated by multi-compound activator (Na2SiO3/NaOH = 2.5),
modified Polycarboxylate (PC) based SPs (latest generation) would be the most
effective type resulted in 39–45 % increase in relative slump with reference to the
paste without using any SP.

Acknowledgments The authors gratefully acknowledge SIKA Australia and BASF Australia for
supplying the commercial superplasticizer products used in this study.

Fig. 1 Effect of different SPs
on relative slump of the fly
ash based geopolymer paste
with using multi-compound
activator (Na2SiO3/
NaOH = 2.5)
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The Effect of Steel Fibre on Flexural
Strength of Fibre Reinforced Concrete
at High Temperature

Clotilda Petrus, Ruqayyah Ismail, Fariz Aswan Ahmad Zakwa, Nur
Ashikin Marzuki, Nor Hafida Hashim and Khairil Imran Fadillah

Abstract Good infrastructure is needed to facilitate the economic functioning of
one country. Infrastructure can be defined as structural elements which provide
framework and supporting the entire development of a nation. Typical Civil
infrastructures are referring to the technical structure that support the needs of a
society such as roads, bridges, water supply, tunnel and so forth and it is essential
to sustain comfortable living conditions. In tunnel structure, it is very important to
use material that can sustain high temperature so that catastrophe accidents can be
avoided by preventing sudden collapse from occurring in case of fire. This research
is investigating the effect of steel fiber on flexural strength of fiber reinforced
concrete at high temperature. Inclusion of fiber in concrete has proven to improve
the mechanical properties of concrete and delay failure of structures. The flexural
and compression strength of concrete with 0.5 % volume fraction of steel fiber
when subjected to high temperature was investigated. The concrete is design with
compression strength of 50 MPa and the type of steel fiber used is hooked end
steel fiber. From the experimental results obtained from 30 samples of
500 9 100 9 100 mm beams, it is concluded that incorporating steel fiber can
increase the flexural stress of concrete as compared to the normal concrete as high
as 74.42 % at temperature 600 �C. The ductility of the concrete with steel fiber
also observed to improve about 15.7 %.

Keywords Steel fibre � High temperature � Flexural � Strength � Steel fibre ratio
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1 Introduction

A dysfunctional infrastructure can cause many problems to the society around it
especially at the time it is needed the most such as when the time of flash flood,
monsoon flood or fire. The problem can cost tremendously from properties, health
to life. From [1] SMART tunnel structures in Kuala Lumpur for example, in case
of flash flood occur in Kuala Lumpur and the drainage system is stuck with trash
due to lack of maintenance, it may sink the whole city Apart from a dysfunctional
due to natural disaster, a man made problem such as accidents and fire can also
causing a problem or even worse a catastrophe that can be written in a history
book. As an example, on 26 October 2001 a historic day for Switzerland as the day
a mass tragic happens at Gotthard tunnel’s southern entrance. Eleven death had
been confirmed by Swiss official after two trucks, one carrying tires collided,
sparking a fire that raised temperature in part of the 17 km tunnel to 1,000 �C and
brought down large chunks of the roof. Up to 40 cars and vans been fused to a
molten mass were reported to be at the heart of the disaster zone which blaze
throughout the night. Rescue workers were unable to approach within 100 m of the
accident area. The effect of even small fires in a confined space like a tunnel is
extremely serious because of inability of gasses and heat to disperse. For instance,
carbon monoxide is highly toxic at very low concentration, having this trapped in a
confined space allows concentration to build well beyond fatal. Ironically, the
Gotthard tunnel is assumed as the safest tunnel in Europe with a security cell at
every 250 m and can accommodate 70 people each, equipped with state of the art
fire detection system and a ventilation system that allows air inside the tunnel that
will be fresh and smoke transferred in 15 min. None of that was enough to prevent
the tragedy and this incident had triggered safety issues on other infrastructures
construction.

From [2] and [3] in Gotthard tragedy, the theory behind the falling roof of the
tunnel when an explosion happen is, the temperature on the scene at the moment is
too high that it pushes water content in the concrete to upper part. When it comes
to void in the concrete, the vapors will trap in it and make the pressure in the void
itself high and causing an explosion or spalling. In addition, the concrete can’t
cater the load that applied from the tunnel structure and makes it collapse. This
research work, investigates the effect of inclusion of steel fibre in concrete to
improve its flexural strength and the ductility. High strength concrete and
improved ductility should be beneficial to prevent drastic reduction of concrete
flexural strength and sudden collapse of structures. There are two main objectives
outlines in this study, namely to determine the flexural strength of concrete
incorporated with 0.5 % hooked end steel fibers and to evaluate the flexural
reduction rate when the samples are exposed to high temperatures.
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2 Literature Review

High temperature is one of the disastrous factors that causes a failures and collapse
of structures. From [2] and [3], Gotthard tunnel is only one example in many of it,
the most famous tragedy would be world trade center, where both of the twin
towers had easily fallen to the ground when it been hit by aircraft which produce
thousands of degree Celsius rapidly in a confine space. The reason on world trade
collapse is due to the building which made by steel structure have a deleterious
effect where the structure is melting and losing its strength by the increase of
temperature. Same pattern happen to Gotthard, when the temperature increase, the
strength of the concrete structure failed and fall to the ground. Theoretically, when
the temperature is increase, the water content in the concrete will vaporize and if
the heat is applied under the sample, the moisture content will disperse to the
upper side of the structure. When there is a void in the structure, those moistures
will be trapped in the void and increases the pressure inside it which eventually
will produced spalling of concrete. However, these effects can be overcome by
inclusion of fibers in the concrete.

Fibers in concrete will provide crack arrestment mechanism as well as to filled
the void when the heat is applied. When the heat is applied, the fiber will melt and
filled the void which will prevent the vapor increased the pressure and avoid
spalling. Structurally, fiber reinforced concrete possesses higher flexural strength
as compared to plain concrete. Therefore, it is very important to understand the
behavior of structures and its flexural strength when subjected to high temperature.
Flexural strength is a parameter to define the ability of the concrete to resist
deformation when load is applied to it. Higher flexural strength means it will take a
bigger load to make the structure deform before it failed. In engineer point of view,
it is always desirable to have a structural member with sufficient flexural strength
to ensure safety and functionality of the intended designed structures. Plain con-
crete is a normal concrete consist of gravel, sand, and cement. Plain concrete
usually tend to have low flexural strength compared to steel fiber reinforced
concrete. The inability of concrete to resist crack on itself deteriorate its flexural
strength. The inclusion of fibers such as, steel fibres in the concrete mix is one of
the solutions to overcome the problem of cracking. Lau and Anson [4] studied the
effect of high performance steel fiber reinforced concrete on high temperature by
using high performance cement and normal strength cement and reported that steel
fiber reinforced concrete have a better flexural strength than concrete without steel
fiber. However, Purkiss (1984) [5] in his study on steel fiber reinforced concrete at
elevated temperature showed that, the sample start to reduced its flexural strength
at a temperature of 4,000–5,000 �C and at 8,000 �C, 80 % of the flexural is already
loss. The author then concluded that the volume fraction and type of fiber only to
have secondary effect in flexural strength reduction and there is a correlation
between loss in cube strength and loss in flexural strength.

The flexural strength of plain concrete and steel fiber reinforcement concrete is
obtained via two different methods. Flexural strength for plain concrete is the
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stress capacity which is determined by a third point test. This test is conducted to
find the stress at maximum load that can sustained by a prismatic beam. For steel
reinforced concrete, the term flexural strength itself is divided into three different
results. By conducting this test, one should know that there is a big different
between first crack strength. Ultimate flexural strength is the stress at the point of
maximum load that can be sustained during the third point test. Equivalent flexural
strength is the stress capacity at a point of specific deflection in a third point test.

3 Experimental Set Up

In this study, Portland cement was being used since it is the most common cement
that been used in steel fibre reinforced concrete with a compressive strength fcu

50 MPa according to BS 5328:1997. Crushed gravel aggregate with maximum size
of 10 mm was chosen to prevent undue interference between aggregate and fibre at
mixing stage. The fine aggregates are oven dried prior to mixing to reduce water
content in concrete sample which may produce spalling. The concrete mix was
designed with aggregate, sand, cement ratio as 2:1.8:1 and water cement ratio of
0.45. Hooked end type steel fibre with size 20 mm and diameter of 0.25 mm were
used to minimize the tendency for the fibre to cluster in the mixer. The ultimate
tensile strength of the fibre was found to be 1,815 N/mm2. Two concrete mixtures
were prepared and labelled as M1 for concrete mixture with no fibre and as M2 for
concrete mixture with 0.5 % steel fibre. The quantity of steel fibres used must not
be less than 40 kg/m3 as it is the average amount required to improve concrete
toughness and must not exceed 60 kg/m3 as upper limit for economic purpose.
Hooked end type steel fibres were chosen in this experiment as it represents the
most typical shape of steel fibre in construction industry. A total of 30 samples of
500 9 100 9 100 mm beams were prepared with concrete mix designed of grade
50 which consists of fifteen samples with plain concrete and fifteen samples of
steel fibre reinforced concrete. All samples were left harden for approximately
24 h before they were cured for 28 days in curing tank. All samples are tested and
exposed to high temperature after 28 days. Details on the samples are tabulated in
Table 1. The specimens are labeled according to its concrete mix type M1 for plain
concrete and M2 for fiber reinforced concrete, followed by the temperature which
is ranging from 200 to 800 �C. A total number of 30 specimens of 150 9 150 9

150 mm concrete cube for compression test (Fig. 1) and also 30 specimen of 500 9

100 9 100 mm concrete beam for flexural test (Fig. 2) were also prepared.

4 Experimental Set Up

The experimental results were tabulated in Table 2, the data shows that the
maximum force of the sample is decreasing proportionally with increasing
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Table 1 Sample details Specimen Nos. Size Concrete giade

Cube
Ml 3 150 9 150 9 150 mm 50
Ml-200 3 150 9 150 9 150 mm 50
Ml-400 3 150 9 150 9 150 mm 50
Ml-600 3 150 9 150 9 150 mm 50
Ml-800 3 150 9 150 9 150 mm 50
M2 3 150 9 150 9 150 mm 50
M2-200 3 150 9 150 9 150 mm 50
M2-400 3 150 9 150 9 150 mm 50
M2-600 3 150 9 150 9 150 mm 50
M2-800 3 150 9 150 9 150 mm 50
Beam
Ml 3 500 9 100 9 100 mm 50
Ml-200 3 500 9 100 9 100 mm 50
Ml-400 3 500 9 100 9 100 mm 50
Ml-600 3 500 9 100 9 100 mm 50
Ml-800 3 500 9 100 9 100 mm 50
M2 3 500 9 100 9 100 mm 50
M2-200 3 500 9 100 9 100 mm 50
M2-400 3 500 9 100 9 100 mm 50
M2-600 3 500 9 100 9 100 mm 50
M2-800 3 500 9 100 9 100 mm 50

Fig. 1 Compression test

Fig. 2 Flexural test
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temperature. As the temperature increases the maximum force decreases. Similar
pattern were observed in the flexural strength for beam samples. It was also
noticed that there was a significant drop of flexural strength at the lower tem-
perature, namely at 200–400 �C. However, the drop of flexural strength became
less drastic as the temperature increases further. Observation on the displacement
and strain showed that the ductility of fiber reinforced concrete is improved as
compared to the ductility of plain concrete. The ductility of the concrete with steel
fiber improved about 15.7 %. A detail analysis and comparison of the experi-
mental results between mixture M1 and M2 are presented in Table 3. From the
data analysis, it is obvious that the flexural strength of steel fiber reinforced
concrete is higher than that of plain concrete by 41.65 % at normal temperature
and as high as 74.42 % for specimens at 600 �C.

It is also observed that the flexural strength of fiber reinforced concrete is
increasing with increasing temperature. However, the difference of flexural
strength for plain concrete and fiber reinforced concrete become insignificant at
temperature of 800 �C.

Figure 3 describe the difference level by comparing mixture sample without
fiber (M1) and mixture sample with fiber (M2). It is clearly shows that by adding
in steel fiber, the flexural strength indicate an increase in any temperature. Initial
stress of M2 is 118 kN/m2 and initial stress for M1 is 83 kN/m2. Significant drop
happen at temperature 400 �C for both mixture which is around 35 % of flexural
strength loss from initial flexural strength. At 800 �C, the residual flexural strength
for both mixtures is almost the same. Figures 4 and 5 shows the force displace-
ment curve. Both Figures shows that as temperature go high, the force will pro-
portionally decreasing. For initial force on no fiber sample is 8 kN with
displacement of 1.1 mm and when the mixture added with steel fiber, the force
increase to 9 kN and displacement of 1.3 mm. At highest temperature, maximum
force of mixture with no fiber is 1.8 kN and mixture for steel fiber is 2.5 kN.

Table 2 Result analysis

Sample Maximum force (kN) Maximum stress (kN/m2) Strain (l) Displacement (mm)

Beam
Ml 8.09 83.77 42,670 1.11
Ml-200 7.06 62.54 32,401 1.00
Ml-400 3.21 45.97 32,978 0.70
Ml-600 2.35 43.63 28,382 0.40
Ml-800 1.85 30.62 21,358 0.16
M2 9.26 118.66 49,371 1.33
M2-200 8.86 97.40 36,003 1.01
M2-400 4.28 76.89 35,995 0.83
M2-600 3.58 76.10 31,971 0.64
M2-800 2.57 38.63 24,487 0.17
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5 Conclusion and Recommendation

It can be concluded that the flexural strength of concrete can be improved by
adding steel fibers to the concrete. The strain data between normal mixture and
steel fiber mixture shows that steel fiber also can increase the ductility and also the
serviceability of the concrete around 15.7 % at room temperature. However, both
samples become less ductile as the temperatures are increases. The performance of

Table 3 Improvement on the sample

Beam Flexural strength (kN/
m2)

Average flexural strength (kN/
m2)

Percentage
increase

Moment
(kNm)

Ml 83.73
83.80 83.77 1.01
83.78

41.65
M2 118.75

118.65 118.66 1.16
118.59

Ml- 62.66
200 62.48 62.54 0.88

62.49
55.7

97.36
M2- 97.48 97.40 1.11
200 97.36
Ml- 45.98
400 46.01 45.97 0.40

45.92
67.26

76.93
M2- 76.88 76.89 0.54
400 76.86
Ml- 43.68
600 43.54 43.63 0.29

43.67
74.42

76.32
M2- 76.11 76.10 0.45
600 75.87
Ml- 30.66
800 30.66 30.62 0.23

30.54
26.16

38.66
M2- 38.54 38.63 0.32
800 38.69
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the fiber reinforced concrete is optimum up to the temperature of 600 �C however,
the effect of steel fiber to the flexural strength become less significant at tem-
perature more than 600 �C. It was observed that adding steel fiber can increase the
residual flexural strength of the concrete around 74.42 % at temperature 600 �C as

Fig. 3 Comparison on steel
fiber mix with none steel fiber
mix

Fig. 4 Force displacements
for no fiber mixture

Fig. 5 Force displacements
for steel fiber mixture
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one of the example. The results of obtained in this study agree well with the
previous finding by other researchers.

The inclusion of fiber in concrete has proven to increase the flexural strength of
beam and improve its ductility. Nevertheless, more study should be conducted to
understand the behavior of fiber reinforced concrete when subjected to high
temperature by varying more parameters such as the steel fiber ratio, the type of
concrete and the range of temperatures, volume of void inside the sample and its
effect on spalling.
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Compressive Behavior of Steel Fiber
Reinforced Concrete After Exposed
to High Temperatures

Ruqayyah Ismail, Fariz Aswan Ahmad Zakwan, Clotilda Petrus,
Nur Ashikin Marzuki, Nor Hafida Hashim
and Muhammad Fahmi Mustafa

Abstract This study focus on the compressive properties of Steel Fiber Rein-
forced Concrete after being exposed to temperature between 20 and 800 �C. The
effect of elevated temperatures on the compressive strength and elastic modulus
(stiffness) of concrete are presented. High Strength Concrete (HSC) samples for
this study were prepared with and without steel fibers. The volume dosage of steel
fibers is 0.5 % out of total volume of concrete. The results indicate that the
compressive strength and elastic modulus of HSC is increasing at the early phase
but then decreasing with the increasing temperature, and the loss of elastic
modulus is quicker than the compressive strength. Based on experimental result,
the HSC mixes retained about 45 % of their compressive strength, on average,
after exposure to 600 �C, and this was further reduced to only 8.7 % of High
Strength Concrete C50-with steel fiber (HSCWF50SF) and 20 % of High Strength
Concrete C50-without steel fiber (HSCNF50SF).

Keywords High strength concrete � Steel fibers � Elevated temperatures �
Compressive behavior � Elastic modulus

1 Introduction

Compressive performance of concrete is important for the evaluation and repair of
concrete structures at high temperature [1]. There were many relevant studies have
been carried out on the high-strength concrete (HSC) and normal-strength concrete
(NSC) [2]. The results showed that the mechanical properties of NSC and HSC
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were declining slowly with the increasing of temperature. There were also
observed that explosive spalling will occurred during the heating process [3, 4].

Steel fiber mixed in HSC can effectively prevent spalling and improve the
residual mechanical properties of HSC at high temperature [5]. HSC is able to
achieve higher strengths and better durability compared to normal strength con-
crete (NSC) [6]. Moreover, HSC behaves differently than NSC when exposed to
elevated temperatures because it tends to lose more strength and spall more [1, 7].

Fire is one of the most severe risks to any buildings and structures. The
importance of enhancing concrete performance at high temperature is definitely
crucial. Many relevant studies have been carried out on high performance concrete
and concretes incorporating steel fibers [8]. This study investigates the compres-
sive behavior of the concrete subjected to different maximum temperatures with
steel fiber and without steel fiber. The addition of steel fiber in concrete is able to
modify micro and macro cracking. The steel fibers inhibit crack growth and cracks
at their origin.

This study is conducted to investigate the compressive behavior of steel fiber
reinforced concrete mixed with and without steel fibers after being exposed to high
temperature (20, 200, 400, 600, 800 �C). The high temperature test and com-
pression test were carried out with specimens of 150 9 150 9 150 mm3.

2 Experimental Details

2.1 Materials

The cement materials used in this study were Portland cement (PC) equivalent to
ASTM Type I. The chemical compositions of the cement are shown in Table 1.

The coarse aggregate used was crushed limestone with nominal sizes of 20 mm.
The specific gravity of the aggregate was 2.58 g/cm3. Natural river sand, with a
fineness modulus of 2.79, was used as fine aggregate. The steel fibers used were
hooked fibers with a length of 50 mm and an aspect ratio of 71.

2.2 Mix Proportioning

A total of 15 concrete mixes were prepared in two series with and without steel
fibers. Series I mixes were prepared without steel fiber (HSCNF50SF) and Series II
mixes were prepared with 0.5 % steel fiber (by volume). The details of the mix
proportions are shown in Table 2.
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2.3 Specimen Preparation and Test

The concrete mixtures were prepared in a pan mixer. For each mix, a total of 15
specimens, including 150 9 150 9 150 mm3, were cast in steel moulds. To pre-
vent the steel fibers from breakage, tamping rods were not used while pouring
High Strength Concrete C50-with steel fiber (HSCWF50SF) into the concrete
moulds. The moulds were then placed on a vibrating table for about 30 s and the
top surfaces were finished off with the help of trowel. Then the specimens were
kept in the moist curing room at 23 ± 2 �C for up to 24 h. The concrete specimens
were cured according to ASTM standard C192 [9].

Specimens were cured under water in a custom designed temperature controlled
curing tank at 35 �C.

After curing process is completed, the 12 concrete specimens were heated with
electrical furnace as shown in Fig. 1 at four different temperatures. Every three
samples were heated up to 200, 400, 600, and 800 �C subsequently. The furnaces

Table 2 Mix proportions

Ingredients Unit Quantities

High strength concrete
C50-without steel fiber
(HSCNF50SF)

High strength concrete
C50-with steel fiber
(HSCWF50SF) ? 0.5 %
steel fiber

Cement kg 23.95 23.95
Water kg 11.42 11.42
Coarse aggregate kg 50.69 50.69
Fine aggregate kg 46.79 46.79
Steel fiber kg – 1.26
Astop admix PC30 ml 220 210

Table 1 Chemical compunds cement

Compounds % by mass

Silica (SiO2) 20.20
Lime (CaO) 63.60
Alumina (Al2O3) 5.40
Iron Oxide (Fe2O3) 4.30
Magnesia (MgO) 0.94
Sulfur Trioxide (SO3) 3.00
Loss on Ignition (LOI) 1.35
Insoluble Residue 0.30
Alkalies (Na2O ? 0.658 K2O) 0.56
Tricalcium Aluminate (C3A) 7.20
Tricalcium Silicate (C3S) 54.00
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were programmed to reach the target temperatures at a rate of 5 �C/min. The
maximum temperatures were maintained for 1 h to ensure the temperature is in
stable condition.

Compression strength test were carried out using Denison compression machine
with a 3,000 kN capacity [10]. The average results from the compression test are
taken from three concrete specimens. The test was conducted according to the
method standard [11]. A pace rate of the testing machine is equal to 6.8 kN/sec
was used to test the specimens. The results of the compression tests are summa-
rized in Table 3 for the unheated and in Table 4 for the heated specimens.

3 Behavior of Unheated Concrete

3.1 Compressive Strength

All cubes were tested at the age of 28 days. High Strength Concrete C50 without
steel fiber (HSCNF50SF) showed lower compressive strength compared to High
Strength Concrete C50 with steel fiber (HSCWF50SF). The compressive strength
of High Strength Concrete C50 without steel fiber (HSCNF50SF) is 50.31 MPa
showed a decrease (2.59 %) from High Strength Concrete C50 with steel fiber

Fig. 1 Electric furnace
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(HSCWF50SF) which is 51.65 MPa. When the steel fibers are added, the com-
pressive strength is increased.

3.2 Stress Strain Curve

A stress–strain curves of unheated concrete specimens were obtained from the
compression tests cubes with a controlled of displacement rate as shown in Fig. 2.
For the concrete prepared with steel fiber a higher strain at the peak stresses was
observed, but steeper descending paths in the stress–strain curves. The addition of
0.5 % steel fibers has result a higher stress value with changed in the shape of the
stress–strain curves can be observed.

4 Behavior of Concrete After Exposed to High
Temperature

4.1 Compressive Strength

The average values of compressive strength, for High Strength Concrete C50
without steel fiber (HSCNF50SF) and High Strength Concrete C50 with steel fiber
(HSCWF50SF) are reported in Table 4, respectively.

From Table 4 it shows that for High Strength Concrete C50 without steel fiber
(HSCNF50SF), compressive strength at 400 �C (43.04 MPa) is greater than at
200 �C (41.61 MPa), 600 �C (27.16 MPa), and 800 �C (14.98 MPa). Similarly,

Table 3 Test results for unheated concrete

Concrete specimen Addition of fibers Compressive strength (MPa) Strain at peak stress

HSCNF50SF No 50.31 0.011
HSCWF50SF 0.5 % steel 51.65 0.015

Table 4 Test results of concrete cubes after exposure to elevated temperature

Temperature (�C) Type Compressive strength, f (MPa) Strain at peak stress

200 HSCNF50SF 41.61 0.042
HSCWF50SF 48.98 0.020

400 HSCNF50SF 43.04 0.020
HSCWF50SF 50.35 0.022

600 HSCNF50SF 27.16 0.026
HSCWF50SF 41.58 0.026

800 HSCNF50SF 14.98 0.031
HSCWF50SF 38.32 0.017
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for HSCWF50SF, compressive strength at 400 �C (50.35 MPa) is greater than that
at 200 �C (48.98 MPa), 600 �C (41.58 MPa), and 800 �C (38.32 MPa). It implies
that at temperature 400 �C, the compressive strength is higher for both high
strength concrete with or without steel fiber. It also can be observed that at 800 �C,
the compressive strength for high strength concrete with steel fibre has increased
more than 50 %.

The absolute and relative compressive strength of High Strength Concrete C50
without steel fiber (HSCNF50SF) and High Strength Concrete C50 with steel fiber
(HSCWF50SF) exposed at different temperatures are given in Fig. 3. In order to
discuss the scattered of test data, the standard deviation are calculated and dis-
played as error bars in Fig. 3a. All the relative standard deviations (ratio of
standard deviation to arithmetic mean of test data) are lower than 10 %, which
means the data scattered is smaller and the reliability of test results are higher. As
seen from Fig. 3a, after the same heat exposure, the compressive strength of High
Strength Concrete C50-with steel fiber (HSCWF50SF) is higher than of High
Strength Concrete C50-without steel fiber (HSCNF50SF). The compressive
strength of HSCNF50SF and HSCWF50SF has the same trend with the temper-
ature increases. As seen from Fig. 3a, the critical temperature is at 400 �C. After
the exposure of 600–800 �C, the internal damage on HSC increases gradually with
the increasing temperature, which reduced the compressive strength. The strength
losses of HSCNF50SF and HSCWF50SF after 600 �C are 27.16 and 41.58 MPa.
After being exposed to 800 �C, the steel fiber oxidizing decarbonization and High
Strength concrete (HSC) lead to the restoring of compressive strength. The rela-
tionship between the relative compressive strength, f and the temperature, T for
HSCNF50SF and HSCWF50SF was compared with results taken from Hu and
Dong [12] and Guo [13]. As shown in Fig. 3b, the curve proposed by Hu and Dong
[12] fits the test data well. Figure 3b also shows the curves of the relative com-
pressive strength of Guo [13] after elevated temperatures. Comparative analysis
shows that, the critical temperatures of Guo [13] and Hu and Dong [12] are 400
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and 200 �C respectively, indicating that the compressive strength decreases sig-
nificantly beyond the corresponding critical temperatures. The critical temperature
of High Strength Concrete C50-with steel fiber (HSCWF50SF) is 400 �C, and the
decline rate of Guo [13] strength curve is higher than Hu and Dong [12].

Furthermore, the HSCWF50SF curve has an increasing trend when the tem-
perature is not higher than 400 �C. This is due to HSCWF50SF is undergoing the
‘‘high temperature curing’’ when the exposure temperature is not higher than
400 �C, which makes the cement hydration reaction and the pozzolanic reaction is
fully utilized and the strength is slightly improves compared with the High
Strength Concrete C50-without steel fiber (HSCNF50SF).

4.2 Stress Strain Curve

Figures 4 and 5 shows the compressive stress–strain curves of High Strength
Concrete C50-without steel fiber (HSCNF50SF) and High Strength Concrete C50-
with steel fiber (HSCWF50SF) after exposure to different temperatures. After
exposure to 200–400 �C, the heat damage of specimen increases gradually, thus
the stress–strain curves become flatter with the temperature increases. The com-
pressive strength and deformation modulus decrease constantly, meanwhile the
corresponding peak strain and ultimate strain increase rapidly. After exposure to
600–800 �C, the steel fiber oxidizing decarbonization and the HSC sintering result
in the increase of HSC brittleness, and the peak points of stress–strain curves move
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left and upwards. Therefore, the peak strain decreases, and the compressive
strength restores.

4.3 Explosive Spalling

From Fig. 6, it shows the result of explosive spalling. After exposed to temperature
of 600 and 800 �C, HSCNF50SF suffered a significant spalling. While concretes
specimen using steel fiber (HSCWF50SF) performed well until 800 �C. One of
sample exposed to temperature of 600 �C is exhibit severe explosive spalling. The
sample experienced explosive spalling because thermal expansion of the aggregate
and splitting of pieces of aggregate close to the surface because of physical or
chemical changes. Explosive spalling is caused by a vapor-pressure mechanism
and physical or chemical changes. The addition of steel fiber in the high strength
concrete can improved it performance against explosive spalling at high
temperature.

Fig. 4 Occurrence of explosive spalling
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5 Conclusion

Through this research work, the compressive behavior and the effect of temper-
ature on high strength concrete with steel fiber were investigated. The incorpo-
ration of steel fiber was found effectively improve the compressive strength of
High strength concrete at high temperature. The critical temperature for High
Strength Concrete C50-without steel fiber (HSCNF50SF) and High Strength
Concrete C50-with steel fiber (HSCWF50SF) are found to be 400 �C.

The results of compressive strength stress–strain relationship at elevated tem-
peratures were presented. High strength concrete (HSC) were prepared in two
series with and without the use of steel fibers. The following conclusions can be
drawn from the results:

1. The compressive behavior of steel fiber reinforced concrete mixed with and
without steel fibers after exposed to high temperature (20, 200, 400, 600, and
800 �C) is determined by compressive strength, strain–stress curve and
explosive spalling. It can be concluded that the steel fiber reinforced concrete
mixed is highly recommended to be used in construction industry especially for
structure that exposed to higher risk of fire explosion.

2. High Strength Concrete C50-with steel fiber (HSCWF50SF) is found more
durable than High Strength Concrete C50-without steel fiber (HSCNF50SF)
after exposed to high temperature.

3. The used of steel fibers are found effective in reducing the degradation of
compressive strength of the concrete after exposure to the elevated
temperatures.
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An Assessment of Water Demand
in Malaysia Using Water Evaluation
and Planning System

M. F. Ali, A. Saadon, N. F. Abd Rahman and K. Khalid

Abstract Water supply and demand is one of the hot topics discussed in the
community today. Higher growth rate of the population has drawn heavily on the
natural resource base in Malaysia. Trend of supply and demand in the Langat
catchment, water availability assessment and water storage capacity to supply and
demand were investigated using a new accounting concept and analytical
approach, Water Evaluation and Planning (WEAP) system. The assessment model
is computed based on three scenarios—Scenario 1: Higher Population Growth,
Scenario 2: Water Year Method and Scenario 3: Extended Dry Climate Sequence.
The study found that Langat catchment is relatively sensitive to the growth of
demands, suggesting that slight changes in population growth will alter the present
water availability. Furthermore, the populations increase to 7 % with the incre-
ment of climate variation of the current condition, thus exposing the study area
with water scarcity problem.

Keywords Langat catchment � Water evaluation and planning � Water demand
and water supply

1 Introduction

Infrastructure development is a key factor for the socioeconomic development in
Malaysia, where water resources and water supply are available. Lately, water
supply situation in the country has changed from a relative abundance to one of
scarcity. Over the years, population growth and urbanization are arresting rapidly
increasing in demands and pressure on the water resources, besides contributing to
the rising of water pollution [1]. It is critically vital to develop the knowledge and
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skills that are necessary to safeguard our catchments and river basins without
altering the socioeconomic development, in order to manage the water resources
available in a sustainable way [2].

Malaysia has experienced extensive economic development since the 1980s,
resulting in increasing water demands in the commercial and industrial develop-
ment centers. Being prepared to be a developed nation by 2020, the effort to
develop and manage this vital resource have to be guided by national perspectives
with an integrated and environmentally sound basis. The main concern of the
Malaysian government to lay within the availability and sustainability of water
resources especially in Selangor, where a precious water resource is decreasing
[3]. The Klang Valley experiences a serious water crisis during the first eight
months of 1998. A severe water shortage caused due to a low observed rainfall and
runoff during the period of March to September 1998. This led to the widespread
water rationing in many parts of Selangor and Wilayah Persekutuan, affected over
one million consumers and hundreds of industries. Department of Water Supply,
Selangor claimed that the cost of handling the crisis by the Government ran into
about RM56 million. The high cost was incurred for the rental and maintenance of
mobile trucks from private companies and Government agencies, the operational
costs, emolument of workers and purchase of mobile treatment facilities for
treatment of water such as the one used at the lake in Mines Wonderland. The
lessons from the crisis illustrated the needs for sensible management of water
resources and distribution to avoid the recurrence of the experiences.

Astonishingly, as an alternative, future water management will shift from
building new water supply systems to a better operating system [4]. The variation
of water values in time and space will increasingly motivate efforts to address
water scarcity and reduce water conflicts. In dealing with this condition, many
integrated tools have been developed purposely to help manage water resources
[5]. For instance, hydro-economic models represent spatially distributed water
resource systems, infrastructure, management options and economic values in an
integrated manner. In this particular tool, water allocations and management are
either driven by the economic value of water or economically evaluated to provide
policy insights and reveal opportunities for better management [6].

Considering all the above issues, this study utilizes the integrated hydrology
and water allocation model, Water Evaluation and Planning (WEAP) to evaluate
the impact of demand and supply on water resource availability [7] particularly
within Langat catchment. Therefore, the investigation consisted in the use of water
consumption for human needs, for agricultural and others in the study area due to
their position along the Langat basin. The goals of the study are (1) to investigate
the trend of supply and demand in Langat catchment (2) to assess the water
availability in Langat Catchment using the Water Evaluation and Planning
(WEAP) and (3) to investigate the water storage capacity and the factors of
fluctuation on supply and demand in Langat catchment.
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2 Materials and Method

2.1 Study Area

The Langat river basin has a total catchment area of approximately of 1,815 km2.
It lies within latitudes of 2�40015200N to 3�1601500N and longitudes of 101�1902000E
to 102�101000E. The length of the main river is 141 km and mostly situated 40 km
east of Kuala Lumpur. The catchment is drained by three major tributaries; Langat
River, Semenyih River and Labu River. However, the research undertaken the
upper part of the Langat catchment [8]. The main tributary, Langat river flows
about 182 km from the main range (Banjaran Titiwangsa) at the Northeast of Hulu
Langat District in south-southwest direction, and draining into the Straits of
Malacca. The main reach of Semenyih River is flowing south-southwest direction
through the town of Semenyih, Bangi Lama and finally merges with Langat River
at about 4 km to the east of Bangi Lama town. There are two reservoirs in the
study area including Langat dam and Semenyih dam. Currently about eight water
treatment plants are operating in the Langat basin [9].

The upper part of the Langat basin selected as a study area. The demand sites
are lies in the Hulu Langat District. The majority of the land use in the study area
is a forest reserve, followed by agriculture and built-up area for housing and other
developments. The industrial sector is also minimal in the study area.

2.2 Input Data

Data sets for the year 2000–2010 were used in this study, the period which nat-
uralized flow data are available. Data of meteorological and hydrological such as
rainfall, ground water and evaporation gained from the Department of Irrigation
and Drainage Malaysia (DID) which are the stations are scattered in the upper part
of the catchment area. The Federal Department of Town and Country Planning
supplied Land use map for Peninsular Malaysia and the population data were
obtained from local authorities. Catchment map and survey map were attained
from Department of Survey and mapping Malaysia (JUPEM). All the data used as
input in WEAP, Water Evaluation And Planning model.

2.2.1 Overview of Model

The Stockholm Environment Institute (SEI) developed water Evaluation and
Planning (WEAP). It is a unique water resources and planning software where it
stimulates hydrologic pattern based on climatic input. WEAP allows user to build
scenarios with scenarios, for instance, increase in temperature or heavier rainfall,
along with assumptions towards water demand, infrastructure and regulation [10].
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All human activities can incorporate in WEAP in order to predict water shortage
and water quality based on a model scenario.

2.2.2 Building the Model

Water in WEAP, the model is called ‘‘areas’’. Building the areas by adding GIS
based Raster and Vector maps in the projected areas. The map is used to orient and
construct the system and refine the necessary area boundaries. The background
vector data can be added from a SHAPEFILE format. This format can be created
by most GIS software [7].

Once the area is open, the Years, Time Steps and Units are set. In this study, the
Current Account is set to be year 2000 with the Last Year Scenarios to the year
2010. The Year 1990 will serve as the ‘‘Current Accounts’’ year for this study. The
Current Accounts year is chosen to serve as the base of the model, and all system
information (for instance, demand and supply data) is the input into the Current
Accounts. The Current Accounts is the dataset from which the scenarios are built.
A default scenario, the ‘‘Reference Scenario’’ carries forward the Current
Accounts data into the entire project specified (2000–2010).

River path is drawn in WEAP by clicking on the ‘‘River’’ symbol in the Ele-
ment window. The direction of the flowing river is built from the headwaters
(upper stream) of the main river (Fig. 1). The whole process is continued by
building the entire network of the Upper Langat Catchment.

Hydrological processes occurring in the catchment were modelled and stream
flow, simulated on a monthly time-step, was compared to the naturalized flow
series available. Once the proposed model was simulating the naturalized flow
series satisfactorily, water demand sites were added and WEAP was run in its
water allocation mode using the rainfall-runoff parameters determined from the
first phase. This was done in order to assess WEAP’s ability to simulate water
resources and water uses in the catchment. Simulated stream flow was compared to
the measured flow from four different gauging stations located on the Langat main
stream. The model as it used in this study operates at the WEAP sub-catchment
scale and on a monthly time-step.

2.2.3 Demand Sites

The water demand is the total of water required to meet domestic, commercial,
agriculture, institutional and industrial uses. The current domestic water demand for
the basin is estimated at about 300–350 MLD [11]. The Sungai Langat river basin
has an estimated total population of 951,800 (2000). Over the last decade from 1991
to 2000, the population growth rate of the study area has been increasing at 7.64 %
per annum. There are four major districts under the Sungai Langat catchment
namely Hulu Langat (upper basin), Kuala Langat, Sepang and Seremban.
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Table 1 shows the population growth of the Hulu Langat District which consists of
six demand sites.

Demand Sites for Agriculture
The expansion of urban area and the consequent erosion of agriculture land and

forest reserves in the Basin over the last 10 years were reviewed using the
Department of Agriculture (DOA)’s Land Utilization Map (1991, 1995, and 1997),
aerial photographs (1998, 1999) and satellite images from MACRES [12]. Table 2
shows the breakdown of major land use categories by district of the Langat basin
in the year 2000 with the agriculture areas of 23,030 ha at the Hulu Langat
District. Currently, at least 74 % of the basin, particularly at the lower and upper
basin is still vegetated, either under agriculture or forest reserve. However, the
increasing number of development approvals for residential and industrial projects
in the basin threatens to change the land use distribution.

Fig. 1 Schematic of the river

Table 1 Population by mukim in the hulu langat district

Demand sites Population by year

1991 2000 2010

Hulu Langat 20,282 46,766 55,521
Cheras 55,551 163,550 244,563
Kajang 108,590 229,655 342,657
Semenyih 22,782 49,076 99,669
Hulu Semenyih 2,180 3,408 3,610
Beranang 9,351 14,071 49,772
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Connecting the Demand with Supply and Creating the Return Flow Links
To ensure demand is satisfied in WEAP, the user needs to connect the supply

system, which identified previously for each demand site. These can be accom-
plished in the schematic view where the transmission link is added. The link needs to
be first positioned on the river, then pointing to the demand node. This includes all
six demand site nodes and agriculture node. Next, the user needs to connect the
return flow from the demand sites. The return flow links connected back to the rivers.
Next, the Return Flow Routing is set. If multiple Return Flow links are created for a
demand node, then Routing factors for all of the links must be summed to 100 %.

3 Results and Discussion

The computation of the model was done by computing the entire model for the
Reference Scenario—the default scenario that was generated using Current
Account information for the period specified for the project (2000–2010). The
results will be appearing once the computation is completed. In WEAP, the typical
scenario modeling effort consists of three steps; Current Accounts year is chosen to
serve as the base year of the model. It this study, the year 2000 was selected to be
the base; the Reference scenario is established from the Current Accounts to
simulate the likely evolution of the system without intervention; and What-if
scenarios can be created to alter the ‘‘Reference’’ scenario and evaluate the effects
of changes in policies and/or technologies. The following results for Upper Langat
river were made based on three scenarios; Scenario 1: High Population Growth
(7 %), Scenario 2: Using Water Yield Method to evaluate Climatic Variation and
Scenario 3: Extended Dry Climate Sequence.

3.1 Current Account (Year 2000)

Under this condition, the demand site data were identified based on Annual Water
Use Rate of 110 million m3 for all populations. The total of agricultural areas that
will take into account where the total area is 23,030 ha with 1,000 m3 of

Table 2 Breakdown of major land use categories by district, 2000, sg langat catchment

District Land use categories

Built-up areas (ha)
(%)

Agriculture (ha)
(%)

Reserved forest (ha)
(%)

Others (ha)
(%)

Hulu
Langat

18,020 (22.4) 18,020 (22.4) 18,020 (22.4) 18,020 (22.4)

K. Langat 8,660 (12.7) 8,660 (12.7) 8,660 (12.7) 8,660 (12.7)
Sepang 7,980 (23.3) 7,980 (23.3) 7,980 (23.3) 7,980 (23.3)
Klang 2,580 (35.6) 2,580 (35.6) 2,580 (35.6) 2,580 (35.6)
Seremban 8,520 (18.9) 8,520 (18.9) 8,520 (18.9) 8,520 (18.9)
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consumption per hectare. Table 3 shows the water consumption for the year of
2000 for the seven demand sites which are the main target of the study. All the
data were acting as the base input to the model in order to project the water
demand in the next 10 years in the Reference Scenario.

3.2 Reference Scenario

The basic principle in WEAP is that the Reference Scenario is always exists where
the changes in its description in the Area/Manage Scenario will reflect its actual
role. In this model, the Reference Scenario is ‘‘Base Scenario with Population
Growth of 2.2 % and Increased of Irrigation Water Needs’’. The population rate
increased about 2.2 % from year 1990 to 2000, based on the growth rate of the
Hulu Langat District.

Figure 2 shows the result derived from the Reference Scenario with the pro-
jected water demand for the year of 2000–2010. The graph shows that the Unmet
Demand is a zero value. These indicate that the water availability under the
Reference Scenario, which based from previous population growth rate of 2.2 % is
relatively sufficient. A detailed projected total water demand for the duration of
study up to year 2010 is 1,101.1 million m3.

3.3 Scenario 1: Higher Population Rate (7 %)

In order to foresee the impact of possible condition of the model, a new scenario is
created. The new scenario is to evaluate the impact of a population growth rate for
Langat area higher than 2.2 % for the period of 2001–2010. Using the Manage
Scenario tool, a new scenario named ‘‘High Population Growth’’ is added where
under this scenario the increasing population growth rate is from 2.2 to 7 % and
the agriculture area increase linearly at a rate of 3,000 ha per year. Fig. 3 shows

Table 3 Overall water
demand for year 2000

District Land use categories

Population
or area

Water demand
(million m3)

Hulu Langat 46,766 5.1
Cheras 163,550 18.0
Kajang 229,655 25.3
Semenyih 49,076 5.1
Hulu Semenyih 3,408 0.4
Beranang 14,071 1.5
Agriculture 23,030 ha 23.0
Total 78.1
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the projection of water demand based on both scenarios, Reference Scenario and
Scenario 1: Higher Population Growth (7 %) for Langat Catchment. The results
show that the water demand in 2010 for the case of the high population growth rate
was almost three times higher compared to 2000.

The projected total water demand for both conditions are total water demand for
Scenario 1 is 2,213.2 million m3 compared to the year 2000 with total amount of
1,101.1 million m3. For Reference Scenario and Scenario 1: Higher Population
Growth (7 %) for Langat Catchment, the Unmet Demand value in the year 2010 is
30.7 million m3. This finding shows that there will be a shortage of water supply in
2010 if the population is increasing at a rate of 7 %. The reservoir storage volume is
reduced and a significant drop of reservoir volume as in Fig. 4 in year 2009 and 2010.

3.4 Scenario 2: Water Year Method

The Water Year Method is used to exercise the variety of supply and resources of
water. This method is a simple tool to represent the variation in climate data. The
year sequence is created to consist of the sequence of climatic variation in the
scenario period. Each year of the period is assigned one of the climate categories.

Fig. 2 Result of Reference
Scenario

Fig. 3 Water demand
projection under Reference
Scenario and Scenario 1
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There are four categories of climate regimes, namely very dry, dry, wet and very
wet which is compared relative to a normal year. While the value of a normal year
is given as 1, the dry years have a value less than 1 and very wet years have a value
of larger than 1. Each year of the period is assigned one of the climate categories.

Figure 5 shows the result of Unmet Demand for Water Year Method under the
Scenario 1 (Higher Population Growth (7 %)). The graph shows that the water supply
only can accommodate up to year 2008. The agriculture demand is insufficient of
10.1 million m3 and 46.6 million m3 for the year 2009 and 2010, respectively.

Fig. 4 Reservoir storage
volume under Reference
Scenario

Fig. 5 Unmet demand for
water year method under
Scenario 1
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About 38.4 million m3 insufficient water demand is also observed at the Kajang
demand site in 2010.

3.5 Scenario 3: Extended Dry Climate Sequence

This scenario creates in order to evaluate the model towards the Extended Dry
Climate Sequence in Langat Catchment. A new scenario is created from the
Reference Scenario named the ‘‘Extended Dry Climate Sequence’’ and the climate
variation is adjusted to evaluate the impact of water supply.

The climatic variation for Scenario 3: Extended Dry Climate Sequence is then
assigned to Scenario 1 and Reference Scenario in order to foresee the impact
towards the water demand and supply. Figures 6 and 7 show the results for Sce-
nario 3: Extended Dry Climate Sequence in comparison to the Reference Scenario.

Fig. 6 Result of unmet
demand for Scenario 3 in
comparison with the
Reference Scenario

Fig. 7 Overall result of
Scenario 3 in comparison
with the Reference Scenario
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It is clearly shown from the graph a significant value of Unmet Demand for
Scenario 3.

The details Unmet Demand Projections data for Scenario 3 is summarized in
Table 4 and observed that the Unmet Demand was started in the year 2006 with a
value of 32.4 million m3.

The same results are examined for the for Scenario 3: Extended Dry Climate
Sequence in comparison to Scenario 1 where there is significant value of Unmet
Demand as highlighted in Figs. 8 and 9.

Table 5 indicates the details result of Unmet Demand for Extended Dry Climate
Sequence in comparison with Scenario 1. Under this scenario, the Unmet Demand
is started as early as the year 2005. This clearly showed that with the highest
population growth rate and dryer climate, Unmet Demand increases substantially.

Table 4 Unmet Demand
projection data

Scenario/year Unmet water demand (million m3)

Reference Scenario Scenario 3

2000–2005 0 0
2006 0 32.4
2007 0 0
2008 0 28.9
2009 0 77.9
2010 0 91.3
Total 0 230.5

Fig. 8 Result of Unmet
Demand for Scenario 3 in
comparison with the
Scenario 1

Fig. 9 Overall result for
Scenario 3 in comparison
with the Scenario 1
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4 Conclusion

Based on the reference data for the year 2000, the results of the Reference Scenario
at the population growth at 2.2 % shows the availability of water resources is
adequate up to the year 2010 with zero value of Unmet Demand analysis. How-
ever, when the assessment model is evaluated based on Scenario 1 reflected by a
significant value of Unmet Demand in the year 2010 by the amount of 30.7 mil-
lion m3. This indicate shortages of water in the study in 2010 and a significant
drop to a reservoir storage volume in the year 2009 and 2010.

The Scenario 2 results indicated that the water supply only can accommodate
up to year 2008. The agriculture demand is insufficient of 10.1 million m3 and
46.6 million m3 for the year 2009 and 2010, respectively. About 38.4 million m3

insufficient water demand is also observed at the Kajang demand site in 2010.
Finally, the climatic variation for Scenario 3 is then assigned to Scenario 1 and

Reference Scenario in order to foresee the impact towards the water demand and
supply, results the highest population growth rate and dryer climate, Unmet
Demand increases substantially.
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Water Quality Measures Using
QUAL2E: A Study on RoL Project
at Upper Klang River

M. F. Ali, M. H. Ahmad, K. Khalid and N. F. Abd Rahman

Abstract The degradation of the water quality and ecosystem are vulnerable to
urbanization processes and activities. Increase numbers of population and indus-
trial activities continue to increase a consumption of water and followed by the
increasing of waste discharges to the natural waterways. These issues are very
critical mostly in the developing countries and not excluded to the upper part of the
Klang River basin. The current Water Quality Index (WQI) at both inlet and outlet
of the study area is falling under Class III. The mitigation processes are needed to
improve the index value before further degradation of the river downstream
Furthermore the stream flows that passage the city centre of Kuala Lumpur needed
to be maintained in order to boost economic sector growth like tourism and other
business activities. The Department of Irrigation and Drainage, Government of
Malaysia is currently initiating the River of Life (RoL) rehabilitation program to
mitigate the water quality and quantity of Klang River. This paper presents the
current water quality study of the upper part of Klang River, which consists of six
water quality parameter. This study involved an in situ works and followed by a
laboratory investigation. Data analysis was carried out using QUAL2E software
and proposes mitigation measures which to satisfy the objective of the RoL pro-
gram. The study area was exposed to a high concentration of Biochemical Oxygen
Demand (BOD), Chemical Oxygen Demand (COD) and Ammoniacal Nitrogen
(AN) which contributed to the pollution of the river. At high numbers of total
coliform also redound to the unsafe and unhealthy for portable water. In QUAL2E,
a total maximum daily load (TMDL) analysis was calculated from a stream outfall
and Indah Water Konsortium (IWK) outlet and finally the prediction load was
carried out in order to be conformed for Class II. The study shows that the
QUAL2E software was performed well in simulating the water quality parameter
and able to incorporate in the rehabilitation program at the study area in order to
conserve the natural qualities of the environment.
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1 Introduction

Having a good water quality is important for a healthy river and ecosystem. Thus,
various water quality parameters need to be measured in order to determine the
health of the river water so that it is safe to use for any purpose. In Malaysia, the
water quality index introduced by the Department of Environment (DOE) is being
practiced for almost 25 years [1]. Most of the pollutants are generated due to
human activities including urbanization processes, while the rest is due to natural
degradation of soil and other components of the urban environment. The Non-
Point Source (NPS) pollutants are normally carried to surface water bodies by
storm runoff and typical sources of urban NPS pollutants are summarized in urban
stormwater management manual for Malaysia [2].

The upper part of Klang River is included as one of the river rehabilitation
program which conducted by the government of Malaysia. Besides improving the
water quality, the program will transform the Klang River into a vibrant and
liveable waterfront with high economic value. The transformation is divided into
three components: river cleaning, river master planning and beautification and
river development. With full implementations of the program, WQI of the river
basin is expected to improve from current Class III–V to Class IIB by the year
2020 [3]. A monitoring study to evaluate an effectiveness of the project on the
water quality assessment is required. An investigation was utilized a QUAL2E
software for the measurement, analyse and predict of a future data in the basin. As
water quality of the stream flows is affected during low-flow periods, a water
quality model, QUAL2E uses a low flow analysis for creating a worst condition
scenario [4]. A steady state model such as QUAL2E is appropriate to be used in a
system that has steady state inputs. The models would be able to interface of river
and their tributary and it will easily point out the source of pollutant. Models can
simulate more than 15 water quality parameters [5]. A few studies of water quality
were successfully conducted on Malaysian climate including in Langat River
Basin [6], Tebrau River, Segget River [7], Johor River [8] and Selangor River [9].

The study area lies in between 3� 14.110 N, 101� 44.550 E and 3� 11.450 N, 101�
45.410 E, about 7 km long and covers three major tributaries, namely Gisir River,
Sering River, and Kemensah River. Klang River originates from Klang Gate Dam,
Hulu Kelang (Fig. 1). The upstream of Klang River flows through a major resi-
dential and commercial area. Sering River originates from the northern parts of
Hulu Kelang and flows through major areas of the Hulu Kelang area. A Gisir River
originates from the Wangsa Maju area and flows through a major commercial area
before it reaching the confluence of Klang River. The upstream of Kemensah
River flows through a major residential area at the Kemensah Height which is
situated near the National Zoo.
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2 Materials and Method

A water sampling was conducted in October 2012. A water samples were collected
from 41 locations along the mainstream of Klang River and tributaries. On-site
surveys were conducted on September 2012 at several locations to assess the
impact of the proposed project towards current in-stream water quality. Figure 2
shows detailed sampling locations along the river basin. Every sample was col-
lected at the end of reach and at the mixing point. Besides the point source, other
samples were also collected along 7 km of the study area for modelling of water
quality. An in situ measurement was carried out for pH, dissolved oxygen (DO),
conductivity and temperature using YSI Model 85, a handheld water quality
instrument. A hydraulics data such as depth and width were also recorded.

Samples for laboratory analysis were collected at each location and the pol-
lutant sources, which contributed to the water pollution, were identified. Analysis
of BOD, COD, TSS, AN, SS and E-coli was conducted using a standard method
for the examination of water and wastewater methods within the recommended
holding time. The QUAL2E able to represent each reach as in Table 1 distin-
guished the headwaters of the Klang River basin at upper stream. These data then
will be compared from the previous study conducted in April 2011 which repre-
sents data before the mitigation takes place. The QUAL2E program then calibrates
water quality data at all points of interest. The following section will discuss the
comparing output of each parameter before and after mitigating.

Fig. 1 The study area
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3 Results and Discussion

3.1 Suspended Solid

Suspended solid (SS) concentration is an important parameter used as an indicator
of pollution in municipal and industrial water supply. These values are also used to
determine organic, inorganic particles and immiscible liquids. The SS values were
between 1 and 44 mg/L for all the water sampling points (Fig. 3). The concen-
trations of the SS were fluctuated due to the difference of point sources entering
the river and originate from residential, industrial, and commercial areas. The level
of SS at R1, R3 and R7 were exceedingly higher compared from the previous data
due to the incomplete current construction works along Klang River. The deep-
ening river depth can cause the sediment flow with the water to the downstream. A
movement of water and the kinds of sediment load will be affected by the depth
and width of a channel [10]. The concentration of SS became lower at point R5
due to a mixing of Klang River with other tributary. Mixing with the increasing

Fig. 2 Sampling locations
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water volumes gave higher dilution of water and decreased the concentration of
suspended solid in the water.

Concentrations of SS at sampling points along Klang River indicate that the
content could be partly contributed by effluent discharges and soil erosion along
the river. It can be seen from the water quality measured in terms of sewage and
suspended solids from soil erosion and sedimentation, all registered negative trend
for the period 1988–1994 on the use and threats to the Malaysian rivers and
worsened for all 116 rivers over the same period [11]. Interim National Water
Quality Standards (INWQS) recommended that threshold level of suspended solid

Table 1 QUAL2E reach
representation

Reach number Reach representation

Reach name Begin river
(km)

End river
(km)

R1 Klang River 1 0.0 3.8
R2 Kemensah River 0.0 3.0
R3 Klang River 2 3.8 4.6
R4 Gisir River 0.0 3.0
R5 Klang River 3 4.6 5.6
R6 Sering River 0.0 1.2
R7 Klang River 4 5.6 7.0

Fig. 3 Concentration of SS
and analysis by QUAL2E
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for Malaysia River is 50 mg/L for Class IIA. A water quality modelling of sus-
pended solid was modelled following the standard required by INWQS. Both of
the results of existing and prediction value by QUAL2E were observed within
INWQS requirement which is not exceeded 50 mg/l for class IIA.

3.2 Dissolved Oxygen

The process uses measurement of DO levels in the basin is useful to provide a full
scale control of the activity level in the aeration basin [12]. This will meet the
objective for the river of life project to increase the quality of water along Klang
River. Most of the DO values observed improved comparing before implemen-
tation of the mitigation processes as shown in Fig. 4. The improvement is expected
since the rehabilitation of the rivers at the upstream almost heading to complete.
The deepening of river depth and the improvement of the riverbank will cause an
increasing in velocity of the stream flows and it helps the river water re-aeration.

DO readings measured were within the range of 3.3–5.77 mg/L, which indi-
cates the river water is at an acceptable limit. The DO levels in the river observed
were high at the upstream of Klang River indicates that minimum pollution
occurred in the river. Then DO level were fluctuated until the distance 3.4 km,

Fig. 4 Comparison of the
DO and analysis by QUAL2E
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then the concentration for modelling of dissolved oxygen was extremely increase
due to the implementation of the mitigation measure at that point.

3.3 Biochemical Oxygen Demand

Figure 5 shows that the BOD value was highest at the point R5 where the pol-
lutants contributed from Sering River and the industrial area at the Klang River
bank before mixing at point R6. The effluent discharge from the factories and raw
food processing industries such as meat, fish and vegetables is detected as one of
the major contributors of BOD pollutions at the point. The microorganism and
bacteria start to harm the dissolved oxygen and the process of decreasing of the
BOD.

The Biochemical Oxygen Demand (BOD5) measured was in a range of
2–8.7 mg/L. This indicates that the stream has gone into the polluted level and the
stream can be categorized as severe impact towards organic loading. Since BOD
value is within the Class IV of the NWQS, any residual waste or other permissible
organic loading should be prohibited from entering the water bodies neither to
maintain the water quality nor rehabilitate the existing water quality. A Gisir River

Fig. 5 Concentration of
BOD and analyse by
QUAL2E
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is contributed severe BOD level into the Klang River comparing to Sering River.
BOD concentrations remained this high during peak storm runoff because of
increasing in dilution [13]. In the modelling, all the point sources were predicted to
treat at 90 % the output shows the BOD concentration was decreased to range
from 2.00 to 5.45 mg/L which under Class II on INWQS.

3.4 Chemical Oxygen Demand

COD concentration level observed was varied among the sampling points and the
COD values were extremely high at point R2 and R7, as in Fig. 6. The organic
material from squatters at point R2 contributed the highest concentration of COD
153 mg/L where a direct point source from the man-made sanitation without any
proper treatment was observed. After the rehabilitation along Klang River, the
concentration of COD reduced to 63 mg/L which is below standard A of INWQS
classification. However, at point R7, the COD concentration increased most
probably due to the high discharge of wastewater from the two-sewage treatment
plant unit that are located nearby the streams.

The QUAL2E analysed the COD values and found that it varies from 8.0 to
101 mg/L. The pollutants probably produced by the discharges from sewage
treatment plant and nearby industrial. A previous study was reported a high value
of COD in the study area due to industrial discharge of Industrial Area of Varanasi
which discharged a large quantity of organic waste effluent into the streams [14].

Fig. 6 Concentration of
COD and analysis by
QUAL2E
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The simulation of QUAL2E concerning predictions on the concentration of
effluent discharge shown that all the point source concentration must below than
120 mg/l in order to achieve the standard requirement for DOE.

3.5 Ammoniacal Nitrogen

The analyses show all sampling points were decreased in term of AN concen-
tration if compared from the previous 2011 data. The highest concentration was
recorded on the sample R3. The location of R3 is near to residential and com-
mercial area. Moreover, along the point R3 reach there is a point source discharge
effluent from the printing factory into the river.

3.6 Total Coliform

The microbial quality of wastewater is usually measured by the concentration of
the two primary sources of water-borne infection faecal coliforms and nematode
eggs [15]. The increased existence of E-Coli in the streams is directly reflected in a
significant drop in BOD value. The results shown in Fig. 7 show that a Total
Coliform at Klang River exceeding 2,400 MPN/100 mL. The highest values for
total coliform recorded at the Klang River with the reading of
792.48 9 105 MPN/100 mL and the lowest value at upstream is 0 MPN/100 mL.
The comparison shows limited changes at the beginning of river distance due to a

Fig. 7 Total coliform analysis by QUAL2E
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very high number of bacteria exist in the river. With the mitigation measure taken
Chainage 3.2 km, a number of total coliform is predicted drop to less than
500 MPN/100 mL.

4 Conclusion

A monitoring of water pollution sources seems very important in managing the
river water quality in the country and all parties should actively involve in order to
minimize the environmental issues. An analysis of current samples taken from a
various locations proved that the current water quality of the Klang River
improved from Class IV in 2011 to Class III. The study showed the QUAL2E
software was performed well in simulating the water quality parameter and able to
incorporate in the rehabilitation program in the study area in order to conserve the
natural qualities of the environment. The simulations show that the expected
mitigation measures will improve the water quality of the streams to Class II based
on INWQS Classification. A continuous monitoring of the river basin is suggested
in order to make sure the successful of the RoL.
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Performance of Aquatic Macrophytes
on Removal and Accumulation of Sulfate
and Potassium from Domestic Wastewater

Zul Hilmi Saidin, Ramlah Mohd Tajuddin, Dzaraini Kamarun
and Norazah Abdul Rahman

Abstract Phytoremediation had been well accepted worldwide as one of the most
successful green technologies for domestic wastewater treatment. This technology
utilizes aquatic macrophytes to remove and extract macronutrients from the
domestic wastewater and accumulate them in their plant tissues. However, most of
the previous studies only focused on the use of aquatic macrophytes for removing
and extracting nitrogen and phosphorous components. Thus, they overlook on
sulfate (SO4

2-) and potassium (K+) as one of crucial macronutrient contaminants
in domestic wastewater. Moreover, studies on removal and uptake of SO4

2- and
K+ from domestic wastewater and their detail distribution and storage in macro-
phyte tissues are very limited. Therefore this study focused on performance of
aquatic macrophytes in removing SO4

2- and K+ from domestic wastewater. The
accumulation and translocation of SO4

2- and K+ throughout macrophyte bodies
were also determined. The phytoremediation system was designed and fabricated
in the Hydrology Laboratory in Universiti Teknologi MARA (UiTM), Shah Alam.
Water Hyacinth (Eichhornia crassipies), Caladium (Colocasia esculenta) and
Water Lettuce (Pistia stratiotes) were used in our study to demonstrate that local
macrophytes may also have higher nutrients removal or uptake than other mac-
rophytes. The performance of macrophytes in removing and accumulating SO4

2-
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and K+ and their relationship were determined and reported. The results of this
study are significant for sustainable approach for domestic wastewater which
would satisfy towards wholly aspect of macronutrient criteria. Hence phyto-
remediation process becomes alternative to compete with the other green tech-
nologies for national development.

Keywords Aquatic macrophytes � Phytoremediation system � Potassium � Sulfate
� Wastewater treatment

1 Introduction

Phytoremediation had been well accepted worldwide as one of the most successful
green technologies for domestic wastewater treatment. This technology utilizes
aquatic macrophytes to remove and extract macronutrients from the domestic
wastewater and accumulate them in their plant tissues. Thus, the phytoremediation
currently becomes popular as an alternative technology in wastewater manage-
ment. This is due to its ability to protect both the environment and public health in
an economical way at a lower cost compared to conventional wastewater treatment
[1, 2].

In recent years, there were extensxive studies on phytoremediation of ma-
cronutrients using aquatic macrophytes. These include the phyto-treatments of golf
courses surface water [3, 4], anthropogenic retention ponds, lakes and wetlands [5–
8], groundwater [9], swine wastewater [10, 11], dairy manure wastewater [12, 13],
municipal wastewater [14] and industrial wastewater [15].

Previous studies mainly focused on the ability and efficiency of the aquatic
macrophytes to remove and extract nitrogen (N) and phosphorous (P) components
which were regarded as contaminants in the domestic wastewater [3, 4, 6, 11].
Although the phytoremediation system has the ability to remove N and P com-
ponents effectively from wastewater, but the removal mechanisms of the other
macronutrients such as SO4

2- and K+ are poorly understood. Thus, they overlook
on these macronutrients as a portion of crucial contaminants in the domestic
wastewater. Moreover, studies on removal and uptake of SO4

2- and K+ from
domestic wastewater and their detail distribution and storage in macrophyte tissues
are very limited.

In domestic wastewater, SO4
2- and K+ are regarded as abundant elements. The

concentrations of SO4
2- and K+ are ranged between 20–500 mg/L [16] and

13–20 mg/L [17], respectively. SO4
2- is often associated with heavy metals that

affect disturbance of microbial process and nutrient imbalance in wastewater [18,
19]. Meanwhile, availability of K+ affect the salinity and pH in wastewater [17].
These macronutrients enrichment if not well treated would cause adverse impact to
the sources of water supply, biodiversity of aquatic life and contributes to water
borne diseases [7, 9, 20, 21].
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Therefore, this study focused on performance of aquatic macrophytes in
removing SO4

2- and K+ from domestic wastewater. The accumulation and
translocation of SO4

2- and K+ throughout macrophyte bodies (leaves, stems and
roots) were also determined. The relationship between macrophyte species and
their removal; and accumulation capacity were also determined and reported. The
results of this study are significant for sustainable approach for domestic waste-
water which would satisfy towards wholly aspect of macronutrient criteria. Hence
phytoremediation process becomes alternative to compete with the other green
technologies for national development.

2 Materials and Methods

This study was conducted in 3 stages: (a) Design and fabrication of the phyto-
remediation system, (b) Phytoremediation process of SO4

2- and K+, and (c)
Analysis of SO4

2- and K+ in domestic wastewater and macrophyte tissues.

2.1 Design and Fabrication of the Phytoremediation System

The phytoremediation system was designed and fabricated in the Hydrology
Laboratory of the Faculty of Civil Engineering in Universiti Teknologi MARA
(UiTM), Shah Alam. Figure 1 shows the setup of phyto-system in the laboratory,
whilst Fig. 2 is a schematic diagram of the phytoremediation system. Table 1
described details of the phyto-system as labeled in Fig. 2.

This system was designed as a batch system to integrate with the conventional
wastewater treatment system when applied at site The wastewater samples were
collected from Mawar Residential Sewage Treatment Plant within the Universiti
Teknologi MARA (UiTM), Shah Alam. The wastewater was sampled using grab
sampling method [22]. Plastic containers for sampling were thoroughly rinsed with
10 % of nitric acid and distilled water to remove contaminants. After that the
wastewater was fully filled up and tightly closed in order to prevent any aeration or
oxidation process [22].

Aquatic macrophytes were chosen as they were low-priced and easily available
locally. They consisted of the water hyacinth (Eichhornia crassipies) (WH),
caladium (Colocasia esculenta) (CD) and water lettuce (Pistia stratiotes) (WL).
They were collected from the section 8 Lake in Shah Alam. Each of the macro-
phytes was cleaned thoroughly with distilled water [23], softly trashing the soft
tissues, before placing them in separated containers.
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2.2 Phytoremediation Process of SO4
22 and K+

The phytoremediation process was carried out immediately after the collection of
wastewater samples. The wastewater samples were poured in the phyto and control
systems and measured for initial level (0 day). The measurements of pH, turbidity,
SO4

2- and K+ concentrations were carried out immediately within a day.
The macrophytes were introduced into the phytoremediation system. A similar

system was also setup without any macrophytes to act as the control. The
wastewater was initially filtered using a cotton sieve to trap suspended solids.
Volume losses during the treatment due to water sampling and/or evaporation were
replaced by adding distilled water [11]. The phytoremediation process was allowed
to proceed until the macrophytes showed symptoms of death (survival capacity) or
the nutrient concentrations in the wastewater became significantly consistent.

2.3 Analysis of SO4
22 and K+ on Domestic Wastewater

and Macrophyte Tissues

The pH level of the wastewater was measured with a pH meter and the turbidity
level with a turbidity meter using the procedures described by Hach Company
[24]. The SO4

2- and K+ concentrations of both the phyto and control systems were

Fig. 1 Schematic diagram of
the phytoremediation system

Fig. 2 Setup of
phytoremediation system and
control system in laboratory
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determined by using a Spectrophotometer DR5000 according to the Sulfaver 4
Method (8031) and Tetraphenylborate Method (8049) [24], respectively.

As for macrophyte tissues analysis, phytoremediated aquatic macrophytes were
transferred into different containers, according to their species before being
cleaned with saline water (2 M NaCI), aqueous ethylenediaminetetraacetic acid
(EDTA) (2 g/L), tap water and deionized water [25], softly trashing with tissues.
They were then sorted into leaf, stem and root parts. Each separated macrophyte
bodies of roots, stems and leaves were dried at ambient temperature (27 �C) before
oven dried at 80 �C for 48 h. The dried tissues were weighed and grounded to
powder form [11]. The dried tissues (1.0 g dry weight) were digested using
Milestone Ethos Plus according to acid sulfuric digestion method with 8 ml of
HNO3 65 % and 2 ml of H2O2 30 % via published procedure [26]. The samples
after digestion were cooled to room temperature. Next, they were filtered through
the Whatman No. 1 filter paper and then 0.45 lm membrane filters in order to
reject the suspended substances. Later, they were analyzed for SO4

2- and K+ using
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) (Perkin
Elmer Optima 7300 DV).

3 Data Analysis

Removal rate (%) of SO4
2- and K+ were determined using the following formula:

R %ð Þ ¼ C0� Ctð Þ=C0 � 100 % ð1Þ

where C0 is the initial concentration of SO4
2- and K+ (mg/l) and Ct is the con-

centration of SO4
2- and K+ (mg/l) at time t (days). The data were analyzed for

mean, standard deviation (n = 3) and error bar with 5 % of value using the sta-
tistical package within Microsoft� Excel Version 2010.

Table 1 Detail description of the phytoremediation system

No. Apparatus/equipment Description

1 Phytoremediation tank Dimension: 0.66 9 0.44 9 0.35 m
Material: polyvinyl chloride (PVC)
Depth of wastewater: 0.22 m

2 Reservoir tank Dimension: 0.66 9 0.44 9 0.35 m
Material: polyvinyl chloride (PVC)
Depth of wastewater: 0.09 m

Total volume of wastewater (both tanks) 24 L
3 Water pump Type: super 300 multi-use pump

Head of pressure: 2.2 m
Flow of wastewater: 6 L/min

4 Level meter –
5 Discharge valve –
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4 Results and Discussion

Table 2 presents initial and final concentrations and removal rate of pH, turbidity,
SO4

2- and K+ for phyto and control systems.

4.1 Performance of Aquatic Macrophytes in Changing pH
and Turbidity Levels from Domestic Wastewater

The pH level in WH system was at alkaline range for 1-day to 4-day (highest 8.44)
and change to acidic state after 5-day (lowest 5.83) until end of treatment. The pH
level in CD system was at alkaline state started from 1-day to 15-day (highest 7.91)
and the pH level was reduce towards acidic state for 16-day to 24-day (lowest 6.31)
and remain alkaline state until end of treatment. The pH level was kept within an
alkaline range (highest 7.78) in water lettuce system. The pH level in control system
differs within a day, where at alkaline state from 1-day to 4-day, reduce to acidic
state from 5-day to 15-day and back to alkaline state from 16-day to 30-day (Fig. 3).

The turbidity of the phyto-systems in the WH, CD and WL reduced from 43.97
NTU to 0.86 NTU, 57.50 NTU to 0.64 NTU and 58.40 NTU to 0.83 NTU,
respectively compared to control systems which reduced from the level of 57.93
NTU to 1.31 NTU (Table 2). While the removal rate of the phyto- systems in the
WH, CD and WL were 98.04, 98.89 and 98.58 %, respectively compared to
removal rate of the control system was 97.74 % (Table 2).

The changes of pH level in phyto-systems were moved toward stability or
consistency, compared to control system. This is due to the utilization of the
carbonate compounds during the algal photosynthesis [6], where macrophytes
enhanced this process via root system. The pH values were decrease to acidic state
for both WH (at the end of treatment) and CD systems (day-16 to day-24) could be
explained by the oxidation of wastewater organic matters, the nitrification of N
containing compounds [27] and CO2 is dissolved from the atmosphere and pro-
duced by decomposition of organic matter. It is readily soluble in water, com-
bining with the water to form carbonic matters [28].

Turbidity levels in the phyto and control systems were significantly declined at
beginning of treatment (1-day) where CD system was able to reduce more turbidity
level higher than the other systems. The results also prove that the sole system
itself able to reduce the turbidity level with evidence of the reduction in the control
system. Besides, the turbidity level was more enhanced with the presence of
macrophytes in the phyto-system. The reason behind this fact is that the roots of
the macrophytes were proficient to trap particulate matters during the phyto-
treatment [11]. It also has been reported that abundant root system in the phyto-
treatment could secretes large amount of root exudates. They are polymeric in
nature and assists in the coagulation and sedimentation processes of the suspended
particles by destabilizing the colloidal suspensions [29].
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4.2 Performance of Aquatic Macrophytes in Removing
SO4

22 and K from Domestic Wastewater

After the period of treatment, WH, CD and WL effectively remove 61.71, 37.50
and 19.15 % of SO4

2- in the phyto-systems, respectively, whilst control system
removes 7.14 % at the end of treatment period (Table 2). Besides, WH and WL in
the phyto-systems and control system showed increments of 77.82, 56.89 and
63.46 % of K+, respectively. Somehow, in CD system, the level of K reduced to
90.05 % at the end of phyto-treatment (Table 2).

Although macrophytes in the phyto-systems had a limited effect on SO4
2-, but

they could perform as stabilizer for transformation of SO4
2- in wastewater pro-

cess. This was verified by the trend of SO4
2- in phyto-systems were more stable

than the control system, which values of SO4
2- in the control system was fluctuate

Table 2 Initial and final concentrations and removal rate of pH, turbidity, SO4
2- and K

Parameters Phytoremediation systems Control systems

WH CD WL

Initial concentration pH 6.99 ± 0.00 7.31 ± 0.08 7.24 ± 0.00 7.31 ± 0.08
Turbidity 43.97 ± 0.15 57.50 ± 3.27 58.40 ± 4.11 57.93 ± 3.29
SO4

2- 15.67 ± 2.08 15.67 ± 0.58 8.00 ± 0.00 14.00 ± 3.61
K+ 8.23 ± 0.06 6.03 ± 0.06 6.23 ± 0.06 6.03 ± 0.06

Final concentration pH 5.83 ± 0.17 7.05 ± 0.06 7.77 ± 0.04 7.57 ± 0.05
Turbidity 0.86 ± 0.57 0.64 ± 0.08 0.83 ± 0.05 1.31 ± 0.04
SO4

2- 12.67 ± 0.58 6.00 ± 0.00 5.00 ± 0.00 13.00 ± 1.00
K+ 37.10 ± 0.35 0.60 ± 0.02 14.45 ± 0.00 16.50 ± 0.04

Removal rate (%) Turbidity 98.04 98.89 98.58 97.74
SO4

2- 19.15 61.71 37.50 7.14
K+ -77.82 90.05 -56.89 -63.46

Mean ± standard deviation (n = 3)
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within a day (Fig. 4). The fate of S in the wastewater is mainly governed by the
redox state dynamic in the root system, with the availability of organic carbon and
O2 [30, 31] and sulfate-reducing bacteria [32].

Under aerobic condition in the phyto-systems and control system, the loses of
SO4

2- caused by oxidation of sulfide (S2-) to SO4
2- and dissociation reactions of

S2- to hydrogen sulfide (H2S) which is largely volatile and emitted to atmosphere
[33]. Increase of pH (to alkaline state) in the initial stage of the experiments
(Fig. 3) indicated that H2S emitted to the atmosphere [34]. Loses of SO4

2- was
also due to heavy metal precipitation to form insoluble metal sulphates (such as
FeSO4, ZnSO4) and mineral precipitation to form mineral sulphates (such as
CaSO4), when SO4

2- was more favorable than S2- in wastewater [33]. Further-
more, with the presence of the macrophytes could enhance the sulphates precip-
itation process.

In addition, phyto-systems demonstrated higher reduction of SO4
2- than control

system since macrophytes provide a suitable roots zone for biological assimilation
into macrophyte tissues or microorganism biomass as organic S [33]. They also
released O2 via root zone for direct re-oxidation of S2- to SO4

2- [32] and stim-
ulate microorganism growth and activity [35]. The uptake of SO4

2- also is more
favored compare to S2- since it is highly toxic to macrophytes and microorgan-
isms. S2- is also competitor for O2 consumption [33, 36], hence it mainly present
in anaerobic condition.

Nevertheless, there are no consistencies of K+ concentration in the both phyto and
control systems. However, CD system shows positive trends of K+ removal (Fig. 4).
It have been stated that the K+ concentration rose as natural wetland communities
tended to export K+ [3, 37]. Somehow, they did not mention the factors of K+ rises.
Thus, in the present study, K+ level rising most probably resulted from degradation
of macrophytes tissues during phyto-treatment process. This was in line when the
macrophytes were reached at aging phase (mostly degraded).

The availability of K+ in the wastewater also was affected by salinity and pH in
wastewater [17]. This is because of the K+ in the wastewater is related to hardness
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by proportion of CaCO3. However, the present results revealed that there were no
significant relationship between pH and K+ since pH levels for both phyto and
control systems moved towards stability.

4.3 Accumulation and Translocation of S and K Throughout
Macrophyte Bodies

At the end of the experiment, CD exhibited higher accumulation capacity for S and
K of 157.03 and 1,937.69 mg/L, respectively, compared to S and K in WH of
200.93 and 1,530.95 mg/L; and WL of 75.76 and 83.67 mg/L, respectively
(Fig. 5).

Although Wu et al. [32] reported that S is essential for macrophytes growth which
supposed to be equal or larger than P, somehow in this study the contents of K in the
all of examined macrophytes tissues were higher than the S (Fig. 5). This heading
towards that the K was not limiting growth of the macrophytes compared to S.

As S2- may lead to phytotoxic effects, macrophytes in the phyto-system more
favor SO4

2-. Hence the uptake of S was mainly by SO4
2-. Thus, S was detected in

the macrophyte tissues in this study leading to verify the above statement.
Somehow, some of macrophytes show deterioration effect, such as WH and WL,
as they may uptake of metal sulphates (such as FeSO4, ZnSO4). These metal
sulphates especially FeSO4 have toxic effects on the macrophytes since Fe2+ is also
phytoxin [33]. As a result, it reflected that macrophytes capable to prevent phy-
toxin by accumulated most of S in below-ground mass before distribute to above-
ground mass (Fig. 5).

It has been reported that K+ was important macronutrients for macrophyte
growth, especially for biomass yield and foliar area [14], thus K+ was translocated
higher in above-ground mass compared to below-ground mass (Fig. 5). This case
was contradict with the statement that macrophytes has a problems in uptake base
cations such as K+ when they are normally occur in rich anion environment (e.g.
NO3

-) as their main macronutrient source [38]. Besides, K+ has excellent water
solubility thereby it is easy to mobile throughout macrophytes tissues but very
difficult to precipitate.

4.4 Relationship Between Macrophytes Species and Their
Performance Against Removal and Accumulation of S
and K

Relationship between removal and accumulation rates for S and K+ of WH and
WL were inversely proportional. Both of WH and WL performed well in removing
SO4

2- and accumulating K+. But then, negative rate were noticed for removal of
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K+ and accumulation of S. Conversely, CD performed better in removing and
accumulating of both S and K+ (Fig. 6). Thus, make CD was the best removal and
accumulator species of S and K+ rather than others species. Performance of
macrophytes on SO4

2- and K+ removal was also in relation with their physical and
biomass characteristics.

It has been stated that macrophytes with higher potential capacity for biomass
production could perform better macronutrients removal [39]. It appears that S was
difficult to mobile throughout macrophyte bodies compared with K+. On the other
hand, SO4

2- was constantly removed in domestic wastewater by phyto-systems.

5 Conclusions

In conclusion, the performances of the three aquatic macrophytes in removing and
accumulating the SO4

2- and K+ from domestic wastewater using phytoremedia-
tion system were evaluated. CD displayed more capacity to reduce and accumulate
SO4

2- and K+ compared to the other macrophytes. Thus, the results have indicated
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that the selection of aquatic macrophytes is a crucial stage in determining the
performance in phytoremediation system. Subsequently, this proves that different
macrophyte species have variation abilities for macronutrients removal and
uptake.

The authors also recommend that the relationship between macrophyte survival
and growth in the phytoremediation system need to be established. This is an
important measurement criterion since the growth of plants influence the removal
and uptake mechanisms of the plants.
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Greywater Reclamation Using Recycled
Vertical Subsurface-Flow Constructed
Wetland (RVFCW) for Non Potable Usage

Azianabiha A. Halip @ Khalid, Siti Nurulhuda Mohd Imran
and Shahrul Azwan Shakrani

Abstract Nowadays, the usage of a greywater as additional water resources
options is increasing due to decline of water quantity available worldwide. The
growing of recycled greywater for non potable purpose have been widely used
around the world not only by water-scarce and dry regions countries such as in the
Middle East and North Africa but also intensively applied by densely populated
European countries such as England and Germany. Typically, about 100–200 L of
greywater are being produced per person each day which represent the largest
portion of domestic wastewater. Due to this soaring volume of greywater gener-
ated, it provides high potential for water conservation in household source. Nev-
ertheless, greywater is always contaminated and required pre-treatment.The aim of
this study was to study the potential and removal pollutant of RVFCW in grey-
water treatment. Four samples of greywater from two different sources were
treated using RVFCW and the water quality parameters were tested after 4, 24 and
48 h. The results show that RVFCW has a potential in greywater treatment and
able to remove more than 80 % of water parameters such as TSS, COD and
turbidity. Thus, this study concluded that the RVFCW is capable as alternative
treatment system for non-potable greywater reuse.

Keywords Greywater � Vertical flow constructed wetland � Wastewater reuse �
Wastewater recycling � Alternative water source

A. A. Halip @ Khalid (&) � S. N. M. Imran � S. A. Shakrani
Faculty of Civil Engineering, Universiti Teknologi Mara (UiTM), Shah Alam, Selangor,
Malaysia
e-mail: azianabiha@gmail.com

R. Hassan et al. (eds.), InCIEC 2013, DOI: 10.1007/978-981-4585-02-6_67,
� Springer Science+Business Media Singapore 2014

783



1 Introduction

In Malaysia, the water shortage and water scarcity is not a major the problem.
With high number of rainfall distribution, the quantity of water resources available
is enough for the long term period usage and the water crisis is rarely occurs.
However, uncontrolled water usage can leads to wastage and could affect the
sustainability of water supply in the future. In order to ensure that the water is used
efficiently, the recycling of greywater for non potable purpose is one of the
options. Greywater is usually defined as all of the wastewater produced in a
household except toilets waste which known as a blackwater [1]. Yet, the raw
greywater is often contaminated and possible presence of harmful microorganism.
Moreover, without careful handling it will cause water logging, smell, and released
of chemicals and anthropogenic elements [2, 3]. Pollutants such as metals that
originated from rusty pipes and other chemicals content in household products
such as detergents and preservatives can cause environmental harm when accu-
mulated in the soil thus affecting plants and other microorganisms in the soil. It
might also pose various health problem occurred primarily through direct contact
with human body. In most countries, regulations or specific guidelines for grey-
water reuse are not available or are insufficient, hence used without any significant
pre-treatment and a practice mistakenly considered safe [4]. The aim of this study
were to assess the potential of RVFCW in greywater treatment based on removal
capacity of selected pollutants.

2 Materials and Methods

2.1 Materials

The RVFCW method proposed is a modification technique that was described in
[4]. Figure 1 presents schematic layout of RVFCW. The RVFCW consists of
upper tank (wetland plant and media) (76 9 18 9 45 cm) and lower tank (treated
sample) (76 9 18 9 45 cm). In this study, the media used consists of a 10 cm
layer of sand, followed by a 10 cm layer of gravel with 5–10 mm diameter and a
10 cm layer of limestone pebbles with 5–10 mm diameter at the surface. For the
purpose of this greywater treatment, a species of wetland plant called Eichhornia
Crassipes (water hyacinth) has been chosen due to its high nutrient assimilative
capacity and ability to filter suspended materials.
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2.2 Methods

The RVFCW system was constructed using two plastic aquarium tank with an
upper tank was placed over a lower container. Holes were punctured at even
intervals in the bottom of the upper tank. This was to allow water from the top to
flow into the bottom tank. There is a plumbing pipes design to support an upper
tank together with bottom tank.

When the greywater was introduced to the system, the greywater was perco-
lated through the upper layer which consists of wetland plant; E. crassipes (water
hyacinth) and three types of media. Then, it infiltrated from bottom layer of upper
tank through the holes to the lower tank which acts as treated tank. The water
pump was introduced to recycle the water back to upper tank through the perfo-
rated pipe. The process was continued until the time required for study the treated
samples.

At the beginning of the study, the pore volume of the filter section and treated
water reservoir was emptied and 20 L of raw greywater was introduced. For this
study, raw greywater samples were collected from effluent in two different loca-
tions in UiTM Shah Alam. There were at Dataran Cendekia Cafeteria sump and
Teratai College sump. A subsample of raw water was collected for analysis (time
zero) of water quality parameters. Then, the samples of treated greywater were
taken immediately after passed bed on period of 4, 24 and 48 h. It then was

Fig. 1 Schematic diagram for RVFCW layout
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analysed for water quality parameters namely pH, conductivity, total suspended
solid (TSS), turbidity, colour, nitrite, phosphorus, iron, chemical oxygen demand
(COD) and biochemical oxygen demand (COD).

3 Result

In this study the concentration of the pollutants for each water sample were
recorded during different time interval and presented in a table and figure for
analysis. The summary of the overall performance in the form of average removal
percentage is as stated in Table 1.

At the end of the experiment time, the RVFCW were effective in removing
virtually all the TSS and about 99 % of turbidity. For colour, the removal was
about 96 %. For iron and COD, the removal was about 98 % each. However, only
partial of phosphorus and BOD were removed (47 and 50 % respectively). No
nitrite removal was found in RVFCW treatment. For pH, the result indicates that it
slightly approaches to neutral condition while conductivity always increases
within time frame.

Table 2 shows in details the greywater parameter’s value over the course of
48 h treatment.

For clearer comparison, the concentration of individual parameter is graphically
generated as in Fig. 2.

For pH and conductivity, the chart shows the concentration recorded during the
time interval instead of the removal percentage as per other parameter. Based on
data in Fig. 2, each sample developed a same decreasing pattern except for nitrite,
phosphorus and BOD concentration.

Table 1 Removal
percentage for different water
parameters using RVFCW
system

Parameters Average removal (%)

pH ±10
Conductivity 0
TSS 100
Turbidity 93–99
Color 86–96
Nitrite 0
Phosphorus 0–47
Iron 87–98
COD 84–98
BOD 0–50
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4 Discussion

After all the data has been obtained, analysis on the result was conducted in order
to assess the effectiveness of RVFCW in treating greywater. As stated in previous
chapter, the result has been encouraging by reflecting on the percentage of removal
achieved at the end of treatment process. Details analysis of each parameter is as
follows.

4.1 pH

The result shown that the pH value slightly approached to neutral. The reason was
due to the uses of the limestone media in RVFCW. The previous research on
limestone application in treatment of wastewater is founded effective in neutralize
the pH. Koenig and Liu [5] stated that limestone supplies effective buffering
capacity for pH control if the alkalinity in the influent wastewater is insufficient for
complete autotrophic denitrification. Alkalinity supplied through limestone dis-
solution is a function of pH, which in turn depends on the initial alkalinity of the
wastewater and progress of denitrification. The specific limestone dissolution rate,
in gram limestone dissolved per unit gram of limestone is inversely proportional to

Fig. 2 Comparison of pollutants removal in different time scale
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pH for pH values lower than 7.1. Research by Aziz et al. [6] revealed that lime-
stone able to increase the pH from the input value of pH 7. Moreover, the dis-
solution of limestone by acidic waters releases alkalinity, which in turn increases
pH. As a result, the used of limestone media has major impact in neutralize pH of
greywater.

4.2 Conductivity

In term conductivity, the result indicates the increment within hours. All samples
have shown an augmentation or expansion in term of conductivity. From review of
related literature it can be concluded that the higher value of conductivity was due
to the higher ionic value. Yalcuk and Ugurlu [7] reported that the effluent con-
ductivity values were higher than the influence conductivity values in all systems
of wetland. The high value obtained due to high ion concentration in the effluent.
Soltan and Rashed [8] further stated that the different media solutions exhibited
increasing conductivity with increasing metal concentrations and duration of
exposure to plants.

4.3 TSS and Turbidity

For TSS, the 100 % of removal was achieved. The reason was the amount of TSS
was quite low in greywater sources compared if the sources taken from black-
water. Based on the finding from literature review, the removal of TSS was due to
the sedimentation and filtration process in RVFCW. Stowell et al. [9] reported that
the sedimentation process in wetland occurs due to gravitational settling of solids
in wetland settings while filtration was occurs due to particulates filtered
mechanically as water passes through substrate, and root masses. In case of sed-
imentation and filtration in RVFCW, the greywater passing through water hyacinth
plant to filtration media which consists of limestone, gravel and sand due to
gravitational settlings. Most of suspended solids were filtrated out and settled
beyond the substrate of constructed wetlands. As a proved to the result of Stowell
et al. [9], report by Yalcuk and Ugurlu as in [7] stated that more than 90 %
removal of BOD5, COD and TSS can be achieved in vertical surface flow (VSF)
system, which make the result has become more obvious.

As TSS, similar trend was observed in turbidity removal. Reduction of turbidity
as depicted in Fig. 2 due to sedimentation and filtration as well as removal of TSS.
On the other hand, Gopal [10] reported that the water hyacinth were used for floc
removal or settling in water treatment. The result is a significant decrease in
turbidity due to the removal of flocs and also slight reduction in organic matter in
the water. Sklarz et al. [11] further reported that 80 % of the turbidity and 75 % of
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the COD were removed within the first hour. As a result, the combination of
RVFCW and water hyacinth were effectives in term of turbidity removal.

4.4 Color

As TSS and turbidity were decreased, the value of colour was as well decreased.
Normally, the colour of wastewater increased with higher turbidity due to high
amount suspended solid. This caused the water becomes more turbid and cloudy.
The sedimentation and filtration process that occurred was able to remove TSS and
turbidity effectively which directly impact on colour removal in RVFCW. As a
result, the colour was founded nearly to 98 % of removal. So, it can be further
conclude that the RVFCW was effective in term of colour removal.

4.5 Nitrite and Phosphorus Removal

In term of nitrite, very minimal and neglectable removal value was obtained in
sample 1 and for other sample the result shows increment within hours instead.
The increment of nitrite was proved by Kantawanichkul et al. as in [12]. In vertical
flow systems process, greater oxygen transport ability than the horizontal sub-
surface flow beds and they are more effective for the mineralization of biode-
gradable organic matter and for nitrification through the activity of ammonia-
oxidizing bacteria. Moreover, in vertical flow bed, a passive air pump (removing
oxygen depleted air and introducing fresh air) supplies the oxygen required for the
nitrification process. Green et al. as in [13] further discuss about nitrification
process. In the study it was stated that, in nitrification process, ammonia is oxi-
dized mainly to nitrate and nitrite. As long as value of nitrate was high, same thing
went to value of nitrite. The nitrification process may add value of nitrate and
nitrite. This finding was supported by Seidel as in [14] through statement that the
higher nitrification efficiency was noted in vertical flow beds based on the Seidel
model. So, as long as nitrification process occurs, the value of nitrite would
increase.

Basically, as stated by Zurita et al. as in [15], the vertical flow constructed
wetland (VFCW) were more effective for phosphorus removal. But the result
indicates an increment of total phosphorus available in greywater. The reason was
supported by Brix and Arias as in [16] through statement of the phosphorus
removal in vertical flow constructed wetland is very limited, and it is not possible
to obtain a sand bed medium that has a sufficient high capacity to bind phosphorus
for a prolonged period. The report further stated that the removal of phosphorus in
the vertical flow constructed wetland system will be fairly, low, typically
20–30 %. In the present study, result showed plants also affected phosphorus
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removal. The reason was phosphorus removal in wetlands may take place due to
plant uptake [12].

4.6 Iron

For iron, the result showed that after 24 h treatment, the removal was nearer to
98 % of removal. The high iron removal was founded due to water hyacinth
uptake the iron. Water hyacinth were effective in removing excess nutrient, heavy
metals, toxic metal, minerals and organic chemicals, and herbicides from polluted
water. The report further stated that the deprotonation reaction of water hyacinth
during the uptake of metal ions from aqueous solution, as shown by decrease in pH
[8]. Furthermore, Jayaweera et al. as in [17] founded that water hyacinth were
most efficient in phytoremediating iron as these plants showed a highest removal
efficiency of 47 % during period of optimum growth at the 6th week. In heavy
metal removal, Aziz et al. as in [6] founded that limestone was capable to remove
more than 90 % of heavy metal from a solution of 2 mg/L.

4.7 COD and BOD

After 24 h, the results shown the COD removal was about 90 % removal. This
result can be supported by Yalcuk and Ugurlu as in [7] which founded that more
than 90 % removal of BOD5, COD and TSS can be achieved in vertical surface
flow systems. Sklarz et al. as in [11] also reported that 80 % of the turbidity and
75 % of the COD were removed within first hour in recirculating vertical flow
constructed wetland. The use of water hyacinth in wastewater was founded
effective by Jianbo et al. as in [18] with 64.4 % of COD removal rate. Finally, it
shown that, the combination of RVFCW with water hyacinth was effective in COD
removal.

Initially, RVFCW was effective to remove the BOD in greywater [18]. But,
BOD was required for decomposition of organic matter by microorganism.
However, at the same time oxygen were required for process of nitrification of
nitrite and nitrate by ammonia. So, the amount of the BOD was increase within the
time and unable to achieve optimum removal efficiency.

5 Conclusion and Recommendation

From the study, the RVFCW system was proven to have a potential in greywater
treatment. Most of water quality parameters showed high removal efficiency
except for nitrite, phosphorus and BOD. A less efficiency of nitrite removal was
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due to nitrification process in RVFCW. Therefore, it could be concluded that
higher greywater concentration was more efficient in removing pollutants from
greywater due to the sedimentation and filtration besides the presences of
microorganism for biodegradation.

Besides, the study showed uptake of heavy metal by plants increased with
increasing metal concentrations. E. crassipes had higher capacity to accumulate
iron. However, if the heavy metals concentration exceeded the ability of the plant
to adsorb, it will resulted in plant wilting due to the toxic impact thus increased the
metal and organic content of greywater. On the other hand, the use of Limestone
was also founded effective in removal iron as heavy metal and also to neutralize
pH of greywater. Finally, combination of RVFCW with E. crassipes as wetland
plant and limestone media were gives better performance on removal pollutant in
greywater.

From this study, there are many possibilities of further research scopes to be
investigated. For future work, following recommendations were suggested to
improve efficiency of RVFCW:

• To study greywater efficiency when different number of plant is introduced in
the constructed wetland. The uses of water hyacinth in greywater treatment only
limited to certain parameter. Some of the parameter such as nitrite and phos-
phorus not totally removed. Process combination of wetland plant must be
studies to determine the performance of wetland plant. Some of the wetland
plant not able to perform in combination.

• To introduced activated sludge to provide additional microorganism and better
aeration method to be implemented in the experimental setup. This is to cater
the removal of BOD as this study was only able to achieved not more than 50 %
efficiency.

• To use soil media with emergent macrophyte based. The uses of soil with
combination of emergent plant may be effective on removal pollutant. Not only
plant uptakes the pollutant in a root and leaves but may be soil uptake some of
pollutant.

• To use different media for filtration to treat greywater. The use of other media
may be effectives in removal certain parameter. Combination of good media will
effect the efficiency of RVFCW.
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Effect of Water Pressure to Water Loss
in Water Distribution Network

Irma Noorazurah Mohamad, Nur Syahiza Zainuddin, Azianabiha A.
Halip @ Khalid and Mohmad Radhwan Abd Karim

Abstract Water loss control is a very crucial part in practicing good water
management. However, not all losses can be avoided and became a matter espe-
cially when the lost water has no value. Water loss through leakage can be min-
imized by a proper pressure management. This study discusses possibility of water
loss due to pressure effect at Universiti Teknologi MARA, Shah Alam, Selangor. It
explores the amount of water loss by comparing between current bills with the
theoretical calculation based on number of consumer in the specified area. EPA-
NET 2.0 was used to illustrate the analysis of water flow within pressurized pipe
network. The programme analyses the pressure at each nodes, track the flow of
water in each pipes and elevation of the water in each tanks during simulation
period. After the whole system is simulated, results are presented in pressure
distribution and velocity distribution. Water loss result shows slightly no signifi-
cant because of the small differences between actual and theoretical values. Even
though the pressure distribution quite high but with small water loss shows that
water distribution network is in stable operating condition.

Keywords Water loss � Pressure distribution � Water distribution network �
Pressurized pipe networks � Hydraulic simulation

1 Introduction

Water supply in Malaysia mainly comes from river and stream. In 1980s, the
demand for water supply is grown rapidly especially in residential and industrial
sector. This water is distributed to consumer by proper design reticulation system.
Water distribution network involves interconnection between pipes, sources and
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hydraulic control element such as pumps, valves, regulators and tanks. A normal
concept of water distribution network is to deliver water to consumers based on
demand quantities and desired pressures. The major problem faced by the water
utility provider worldwide is non-revenue water. Non revenue water is the dif-
ference between net production of water into the water distribution network and
the amount of water that is billed. Non revenue water also interpreted as a water
loss from public water utilities due to poor water distribution network facilities and
management, the losses may caused by corrosive environments, soil movement,
poor construction standards, fluctuation of water pressure, and excessive traffic
loads and vibration. Due to these causes, water losses could occur at different
components such as transmission pipes, distribution pipes, service connection
pipes, joints, valves, fire hydrants, storage tanks and reservoirs [1].

Water loss through leakage can be minimized by a proper pressure manage-
ment. Previous study showed pressure management is an important measure for
the long term reduction of real losses which happen through pipe burst due to high
pressure [2]. Pressure management in water distribution network can be illustrated
if there is a leaking garden hose that has a pressure of 414 kPa and then the
pressure being reduced to 207 kPa, there will be less water loss through that leak
[3]. The same principle holds true in a water utility’s distribution system. It is a
well-known fact that with decrement of pressure within the system, it also will
reduce water loss. The principle behind pressure management is simple—lower
system pressures during periods of lower demands (when system pressures nor-
mally rise) and reduce the flow rate from existing background leakage (those small
weeping leaks from fittings and joints). An additional benefit of pressure man-
agement is the related reduction in water main break frequencies which in turn
help to extend the life of the underground infrastructure. The economic effect
through losses of water is not only the concern of the water provider but also the
customers who have to pay more than what is actually being utilised. Hence, a
strategic water management to improve water losses through proper pressure
management can be adopted since it will not only provide a financial gain but also
help in saving precious water for a sustainable environment.

2 Study Area

This study outlines the importance of proactive pressure management as part of a
strategy for effective real losses solution. Water supply in Universiti Teknologi
MARA (UiTM), Shah Alam campus is feed by three major water tanks with the
total capacity reach to 3.9 million gallons (MG). This study only covers for the
water distribution network within Water Tank 3 with the capacity 800,000 gallons
(G). This water tank distributes treated water to students’ college which are Melati
College and Mawar College. The reason of choosing this area is the capabilities in
higher water demand from the college area especially during semester. Based on
the population of consumer, these two colleges are identified having highest
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number of resident compare with other colleges in UiTM Shah Alam campus
which is about 3,500 capacity of residents each. Comparison between actual water
bills and theoretical water demand was carried out to identify on existing of water
losses amount. The main parameters being used to identify the stabilisation of
water piping systems in this selected study areas which are water flow, pressure
and velocity.

3 Hydraulic Simulation Model

Hydraulic simulation models are becoming of common use among planners, water
utility personnel, consultants and many others which involved in analysis, design,
operation or maintenance of water distribution systems [4]. EPANET 2.0 software
was selected for this study where this model can perform steady-state and extended
period simulations for networks of junctions, pipes, pumps, valves, and storage
structures, calculating flow of water, pressures, tank elevations, concentration of
chemical species, water age, and source tracing. EPANET 2.0 is a computer
program that performs extended period simulation of hydraulic and water quality
behavior within pressurized pipe networks. It is designed to be a research tool
which it can be used for many different kinds of applications in distribution
network analysis such as sampling program design and hydraulic model calibra-
tion. EPANET 2.0 models a water distribution network as a collection of links
connected to nodes. The links represent pipes, pumps, and control valves while the
nods represent junctions, tanks, and reservoirs. EPANET 2.0 tracks the flow of
water in each pipe, the pressure at each node and the height of water in each tank
throughout the network during a simulation period comprised of multiple time
steps [5].

EPANET 2.0 was used to analyze the piping system where the trend of flow
velocity and pressure can be predicted based on the parameter setting over an
extended period of time. In addition, pressure analysis was identified to see
whether it is enough to supply water to consumer. Figure 1 shows the overview
step taken in EPANET simulation process. System required to install and run
EPANET 2.0 is Windows 95/98/NT with IBM/Intel-compatible personal computer
[6]. Once the new project in EPANET 2.0 created, network or water distribution
network was drawn as representing the actual water distribution network. The
basic description of the network placed in text file format also can be imported into
EPANET 2.0. This network must contain nodes and links objects such as reservoir,
junction, tank, pipes and pumps. Then, the properties for each objects assigned in
the EPANET 2.0 must be allocated accordingly. Parameter needed for the nodes
such as demand, head and pressure. While for the links, parameters required such
as length, pipe friction factor, size of diameter, roughness, flow, velocity and head
loss. Then, the flow of the systems should be described in the system by knowing
the direction of the network.
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Next, the analysis options of the simulation can be in single period analysis and
an extended period analysis. Time pattern chosen in this study is an extended
period analysis. This is important to make the network more realistic by making
demands at the nodes vary in a periodic way. Normally, a 1 h pattern time step is
more typical number and it is the default assigned to new project. But, pattern time
step of 3 h was selected thus making demands change at eight different times of
the day with the total duration set to 24 h which means the network analysis run
for one-day period. With enough information needed, the simulation was run.
Lastly, the results for an extended period analysis were viewed in a various form.

4 Results and Analysis

This study analyse the trend of water pressure within pressurized pipe network using
EPANET 2.0 software. Velocity distribution also being discussed too. Locations
with high or inadequate pressure, velocity and flow have been obtained through the

Drawing a network

Insert properties of 
the objects

Describe how the 
system is operated

Select of a set of 
analysis options

Running hydraulic 
analysis

View the results of 
the analysis

Fig. 1 Illustration of step in
simulation process
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extended period simulation analysis. The results are directly viewed on the network
map during the simulation process. The output results have been carried out against
by time. This study focused on the simulation process at peak hour duration which
are at 7 a.m. and 5 p.m. respectively. Analyses are focused more on pressure dis-
tribution and velocity distribution on the pressurized pipe network.

4.1 Network Simulation

Simulation is carried out during the peak hours which are at 7 a.m. and 5 p.m.
respectively. Total of 30 nodes and 30 links are identified in this simulation
process. Those nodes and links represent the actual water distribution network
system in the selected study area. Highest pressure showed during the simulation
at 7 a.m. was 232.77 kPa which happen at nodes 2. Then, follow by nodes number
12 and 11 with 231.46 and 230.59 kPa respectively. This high pressure occurred
because of the velocity of water at this time is slightly high due to the high water
demand from consumer preparing themselves going to class in the morning.

Velocity of water at 7 a.m. shows to be high compare with velocity distribution
at 5 p.m. The highest velocities are recorded at pipe link 8 which is 3.69 m/s.
While, there are another links considered with high velocity values at link 13 and
link 9 with 2.51 and 2.41 m/s respectively. All this pipes supplies water to water
tank above Mawar College building.

On the other hand, simulation result at 5 p.m. shows slightly similar with the
result obtained at 7 a.m., where at this time water consumption is high due to high
water demand. Highest pressure are recorded at node 2 followed by node 11, 12
and 13 with 331.72, 329.98, 238.23 and 178.72 kPa, respectively. Others nodes
recorded lower pressure value. However, by comparing with pressure level at
7 a.m., pressure values at 5 p.m. were much higher and this phenomenon is
because total water demand including consumer needs is much concern. Intension
for having heavy activity such as washing clothes were done during this hour
compare in the morning.

Scenario for velocity result at 5 p.m. is also similar with previous analysis.
However, highest value still recorded at Mawar College pipes which labelled as
link 8, 13, 9 and 14 with a value of 4.38, 3.01, 2.87 and 2.30 m/s, respectively.
Both cases gave the same trend velocity. Highest values was recorded at the same
College which known as Mawar College. This is because Mawar College has their
own pump that contains capacity of 30 m3/h at 57 m head which the flow of water
distribution can be high and same goes for velocity.

At normal water consumption condition, higher pressure will cause greater flow
through any given pipe size. However, increasing of flow will cause pressure to be
decreased downstream due to friction loss factor. This happen because of the water
velocity is increasing as well. High quality of water supply system is when
capacity of pressure is adequate with type and diameter of the pipes. In this study,
most of the pipes have a diameter of 200 mm. According to the standard, the
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actual capacity of pressure in the pipe is between 150 to 300 kPa. Therefore, the
simulated pressure at the selected study area considered having high pressure
comparing with the standard regulation.

4.2 Pressure Distribution

The details explanation on pressure distribution at 7 a.m. and 5 p.m. are illustrated
in Figs. 2 and 3 respectively. Highest pressure achieved in the simulation process
during 7 a.m. is 5.34 m which equal to 232.77 kPa. The trend can be seen in Fig. 2
are slightly proportional to the percentage. There are about 32 % or 10 nodes from
the whole total nodes having pressure less than 4.8 m or 209.23 kPa. Nodes having
pressure in the range of 4.8 m (209.23 kPa) to 4.825 m (210.32 kPa) is about
1.9 % which equal to only 1 node and the rest of the nodes (19 nodes or 93.3 %)
were having a pressure between 5.34 m or 232.77 kPa to 4.825 m or 210.32 kPa.

While as shown in Fig. 3, the distribution of pressure at 5 p.m. is not directly
proportional to the percentage. Most of the nodes are having a pressure between 2
to 7.61 m or between 87.18 to 331.72 kPa. There is about 62 % or 19 nodes from
the whole nodes having pressure below than 3.53 m or 153.87 kPa. The rest of the
nodes (11 nodes) were having a pressure greater or equal to 6.26 m or 272.87 kPa.

4.3 Velocity Distribution

Distribution of velocity at 7 a.m. shows about 70 % or 21 links including pipes
and pump are having a velocity below than 1 m/s. While, another 17 % or 5 links
having a velocity between 1 to 2 m/s. There are about 7.5 % or 2 links having a

Fig. 2 Distribution of
pressure at 7 a.m.
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velocity between 2 to 3 m/s and the rest of the links (2 links) are having a velocity
greater than 3 m/s but below 4 m/s. While, for velocity distribution at 5 p.m.
allocated 73 % from the whole system is having a velocity below than 1 m/s. This
percentage is equal to 22 links out of the total of 30 links. Another 4 links or 12 %
are having a velocity in the range of 1 to 2 m/s respectively. And the rest of the
links which equal to 4 links having a velocity greater than 2 m/s until the maxi-
mum velocity in this network is 4.38 m/s. These velocity distributions are shown
in Figs. 4 and 5 respectively.

Fig. 3 Distribution of
pressure at 5 p.m.

Fig. 4 Distribution of
velocity at 7 a.m.
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4.4 Water Losses

Water loss analysis are determined through the comparison between the actual and
calculation of water demand. Actual water demand for Water Tank 3 which
supplies water to Mawar College and Melati College is recorded up to
519,908.25 m3/year or 1,424.46 m3/day. While the theoretical total rate of water
demand for both colleges is 1,400 m3/day. There are only 1.7 % differences and
with this very minimal different values represents that the water distribution net-
work is stable without any leakage or losses.

5 Conclusion

The current water supply infrastructure is still adequate to meet the water needs for
both Mawar College and Melati College respectively. This can be seen from com-
parison of both actual and calculation of water demand. The actual water demand is
slightly high compare with calculation amount with different of 24 m3/day or 1.7 %
only. This difference can be ignored because of the small amount. The occurrence of
water loss also can be detected through the pressure level. The EPANET 2.0 sim-
ulation shows Mawar College record highest pressure level at 7 a.m. and 5 p.m. with
232.77 and 331.72 kPa respectively. Both values were recorded at the same nodes
labeled as node 2 and considered slightly higher than the standard.

This can be concluded that most of the pipes in the area not having too high
pressure and still under good condition. Study also found that water distribution
network in the study area is in stable operating system. However, there have some
locations that need to be control in the future. Availability for the infrastructure
supplying water is influence by the proper pressure management. Therefore, high
pressure must be controlled with efficiently.

Fig. 5 Distribution of
velocity at 5 p.m.
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Monitoring and Preserving Water Quality
Using GIS Tools and Statistical Approach

GIS in Water Quality

Mohd Adhar Abd Samad and Mohd Khairy Kamarudin

Abstract Agricultural chemical like nitrate (NO3) in the river surfaces may
constitute to human health risk, e.g. a cancer disease. The consumers need water in
most daily activities, especially in drinking water, clean foods, etc. The emerging
of the Geographical Information Science’s (GIS) and statistical approach help in
analyzing and monitoring these chemicals. This study was conducted using
Quantum GIS (QGIS) and integrating statistical approach for estimating agricul-
tural chemical’s concentration of rivers in Klang Valley basin. The spatial data of
Klang Valley Basin, water quality stations, land use, and selected agriculture
chemical in 6 months (January 2008 to July 2008) were used by using the com-
bination of QGIS software and statistical approach in estimating these chemical’s
concentration of rivers. The study found that nitrate located within the areas that
covered by agricultural activities and urban activities. The Kruskal–Wallis method
was used to find the influence of water level toward the quantity of nitrate. The
proper study toward the water-quality standards is necessary for preserving and
monitoring water resource from being polluted.

Keywords GIS � Open source software � Kruskal–Wallis method � Nitrate �
Monitoring

1 Introduction

River pollution in Malaysia is common issues and it is critical in states of Selangor
and W. P. Kuala Lumpur (both are located in Klang Valley Basin). Although
Malaysia as a Tropical country with high annual rains that capable of meeting a
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domestic consumption and industrial need, the water pollution restricted the full
utilization of the water and unsuitable for human consumption [1]. A study to
estimate agricultural chemicals, e.g. Nitrate concentration in rivers by using open
source GIS i.e. QGIS software are necessary as a mechanism for problem solving,
to make decision support, analyze, determination, and estimation. The conven-
tional approach in handling environmental pollution is by using statistical method
[2]. The GIS approach is the latest method in solving the water pollution problems.
Common GIS software like ESRI’s ArcInfo is available in the market and is useful
in solving real phenomenon [3, 4]. The issue in implementing GIS’s commercial
(ArcInfo) in the environment analysis is the price and cost of the software. Since
the open-source GIS software is available, the opportunity in utilizing the GIS
science and technology in solving the environmental issue e.g. water pollution can
be done by individual or organization [5, 6, 7]. The GIS technology is a powerful
tool in solving the phenomena [8]. This study tries to utilize QGIS software and
statistical analysis of selected agricultural chemical’s data in a regional surface-
water of Klang Valley basin for evaluating the chemical’s concentration. Data
collected for this study were used in conjunction with digital spatial data on
agricultural chemical use, and land use to model the probability of agricultural
chemical concentrations being within a particular concentration range. This
method may be useful to water managers and suppliers attempting to meet the
current drinking water standards.

2 Study Area

The Klang Valley Basin area has been selected in this study. Figure 1 illustrates
the Klang Valley Basin. It is located as part of W. P. Kuala Lumpur, and part of
Selangor state. The characteristic of this basin is consist of rivers from W. P. Kuala
Lumpur through Selangor state and ends at Port Klang. It also has 28 water quality
stations located along the river network. The Klang Valley Basin located between
the Banjaran Titiwangsa and Straits of Malacca with a steep geographical area.
The land is covered by agricultural and urban activities.

3 Data and Methodology

3.1 Variable and Spatial Analysis

The characteristic of this basin is consist of rivers from W. P. Kuala Lumpur
through Selangor state and ends at Port Klang. It also has twenty eight (28) water
quality stations located along the river network. The current investigation involved
a data sampling of agricultural chemicals (i.e. nitrate) over 6 months (January
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2008 to July 2008) and spatial data of Klang Valley Basin, water quality stations,
and land use to estimate these chemical by combination of GIS application i.e.
QGIS and analysis with supported by statistical analysis help in clear information
analysis tools, to shows the relationship between nitrate data in the river.

3.2 Kruskal–Wallis and Linear Regression Analysis Method

The chemical data and spatial data were analyzed using statistical approaches, i.e.
linear regression [9, 10] and the Kruskal–Wallis method. This method used to
determine and identify the relationship between the chemical quantities and tidal
phenomena.

4 Results

The first discussion is towards spatial data, e.g. river’s data, land used cover data,
and basin station that attribute of agricultural chemical. The output is a map which
showed the chemical concentration of rivers in Klang Valley Basin. The quality is
displayed in five classifications, starting from ‘very low’ (0.0–0.19 mg/l) labeled in
blue color, ‘low’ (0.2–0.39 mg/l) labeled in green color, ‘moderate’ (0.4–0.59 mg/
l) labeled in yellow color, ‘high’ (0.6–0.79 mg/l) labeled in red color, and ‘very
high’ (0.8–1 mg/l) labeled in black color. The output from QGIS can be seen
through the rational of agricultural chemicals flow in river. The condition of
chemicals is shown in various outputs depending on chemical quantity that is
measured by water quality stations. The spatial data of land use is useful in
understanding the activities (development and agricultural) that contribute toward
chemicals in river. The statistical approach used to strengthen the analysis of spatial
data and its attributes, i.e. chemicals data. The water level analysis on chemicals

Fig. 1 Study area in Klang
river
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can strengthen the output whereby to see the influence from water level affects the
chemical quantity in rivers. Lastly, the linear regression is used in this study to see
the reliability of data in agricultural chemical in the river by using SPSS’s software.

4.1 Result of Nitrate in River from January 2008 to July
2008

Referring to Figs. 2 and 3 shows the result of the nitrate concentration in the river
of Klang Valley Basin. The 28 basin stations represent the quality of the river in
the January 2008. The highest nitrate was found in the basin station of IK03, IK06,
IK16, and IK23, are covered by urban area that is shown in Fig. 3. It seems that not
only agricultural activities contributes nitrate into the river. Theoretically, urban
area with high density population is producing to nitrate into rivers by the sewage-
treatment plants [11]. The low and very low nitrate quantity (IK2, IK16, IK17,
Ik20, IK21, and IK22) are found at the area has no agricultural activities. The
amount of nitrate in the river depends upon the distance travelled by the water. The
nitrate quantity decreases as the distance increases. This phenomenon can be
described in Fig. 3; the IK03 station shows the very high nitrate quantity, but once
it flows to another location (IK02), the nitrate quantity decreases.

Figures 4 and 5 show the nitrate reading for March 2008. The highest nitrate
readings were collected from IK11, IK12, IK13 and IK17. It seems the urban
activities, and agricultural activities have an important role in supplying nitrate into
river. In Fig. 5, the river located at station IK04 is surrounded by the agricultural
land where the nitrate quantity is only in moderate scale. It can be assumed that the
agricultural activity in this area uses less agricultural chemical in their plantations.

The nitrate quantity for May 2008 are shown in Figs. 6 and 7 shows the highest
nitrate quantities are at IK13, IK17, IK20, and IK24. The nitrates in the river were
contributed by agricultural and urban activities. Although agronomic land area is
less, the contribution from agricultural chemicals also produces high nitrate
quantity. It can be proven by analyzes the chemical quantity in river IK13 which it
surrounded by agricultural land. The nitrate quantity varies from month to month.

Figures 8 and 9 shows the nitrate quantity for July 2008 collected from stations
IK17, IK18, IK20 and IK25 with the highest value recorded. However, the IK11 to
IK13 stations have the lower amount of nitrate. Meanwhile the IK13 and IK17
stations recorded high chemical quantity.

4.2 Statistical Analysis on Nitrate in January to July 2008

Figure 10 shows the summary of nitrate in four data sample that has been taken in
January 2008 to July 2008. The graph shows the station IK17 has the most con-
sistencies in highest nitrate quantity. This analysis shows the occurrence and
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similarities between nitrate quantities within four data samples. This shows that
IK17 is the most polluted river that needs to be monitor and action taken by the
authorities to reduce the quantity of chemicals. Other rivers are in moderate
condition where the nitrate quantity is in a tolerable level. Based on land used data,
IK17 is located in urban area where it can be concluded that both agricultural and
urban activities contribute to the nitrate found in the river.

4.3 Analysis Relationship of Water Level and Agricultural
Chemicals Using Kruskal–Wallis Test Statistical Method

This test has been used to see the relationship between water level and agricultural
chemicals toward water pollution. This test creates a hypothesis (High = Normal
= Low) by processing in the SPSS software. At 95 % of the confidence interval,

Fig. 2 Nitrate reading of
Klang Valley basin in
January 2008

Fig. 3 Nitrate reading and
land use cover of Klang
Valley basin in January 2008
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the hypothesis test will be passed if alpha value (a = 0.05) less than the p value.
Tables 1, 2 and 3 are the results of Kruskal–Wallis where the test is passed in
95 % confident interval. The pass conditions, is the alpha (a) values = 0.05 and
must not exceed from the p-value = 0.360 (Asymp. Sig in SPSS). Since the alpha
is less than the p-value, there is no relationship between water level and agri-
cultural were affected to river. The water level of river seems not affected the
quantity of chemical.

Fig. 4 Nitrate reading of
Klang Valley basin in March
2008

Fig. 5 Nitrate reading and
land use cover of Klang
Valley basin in March 2008
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4.4 Linear Regression Analysis in Determine the Influence
of Rivers Length Toward NO3 Quantity

This Linear Regression analysis is performed to find the influence of river length
toward quantities of NO3 and PO4 in water. The river length is measured using
QGIS tools, i.e. geometry calculation from the attribute table. Figure 11 is the
attribute table of river where in the column ‘River_ Leng’, as a river length. Based
on Fig. 12, illustrates the influence of river length toward quantities of nitrate in

Fig. 6 Nitrate reading of
Klang Valley basin in May
2008

Fig. 7 Nitrate reading land
use cover of Klang Valley
basin in May 2008
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Fig. 8 Nitrate reading of
Klang Valley basin in July
2008

Fig. 9 Nitrate reading and
land use cover of Klang
Valley basing in July 2008

Table 1 Descriptive statistics of water level and nitrate quantity

N Mean Std.
Deviation

Minimum Maximum Percentiles

25th 50th
(Median)

75th

NO3 111 0.3018 0.26929 0.01 1.00 0.0200 0.2600 0.5100
Water

level
111 1.86 0.457 1 3 2.00 2.00 2.00

812 M. A. A. Samad and M. K. Kamarudin



river where river length is independent variable and NO3 quantity is depending to
river length. The relationship between river length and NO3 quantity is shown in
negative relationship. It means any increasing of river length will produce low
nitrate quantity in river. Besides, the short river length is to produce higher nitrate
quantity in river. This test was performed by using SPSS software to find the slope
of the regression line. Table 2 shows the result of linear regression where it found
the slope equation of NO3 quantity and river length is (Y = -9.351E - 7(X)
+0.314). This slope is showing the relationship of NO3 quantity (Y) with river
length (X). The analysis found that the river’s length is the influence to NO3

quantity. The slope equation is used to determine the NO3 quantity in river that
based on any input of river length (short or long).

Table 2 Ranks NO3 Water level N Mean rank

NO3 High 20 52.12
Normal 86 58.00
Low 5 37.10
Total 111

Table 3 Test statisticsa,b
NO3

Chi Square 2.368
df 2
Asymp. Sig. 0.306
a Kruskal–Wallis Test
b Grouping Variable: Water Level

Fig. 10 Summary of nitrate reading in Klang Valley basin for January 2008 to July 2008
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Fig. 12 Relationship of NO3 quantity with river length

Fig. 11 Attribute table of river
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4.5 Determining the Probability of Agricultural Chemical
Using Buffering River in One Kilometer (km)

This analysis is to see the possibility of land cover in producing nitrate by buf-
fering river in one (1) km. Using QGIS software to process buffering the river in
one km and capture any land cover within the buffer coverage. Figure 13 illus-
trates the output of buffer where it was found the urban area is the largest area
surrounded along the river. The second is forest, and agricultural in third place.
This analysis intends to see the probability of land use influence to chemical
quantity in the river of Klang Valley basin. Urban area is the most probably
contributing to chemical in the river. Since the agricultural area is smaller than
urban land, the contribution toward chemical concentration in river is minor
compared to urban area.

4.6 Conclusion

The above results found the agricultural chemicals in the river of Klang Valley
Basin are contributed from land use activities. The agricultural activities and urban
activities are the major contribution of chemicals in the rivers. Agricultural used
the agro-chemical on crop or plantation to increase their productivity. The highest
quantity of the chemical in the agriculture can reduce the water quality and a risk
to human’s health. This study found not all agricultural land produce pollution to
rivers. It depends upon the quantity of chemical is used in agricultural.

Fig. 13 Analysis of
buffering river and intersect
with land use
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The phenomena of water level in range high level, normal level, and low level
in Klang Valley basin is not influenced the quantity of nitrate. It has been proven
using analysis by a graph bar, and Kruskal–Wallis Test. The quantity of nitrate in
river depends on the usage of agricultural chemical on plantation and urban
activities. The result shows two stations (IK17 and IK26) have highest quantity of
chemical’s concentration in river. The actions to protect and preserve these rivers
are necessary to protect our generation.
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The Effectiveness of Pseudomonas putida
Atcc 49128 as Biodegradable Agent
in Biodiesel Soil Contamination

N. M. Sunar, Q. A. Emparan, A. T. A. Karim, S. F. M. Noor,
M. Maslan, F. Mustafa and N. Khaled

Abstract Soil contamination has become a major problem because of the large
amounts of manmade pollutants and chemicals that have been put into the envi-
ronment. This study aims to determine the growth rate of Pseudomonas putida to
treat soil that has been contaminated with pure biodiesel, B100. The effectiveness
on bioremediation have been conducted by examined several physico-chemical
tests for biodiesel-contaminated soil before and after seeding with Pseudomonas
putida. The physico-chemical tests involved were pH, nitrogen, phosphorus, sul-
fate and organic carbon. The experimental results show that after 20 days pure
culture Pseudomonas putida able to remove approximately 69 % of nitrogen,
27 % of sulphate, however, no removal for phosphate and organic carbon. The
results indicated that the application of this bacterium is suitable for the degra-
dation of nitrogen and sulfate in biodiesel-contaminated soil. The Pseudomonas
putida growth has slightly increased from Day 2 (3.0 9 107 CFU/ml) to Day 8
(4.1 9 107 CFU/ml). After Day 8, the amount of Pseudomonas putida slightly
starts to deplete until Day 20 (4 9 106 CFU/ml). The available nutrient in the
sample is low once the bacterium has used them as source of carbon and energy
before Day 8. Overall, this study proved that Pseudomonas putida is the effective
microorganism and potentially exploit as useful oil-soil biodegradable agent.
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Keywords Biodiesel � Biodiesel-contaminated soil � Biodegradability �
Bioremediation � Pseudomonas putida

1 Introduction

Demand for renewable fuel especially biodiesel is increasing worldwide due to the
new legislation seek to reduce our dependence on oil from foreign countries, to
achieve the goals of the Kyoto protocol and to support agriculture. The EU-
directive 2009/28/EC has target for renewable in the transport fuel mix of 10 % by
2020, subject to the sustainability of production [1]. Biodiesel usage has also
increased due to factors such as the rising cost of petroleum based-fuel, the
emission from such fuels and the realization that our oil will not last forever. In
addition, using pure biodiesel or biodiesel diesel blends instead of pure diesel fuel
in diesel engine can emit less air pollution due to its higher oxygen concentration
and lack of aromatic compounds and sulphur [2]. Due to the current fuel standards
and also warranty limitation from car manufacturer, the near-future oil composi-
tion in Europe and the United States (US) is the blending of low proportion of bio-
ethanol (5–5 %) with petroleum or biodiesel (up to 20 %) with diesel. Since the
early 21th century onwards, other states such as Australia, Brazil, Canada, Ger-
many, China, South Korea and also Malaysia are also beginning to mandate that
all diesel fuel sold at the petrol stations should at least contain 2 % of biodiesel.
However, the commercialization of biodiesel or biodiesel/diesel blends on the
markets of many countries may cause environmental damages due to spill. The
contaminated area can be cleaned-up by biodegradation technology, bioremedia-
tion method, a technique based on the action of microorganisms, in which haz-
ardous contaminants will be turned into non substances such as carbon dioxide
(CO2), water (H2O) and biomass [3]. Due to the high cost of classical remediation
processes, for example soil excavation and incineration, bioremediation is a
promising and cost effective technological development for cleaning up soil
contaminated by biodiesel. Biodegradation technologies first proved practical on a
wider scale during the Exxon Valdez oil spill took place in Alaska. Since then,
they have been used more frequently in many countries [4].

Many microorganisms are capable of using oil products as energy source in
aqueous environment. They are ubiquitous in the environment and are able to
metabolize the different types of hydrocarbon, as contained in oil products [5]. In
fact, the degradation of hydrocarbon by microorganisms depends to their molec-
ular weight, metabolism of microorganisms and also environmental conditions.
Several factors such as amount of nutrient supply and oxygen content have
influenced the degradation rate of hydrocarbons [6]. Most of the hydrocarbon
degradation studies reported in literature have been carried with single or mixed
bacterial strains isolated because of their stability to grow in media with hydro-
carbon as only carbon source.
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Pseudomonas putida is not pathogenic to environment and human health due to
lack of certain genes including those for enzymes that digest cell membranes and
well of human and plants. It is gram negative [7], chemoorganotrophic, aerobe
obligate and aerobically respiratory metabolisms. It is straight or curved rods with
dimensions range between 0.5 and 1.0 lm in diameter and 1.5 to 4.0 lm in length
respectively. It is arranged commonly individually or in small clusters or chains and
grown under aerobic conditions in common substrates. They formed irregularly large
colonies producing water-soluble exopigment, which diffuse into atmosphere and
dyes it yellow or blue-green. The optimum temperature of its growth is 35 �C [4].

Pseudomonas putida is tolerant to a xenobiotics especially polyaromatic
hydrocarbons (PAHs) and play a vital role in the treatment of petroleum con-
taminated soil [8]. It occurs in various environmental niches because of its met-
abolic versatility and low nutritional requirement [9]. Recently, many studies on
degradation of hydrocarbon by bacterium consortia, including Pseudomonas put-
ida have been carried out because of its high capability to degrade recalcitrant
substances and inhibiting xenobiotics. In this sensed, it can adapt to diverse
substrates and posses some catabolic pathways capable of acting on recalcitrant
substances [7].

In one study by Pasqualino [10] after 28 days pure biodiesel fuel was 98 %
biodegraded in comparison to 50 and 56 % by diesel fuel and gasoline, respec-
tively. The researchers found that biodiesel degraded faster than petrodiesel. In
studies by Walker et al. [11] shown that heavy fuel oil had a low biodegradation of
11 % due to its higher proportion of high molecular weight aromatics whereas
gasoline was only 28 % biodegraded. Besides that, Hamed et al. [12] previously
studied the biodegradation of soil that has been exposed to crude petroleum oil by
means of bacterial consortium (Pseudomonas stutzeri AT3, Bacillus thuringiensis
AT5, Bacillus pumilus AT11 and Bacillus cereus AT15. The removal of hydro-
carbon is highest by Pseudomonas stuzeri AT3 (90 %), followed by Bacillus
thuringiensis AT5 (56.67 %), Bacillus cereus AT15 (52.33 %) and Bacillus
pumilus (50.60 %).

Microbial growth is one of the consequences of the biodegradability of pure
biodiesel, diesel and their blends. The aim of this study therefore, to investigate the
growth rate of Pseudomonas putida to treat soil that has been contaminated with
biodiesel. The effectiveness on bioremediation for biodiesel contaminated-soil was
also evaluated in this study.

2 Materials and Method

2.1 Biodiesel

The biodiesel is palm-based biodiesel which produced by transesterification with
methanol were obtained from Biodiesel Pilot Plant, Faculty of Engineering
Technology (FTK), University Tun Hussein Onn Malaysia (UTHM). The collected
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biodiesel were filled in clean dark bottles made of plastics with a volume of
1,500 ml for further experimentations.

2.2 Soil

The soil samples were taken at campus area. The soil samples were collected in the
range of 7–8 kg from the surface of 5–10 cm deep layer of soil. The collected soil
samples were then put into the clean dark plastic containers with a volume of
5,000 ml for further experimentations.

2.3 Pseudomonas putida Broth Culture

Pure Pseudomonas putida ATCC 49128 were purchased from United States of
America (USA) in dry culti-loop form. This Pseudomonas putida samples were
stored in chiller at 4 �C prior to cultivation procedure. Approximately 16 g of
medium (nutrient broth) was filled into the 2,000 ml Erlenmeyer flask containing
2,000 ml of distilled water. The mixtures were stirred gently and then dissolved by
heating on hot plate at 100 �C for about 2 h until complete dissolution. After that,
the medium was sterilized in autoclave at 121 �C for about 15 min. It was then
allowed to cool down for a few minutes until its temperature drop in between 35
and 37 �C. One loops shaft was removed from the handle straight into the medium
according to the manufacturer’s instruction. The mixtures were then stirred until
homogeneous and keep in the chiller at 4 �C for 48 h.

2.4 Soil-Biodiesel Mixture

Spill simulations with biodiesel in soil were carried out in accordance with Taylor
and Jones [13], with modification. In brief, pure fuels biodiesel, B100 was added
into the clean plastic containers with a volume of 5,000 ml containing 1,000 g of
dried soil. The soil-biodiesel mixture samples were then inoculated with approx-
imately 200 ml of 1.0 9 106 CFU/ml of Pseudomonas putida broth culture and
placed in dark condition.

2.5 Enumeration of Pseudomonas putida

Approximately 25 g of inoculated soil samples were dissolved in 250 ml Erlen-
meyer flask that containing 225 ml of sterilized distilled water. The flask was then
shaken on orbital digital shaker with shaking speed of 200 rpm for approximately
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30 min. After leave for sedimentation time approximately for 2 h, then 1 ml of
supernatant from each flask was placed into sterile dilution bottles containing 9 ml
of sterile distilled water in triplicate. Approximately 1,000 ll of the dilutions
series were carried out through membrane filtration procedure. The filter papers
were placed onto warm Chromagar Pseudomonas media agar. The Chromagar
Pseudomonas media agar was prepared according to manufacturer’s instruction.
Inoculated media agar has been incubated at temperature of 37 �C. After 24 h after
incubation the colonies of Pseudomonas putida were counted.

3 Results and Discussion

Table 1 summarizes some of the physico-chemical results. In Day 0, some values
of tested parameters obtained such as total nitrogen, sulfate, and phosphate are not
in the range of the soil standard [14, 15]. However, the tested parameters obtained
are in the range of soil standard guidelines, after treated with Pseudomonas putida.
The study found that after 20 days of bioremediation, the removal were up to 69
and 27 % for nitrogen and sulphate, respectively. The nitrogen and sulfate was
used by Pseudomonas putida to survive and perform its microbiological process
and result in reduction of these parameters in the sample of B100. The pH of soil
sample was changed from more alkaline (pH 7.71) to almost neutral (pH 7.3) after
seeding with Pseudomonas putida. The moisture content of sample B100 was
increased from 26.74 % (Day 0) to 36.58 % (Day 20) possibly due to the degra-
dation of contaminants in the sample of B100 produced carbon dioxide (CO2),
water (H20) and biomass as a by-product of bioremediation [3]. Figure 1 shows
that the bacteria colony has slightly increased from Day 2 (3.0 9 107 CFU/ml) to
Day 8 (4.1 9 107 CFU/ml). Additional carbon source offered from biodiesel may
lead to increase of Pseudomonas putida growth. However, after Day 8, the amount

Table 1 Summarized of physico-chemical results

Parameter Sample Standard Reference

Soil ?

P. putida
(control)

Soil ? B100 ?

P. putida
(day 0)

Soil ? B100 ?

P. putida
(day 20)

pH 7.99 7.71 7.30 6–7.5 USDA [14]
Total organic

carbon (%)
0.060 0.048 0.045 0–0.05 % Bohm et al.

[15]
Total nitrogen

(ppm)
18.34 16.75 5.23 5–15 ppm

Sulfate (ppm) 28.32 25.85 18.69 5–20 ppm
Phosphate (ppm) 0.377 0.324 0.085 0.5–0.9 ppm
Moisture content,

(%)
20.82 % 26.74 % 36.58 % 40–60 % Bell [16]

The Effectiveness of Pseudomonas putida 821



of colony P. putida starts to deplete up to 1 Log until Day 20 (4.0 9 106 CFU/ml).
The depletion colony Pseudomonas putida might be due to the availability of
nutrient in the sample that become low once the bacteria has used them as source
of carbon and energy. Nevertheless, the amount of Pseudomonas putida is still
high which is at 106 CFU/ml even until up to Day 20. This result indicated that the
P. putida survival is high. The growth of bacteria was elevated high in control
sample than B100 sample until Day 20.

4 Conclusion

Based on the obtained data it is concluded that Pseudomonas putida was effective
microorganism and suitable as oil-soil biodegradable agent. Physico-chemical tests
proved there is indication of nutrient consumed in soil-biodiesel mixture after
20 days of bioremediation. The bioremediation treated level of nutrients content
which is initially comes from biodiesel contamination. The Pseudomonas putida
was suitable for the bioremediation of biodiesel-soil contamination based on these
survival results. Future study was recommended by prolonged time length of
bioremediation for necessary optimum survival rate of Pseudomonas putida in
biodiesel-soil contamination.

Acknowledgments We are grateful to the Incentive Research Grant (Vote 1192) and Research
Acculturation Grant Scheme (Vote R002) from Research & Innovation Centre UTHM for
financial supports of this work.

Fig. 1 The survival of Pseudomonas putida (106 CFU/ml) for sample of B100 and control
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The Quality of Kenaf Retting Water After
Retting Using Bacillus cereus for Fiber
Extraction

Mohd Nazrin Othman, Ramlah Mohd Tajuddin, Zakiah Ahmad
and Mohd Fozi Ali

Abstract The aim of this study was to compare the water quality of wastewater
from kenaf retting process with and without the use of Bacillus cereus. The retting
process duration was 1 week. The reading on temperature, pH, turbidity, dissolved
oxygen (DO), Biochemical Oxygen Demand (BOD), Chemical Oxygen Demand
(COD), suspended solid (SS) and ammonical nitrogen (NH3–N) was taken daily
during the retting period. The end result of the wastewater quality was then
compared.

Keywords Kenaf � Water retting � Water quality � Bacillus cereus

1 Introduction

For over 6000 years kenaf (Hibiscus cannabinus L., Malvaceae) was primarily
used as a cordage crop and secondarily as a livestock feed [1]. Retting process is a
method use in order to loosen up the fiber so that it can be extract from the stalk. In
the retting process, the long stalk of the plant were cut at ground level before being
tied up in the bundle and immersed in slow moving water, ponds or tanks. Once
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the retting process is complete, the fiber was pulled out from the stalk and allowed
to dry under the sun.

The length of retting period, as reported in the literature, varies considerably
from 5 to 22 days [2, 3] before the fiber was ready for extraction. In order to
shorten the retting time a bacteria from Bacillus sp. which is Bacillus cereus
ATCC2 was added into the retting water. From previous studies, large numbers of
Firmicutean bacteria of the genus Bacillus, viz., B. subtilis, B. polymyxa, B.
mesentricus, B. cereus and B. macerans, and anaerobic bacteria of genus Clos-
tridium, viz., C. tertium, C. aurantibutyricum, and C. felsineum have been isolated
from retting water, along with large numbers of Gram-negative genera such as
Erwinia and Pseudomonas [4]. Bacillus sp. was known to produce pectinolytic
enzyme, an enzyme which produce by plant-pathogenic bacteria and fungi. These
enzymes are essential in the decay of dead plant material by nonpathogenic
microorganism thus assist in recycling carbon compounds in biosphere [5]. Pre-
vious study shows that activities of polygalacturonase (PG) produced by Bacillus
sp. strains were higher than those produce by Aspergillus niger [6], Aspergillus sp.
and A. niger ATCC 20107 [7], Aureobasidium pullulans [8] and Tubercularia
vulgaris [9].

B. cereus is a spore-forming bacteria, Gram positive, aerobic or facultatively
anaerobic [10]. B. cereus are closely related to B. thuringeniensis and B. mycoides
and known to cause food poisoning or spoilage because they can survive mild heat
treatment [11, 12]. Its pathogenicity is linked to the production of two toxins; a
thermostable emetic enterotoxin [13] and a thermosensitive diarrhoegnic entero-
toxin [14]. It is generally admitted that a population of more than 105 bacteria per
gramme is required for intoxification to occur [13]. Its ability to sporulate makes it
quite resistant to heat treatment [10].

Water quality of the retting water was change due to the retting process. The
degradation process produces smell and also change in color of the water use for
retting. The use of B. cereus in the retting process do shorten the time but may
cause the water to be more polluted than using tap water. In this paper, the quality
of retting water with and without bacteria was compared.

2 Method

Bacillus cereus ATCC2 was bought from Next Gene. The B. cereus was activated
for 24 h before starting the lab works. 500 ml of Luria–Bertani (LB) broth, Miller
(AMRESCO) was prepared. The B. cereus was aseptically transferred into the LB
nutrient broth. The LB broth containing B. cereus was put in the incubator with
shaker. The shaker was set at 120 rpm and the B. cereus was incubated for a week
at room temperature. Two retting tank measured 42 9 24.5 9 30 cm was used in
the retting process. The fresh kenaf plant was obtained from National Kenaf and
Tobacco Board (LKTN). The stalk of kenaf was measured up to 40 cm before it
were cut. The kenaf weight for each tank was ±1.250 kg. 24.5 L and 500 ml of
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nutrient broth containing B. cereus was added on one tank and 25 L of tap water
was added into the other tank. The kenaf stalk was immersed and retted for a week.
The temperature, pH, and turbidity was checked by using HORIBA Water Checker
U-10, Type 440-220, HORIBA Ltd while DO, BOD5, COD, SS and NH3–N was
taken daily using Hach Standard method. All the parameter was taken daily for
1 week retting duration.

3 Result and Discussion

Tables 1 and 2 shows the result of the retting process in 1 week duration. From the
observation, the color of water changed from clear to murky for both tap water and
water seeded with B. cereus. The waters started to emit little smell on the second days
of retting. However, the smell started to build up at day 4 in retting tank containing
tap water and foul-smell was emitted from retting tank containing B. cereus seeded
water on day 5. Both waters get murkier as the days goes by. From the tables, the
demand of oxygen for Day 0 was higher in the B. cereus seeded water which was
21.33 mg/l compared to tap water which was 0.58 mg/l. These can be explained by
the need of oxygen for biochemical process for carbohydrate and protein breakdown
by B. cereus. The low reading of BOD5 for tap water could possibly cause by the low
concentration of microorganism that came from the air or maybe from the kenaf
stalks itself. Also the reading of COD from tap water also shows the lowest reading
which was 109 mg/l compare to B. cereus seeded water which was 475 mg/l. The
concentration of NH3–N for tap water for Day 0 was lower than B. cereus seeded
water which read 15.4 mg/l. As for suspended solid the reading was 0.6 and 14.3 mg/
l respectively for tap water and B. cereus seeded water for Day 0. The turbidity of tap
water was 0 NTU. This could possibly mean that the water was clean that the amount
of suspended solid in the water too low that the turbidity is unmeasurable. For
B. cereus seeded water however, the reading was 1.0 NTU. This could be possibly
cause by the broth and the concentration of B. cereus in the water. As for pH, for day
0, both readings were above 7.0 which 7.4 for tap water and 7.6 for the seeded water.
Both type of water were cleared for Day 0. As days went by from Day 0 to Day 7, the
concentration of DO start to dropped On Day 7, the concentration of DO for tap water
was reduced from 7.56 to 6.02 mg/l while for B. cereus seeded water, the concen-
tration of DO was reduced from 7.13 to 4.95 mg/l. The trend of BOD5 tap water was
that the reading escalated from 0.58 to 21.57 mg/l before slowly decreased steadily
to 17.79 mg/l on Day 7. As for B. cereus seeded water the trend of BOD5 was that it
decreased sharply from 21.33 to 18.57 mg/l before it gradually decreased and have a
sudden increased on Day 5 before started to decrease again. Possible explanations for
this trend were that the consumptions of oxygen for breaking down nutrients com-
pound was not high enough to in tap water. As for B. cereus which is facultative
anaerobic, it was able to breakdown nutrient when the concentration of dissolved
oxygen reached where it no longer able to use oxygen as energy to generate ATP for
nutrient breakdown. COD for tap water increased gradually over time. For B. cereus
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seeded water the reading of COD was much more random. The production of NH3–N
by B. cereus seeded water was higher than tap water as expected. Also the turbidity
and suspended solid reading from B. cereus seeded water also higher than tap water.
This can be seen that the amount of discarded barks that suspended at the bottom of
the tank with B. cereus is higher than the tank with tap water only. As for pH, both of
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water type shows decreasing in the reading but have slightly increased on Day 7.
These can be explained by the activity of pectinolytic enzyme known as Exo-PGases
which produce digalacturonic acid as the main end product [15, 16]. The temperature
of water in both tank, however, have the same reading throughout the experiment.
Figures 1, 2, 3, 4, 5, and 6 showed more clear comparison of each parameter for both
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types of water. According to Interim National Water Quality Standards for Malaysia,
both waters can be classified as Class V as most of the parameter meets the Class V
classification.

4 Conclusion

As the conclusion, it is clear that from the results obtained and observation the
quality of wastewater from retting process using the B. cereus was worse than the
quality of wastewater from using only tap water. From the comparison the BOD5,
COD, NH3–N, SS, Turbidity of B. cereus seeded water was the highest compared
to tap water. Also the DO and pH for B. cereus seeded water was lower compare to
tap water. The wastewater generated from retting process can be classified as Class
V. Thus, it was recommended that the wastewater to be treated first priority to the
water which contained the bacteria which were pathogenic.
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Sustainable Considerations
in the Operation of Onsite Construction
Equipments and Vehicles: A Malaysian
Perspective

M. Waris, Mohd. Faris Khamidi and Arazi Idrus

Abstract Construction industry is mainly accountable for high energy consump-
tion, greenhouse gas emissions, waste generation and land consumption. The
emerging notion of sustainability in construction has led towards the acceptance of
practices which endure human well being, energy conservation, efficiency and
economics of the system. Precedent research has shown that the focus of sustainable
literature was mostly on selection of construction materials and their impacts, along
with the operational phase. However, during the construction phase, emissions from
the onsite equipment and machineries are also the main contributor of environmental
risk and hazards. Thus, mitigating these impacts is one of the important aspects of
sustainable planning for onsite construction activities. This paper reports on the
findings of a study for consideration of sustainable practices in the operation of onsite
construction equipments in Malaysia. A questionnaire survey was conducted among
a classified group of Class G7 contractors of Construction Industry Development
board (CIDB). The result shows that the respondents are well aware with the
understanding of sustainable construction. Nevertheless, the environmental friendly
practices for the utilization of onsite heavy construction equipment and vehicles are
not highly adopted by the contractors. The research findings will also help to explore
a number of specific activities that could be practiced for showing commitment to
sustainable acquisition and use of construction equipments.
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1 Introduction

The emerging concept of sustainable construction in recent years has led to the
need of innovative techniques to align construction activities with the dimensions
of sustainable development. Construction organizations are accountable for the
impacts of an implemented project on the society, environment and economy long
after the project has been completed. Therefore, construction and sustainable
development issues are closely related because this sector is a principal contributor
to global resource depletion [1]. As an example, in the European Union, buildings
are accountable for more than 40 % of the total energy consumption and con-
struction sector is estimated to generate approximately 40 % of all man-made
waste [2]. Sustainable development has now become a significant subject dis-
cussed and debated at various levels e.g. national, international, governmental,
non-governmental and as well within the academic circles as an agenda of socio-
economic and environmental development. A fair amount of diversity is existed
among the definitions of sustainability and sustainable development. However,
most of them agree that the concept is based on the three pillars i.e. social,
environmental and economy [3]. The most common and famous definition for
sustainable development is defined as ‘‘Satisfaction of present needs without
compromising the ability of future generations to meet their own needs’’ [4].
Sustainability is, therefore, considered as an ultimate objective where balance in
socio-economic activities and environmental concerns are appropriately addressed.
The concept of sustainability in construction is reviewed by many researchers and
its focus keeps on shifting in past several years. Sustainable construction is a broad
term and it includes the whole process from the basic and detailed design, engi-
neering, planning and procurement, construction towards the approved deliverable
to the client and then the different stages over the product’s lifetime which con-
sisted of operation, maintenance, refurbishment, re-construction, demolition and
recycling [5]. International Council for Research and Innovation in Building and
Construction (CIB) in the agenda 21 emphasized on the notion of sustainable
construction through environmental, socio-economic and cultural aspects. This
agenda has identified many vital issues and challenges such as, management and
organization; product and building issues and resource consumption in construc-
tion [2]. Thus, this paper particularly aims to address sustainability concerns due to
the operation of onsite mechanized construction equipments.
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2 Sustainable Views in Construction Industry

The concept of sustainability is about considering the full life-cycle of a project. It
not only consists of project life cycle, but also the asset and product life cycle that
must be taken in account from the conception phase till the completion and dis-
posal [3]. The concept of sustainability in construction industry is reviewed by
many researchers and its focus keeps on shifting in past several years. Table 1
shows a summary that how the concept of sustainability evolves in the con-
struction industry. It is apparent from the above table that the views and concepts
varies on sustainability according to the focal points of precedent researchers.
However, the differences have somehow the same meaning in order to address the
future well-being of the ecology and its inhabitants [6]. Sustainable construction is
a broad term and it includes the whole process from the basic and detailed design,
engineering, planning and procurement, construction towards the approved
deliverable to the client and then the different stages over the product’s lifetime
which consisted of operation, maintenance, refurbishment, re-construction,
demolition and recycling [5].

3 Onsite Mechanized Practices in Construction

After the World War II, the growing need of infrastructure and industrialization
has changed the manual methods with the mechanized and equipment based in
order to meet the shorter timelines and complexities of designs. During this era,
construction equipment capacities were also increased with the innovation of
torque convertor and power shift transmission system. The old concrete batch and
mixing facilities were replaced from manually controlled to hydraulically and
electronically controlled systems [16]. As a results of this incremental develop-
ment in construction technology, today’s construction projects are highly mech-
anized and becoming more so every day [17]. The role of construction machineries
are being increasing to improve the performance, productivity, working standards
and efficiency of contractors [18]. These require innovative and modern machin-
eries to cater the needs of the clients and contractors and achieved project
objectives [19]. Furthermore, the growing industrialization in construction leads to
offsite prefabrication of concrete, structural and finish elements that are then
installed or assembled rather than produced on site. Consequently, production
equipment is being replaced on the construction site by earth moving, transpor-
tation and other material handling equipments [20]. The typical construction site
will employ several or all of the following equipment types: such as earthmoving
equipments, transporting equipments, material handlers, concrete pumps, hoists
and lifts cranes etc. [21]. Researchers have suggested that the adoption of mech-
anized practices speed up the execution of site works, thus shorten the project
completion time and cost. Many manual methods are getting obsolete and
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redundant in industrialized countries due to expansive and shortage of skilled
labour [19, 22, 23]. The construction projects are usually classified in to resi-
dential, commercial, industrial and heavy works [24]. Therefore, each of these
categories has its own level of equipment usage. For example residential projects
have a light level of equipment use. It requires simple and traditional machines
like fork-lifters, backhoe, hauling and hoisting equipments, material handling
along with pneumatic tools. Commercial projects have moderate use of equip-
ments and machineries. Industrial and heavy construction projects required intense
and high utilization of machinery for carrying out mass excavation, stabilizing,
compacting, asphalt paving and finishing, pipelines, railroads and many other
special activities [25]. In the last 50 years, architects and civil engineers have
delivered gigantic and huge infrastructure around the globe. It can be stated
without any doubt that such enormous achievements in modern civilization cannot
be possible without the aid of mechanized construction practices.

4 Environmental, Health and Safety Implications
of Mechanization

In the construction industry, various efforts have been exerted to evaluate environ-
mental impacts associated with raw materials to recycling or disposal. Most of these
studies have been concerned with energy inventories—‘‘the phase of life cycle
assessment involving the compilation and quantification of input and output (ISO
1998)’’—and Greenhouse Gas Emissions (GHG) emissions across various stages of
the structure’s life cycle [26]. However, GHG emissions from onsite equip-
ment usage during the construction phase have not been fully investigated in

Table 1 Summary of sustainable views in construction industry

Study Year Focus

Boostra and Tossavainen [7] 1998 Minimize energy demands during
construction and operation and use of
renewable energy

Cole and Larsson [8] 1998 Green building, environmental issues and
CO2 emissions

Hakkinen, Huovila, Bordeau
and Nibel [9]

2002 Construction process and indicators of
sustainable construction

Brophy and Lewis [10] 2005 Procurement procedure, management issues,
valuating of assessment methods

Nair et al. [11, 12] 2005 Socio-cultural, economic technologic and
environmental factors including strategies

Kibert [13] 2005 Green building design and delivery
Persson et al. [14] 2008 Cultural and social context of society
Cheng, Pouffary, Svenningsen,

and Callaway [15]
2008 Sustainable building and construction

initiative
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the precedent literature. It is not clear which work type, equipment, or activity is the
main source of emissions from onsite equipment during construction [27]. All non-
road construction equipments, machineries and vehicles which are power-driven by
diesel engine have a high impact on environment. The emissions from these
equipments are considered as source of air pollution. The United States Environ-
mental Protection Agency (EPA) stated that the US construction industry is com-
prised of approximately 2 million equipments, machineries and vehicles which are
powered by diesel engine. These engines are operated by fossil fuel, hence discharge
significant amount of carbon dioxide, hydrocarbons and particulate matter. EPA
report further exemplifies that a road bulldozer with an engine capacity of 175 hp
releases particulate matter which is equal to the emissions produced by 500 new auto
mobiles [28]. In United States, 5,839.3 million metric tons (MTs) of CO2 is produced
by the usage of fossil fuels to operate heavy construction equipments in 2008 [29].
According to the Korean National Institute of Environmental Research (2009), air
pollutant emissions from onsite construction equipment account for 6.8 % (253,
058 MTs/year) of the overall emissions produced in Korea. The main component in
such emissions is carbon dioxide, which affects climate change [30]. The average rate
of production of emissions is much greater for construction equipments as compared
to passenger vehicles because of differences in the fuel type i.e. diesel versus gas-
oline, engine technology and horse power [31]. Equipment categorization, age and
horsepower and as well as type of fuel used, can greatly affect rates of emissions [32].
The former studies have focused on other categories such as material selection,
structure design, and materials recycling [27]. Furthermore, previous efforts to reach
sustainability have primarily focused on the environmental performance of facilities
in the ‘‘use’’ phase, and such efforts are lately being expanded to mitigate environ-
mental impacts from the ‘‘construction’’ phase [33]. Among the environmental
impacts from construction processes (e.g., waste generation, energy consumption,
resource depletion, etc.), emissions from construction equipment account for the
largest share (more than 50 %) of the total impacts [34]. Based on the previous study,
it was determined that during construction phase, earthwork produces highest per-
centage of GHG emissions [27]. Controlling these emissions is therefore a critical
step in the environmental management of construction processes. Mechanized
practices are also associated with the accidents and injuries of workers at the site. Past
studies have established that construction equipments, plant and machineries are
major causes of site accidents and injuries [17, 35]. In many developed countries,
accidents and mishaps rates are higher in construction as compared to other indus-
tries. For example, in United States construction industry is also prone to fatal
accidents. It accounts more than 22 % of injuries [36]. UK construction industry is
also recorded as most hazardous and risky in terms of health and safety of workers.
During the last 25 years, more than 2,800 deaths have been traced in construction
related activities [37]. In contrast to this, the fatality rate in developing countries like
Nigeria, Thailand, and Tanzania are much higher than many European countries.
This is due to the fact that health and safety considerations are kept at the lowest
priorities in executing construction activities [38]. The increased level of awareness
and the application of mechanized equipments and machineries are considered as a
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positive thrust for the advancement of construction industry. Despite the fact that it
has abundant benefits for the stake holders. Nevertheless, its adoption has certain
drawbacks for the environment and the people working in its vicinity. Therefore, it is
very much important for the designers, planners, clients and contractors to rethink
their policies and practices in order to reduce the environmental impacts and also
save their fuel and money.

5 Sustainable Usage of Onsite Equipments and Vehicles

The growing need of environmental concerns and legislations has led to adoption of
emissions reduction techniques and safe operation of construction equipments and
vehicles. Usually, it has been considered that sustainable practices are much
expensive and require sufficient amount of budget for practicing effectively.
Therefore, United Sates Environmental Protection Agency (EPA) has emphasized
the adoption of emission reduction practices by offering certain incentives to the
operators [32]. In this context, Voluntary Diesel Retrofit Program, Carl Moyer
Program and Texas Emissions Reduction Plan are noteworthy efforts that were
initiated as incentive programs in order to reduce the greenhouse gas emissions.
Under these programs, operators of the construction equipments are encouraged and
offered incentives to adopt environmental friendly practices for achieving low
carbon emissions. These incentives were offered for those operators who promote
the use of exhaust treatment devices, reduce idling time, upgrade their engines, use
ultra low sulphur, bio-degradable fuel and keep their equipments in good working
condition [39]. The precedent research shows that the proper selection of con-
struction equipment and machineries can also be helpful to reduce GHG emissions.
As, GHG emissions are directly related to the operation of equipment. The more the
operating hour of machinery, the higher the energy consumption and hence more
will be the rate of emissions [27]. The Dutch Government has introduced sustainable
criteria for the procurement of heavy duty equipments and vehicles. This criterion
embarks procedures and guidelines for ensuring green practices in hiring, operation
and maintenance of non-road vehicles and equipments [40].

6 Research Objective

In Malaysia, the Green Technology Programme (GTP) was initiated by Con-
struction Industry Development Board (CIDB) in 1999. It is an environmental
development program for achieving good environmental practices in the con-
struction industry [41]. Keeping this in view, the main objective of this research
paper is to determine the level of awareness and adoption of sustainable practices
by the Malaysian contractors in the acquisition and use of onsite construction
equipments and machines.
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7 Methodology

The primary data required for this study was collected through questionnaire
survey. This methodology is considered as a cost effective and time saving in order
to achieve better results in shorter duration. The traditionally techniques for col-
lecting responses from the targeted respondents are postal mails, fax and electronic
mails. However, for this research work a web survey tool was used effectively for
getting feedbacks from the respondents. This has helped us a lot in achieving
momentum and a good data base of the survey participants. For the purpose of
achieving the desired research objectives, a structured or close-ended question-
naire was designed to gain the views from the industry practitioners. A total
number of 400 Class A, Grade G7 civil contractors (Kuala Lumpur and Selangor
based) were randomly selected from CIDB database. Grade G7 are large con-
tractors and usually engaged in heavy and complex construction activities with no
limit. Hence, they are more familiar with the phenomenon of sustainable practices
for onsite construction activities. Before sending the questionnaire, it was dully
confirmed and assured that all the targeted respondents are doing construction
business and engage in civil and infrastructure works. According to the MBAM
survey that despite a high percentage of contractors in Malaysia, only 12 % are
actually running construction business [42].

8 Results and Analysis

A total of 86 completed questionnaires were received out of 400 giving an overall
response rate of 21.5 %. The findings of the survey are as follows;

8.1 Background and Experience of the Respondents

The data analysis indicates that most of the responses are from project managers. It
accounts 35 % of the feedbacks as compared to the other categories of respon-
dents. Figure 1 shows their pie-chart distributions of respondents.

Figure 2 shows the involvement of construction firms in different infrastructure
projects. It has been observed that majority of the respondents i.e. 60.5 % are
participating in roads and highways projects (It is to be noted that respondents are
provided more than one options to select in this question of the survey). The result
of the survey shows that 88 % of the respondents have completed their bachelor’s
education. Some of the respondents have also acquired additional postgraduate
qualifications i.e. Master of Science or Master of Engineering degree with a
percentage of 3.25 and 4.8 % respectively. This reveals that the respondents have a
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good academic background and satisfactory knowledge for providing sufficient
details and inputs for the outcome of this research work.

Analysis of the feedbacks also shows that 31.5 % of the respondents have
working experience within the range of 11–20 years, while 22.6 % have more than
20 years of field experience. The respondents whose working experience is
between 6 and 10 years are 21 %. Rest of the 25 % respondents has less than
5 years experience in construction projects. These statistics represent that ques-
tionnaires are mostly filled by the experienced and senior professionals having vast
experience in construction projects. Their opinions and views are quite important
and reliable in order to establish the findings.

8.2 Knowledge of Sustainable Construction

In order to implement the sustainability in construction projects, the understanding
and knowledge of professionals is mandatory. The response of the questionnaire
survey indicates a good understanding of Malaysian contractors towards sustain-
able construction practices. The current level of knowledge with the sustainable
construction practices is shown in Fig. 3 as pie-chart distribution. It shows that
85 % of the respondents claimed that they have sufficient knowledge of sustain-
able concepts, where as 14 % have insufficient with this phenomenon. Apart from
that, 1 % of the respondents are undecided and not aware with the notion of
sustainability.

In Malaysia, going green in construction is being very much emphasized by the
Government. Under the 10th Malaysian Plan, the Government has started many
initiatives for achieving sustainable socio-economic and environmental develop-
ment [24]. However, the successful implementation of green practices will be the

Fig. 1 Distribution of
respondents primary job
function
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joint responsibility of private sector as well. All these efforts will not be fruitful,
until the Government and the private sector does not collaborate and participate for
showing their concern towards sustainable agenda. The respondents feedbacks
show that both the Government and private sector are considered equally
responsible for achieving sustainability in construction industry. Figure 4 shows
percentage of responses as pie chart distribution.

The research survey further examines the respondents view about the impor-
tance of sustainability practices in the acquisition and use of mechanized con-
struction equipments. The respondents were asked that whether the considerations
of sustainability aspects are important issue in mechanized construction.

The result reveals that importance related to sustainability was high, as 83 % are
in agreement that sustainable considerations are important issue and to be consid-
ered in the procurement and operation of construction equipment and vehicles.
Table 2 shows the agreement of respondents to sustainably considerations.

Fig. 2 Respondents
participation in infrastructure
projects

Fig. 3 Knowledge in
sustainable construction
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8.3 Sustainable Practices for Onsite Construction
Equipments and Vehicles

A number of sustainable practices for the operation of onsite construction
equipments have been suggested in the precedent literature (Table 3). Hence, their
level of adoption in the Malaysian construction industry is evaluated via this
research survey. This study has used 5-point Likert scale (with 1 = never,
2 = seldom, 3 = sometimes, 4 = regularly and 5 = highly) to measure the
commitment of respondents towards sustainable practices. The purpose of Likert
ranking is to facilitate respondents to express the direction and strength of opinion
on the statements in the questionnaire. The use of 5-point Likert scale was con-
sidered appropriate because it increases the reliability of the measure, reduce
social desirability and biasness among respondents. It also helps them to be aware
with the phenomenon under study and given the option to typically skip the scale
in the case of ambiguity, and has been used by previous researchers. The reliability
of 5-point Likert scale was determined by using Cronbach’s alpha coefficients.
Ideally, the Cronbach alpha coefficient of a reliable scale should be greater than
0.70 [43]. A reliability test for the fourteen sustainable practices as shown in Table
III was conducted by using the SPSS software. The Cronbach alpha for the used
Likert scale is 0.908. This indicates that the data collected for the analysis is
interrelated and consistent. The mean score for the adoption of sustainable

Fig. 4 Percentage
distribution of responsibility
towards sustainability

Table 2 Sustainable
considerations in mechanized
construction

S.No. Level of importance Percentage (%)

1 Yes 83
2 No 7
3 Don’t know 10
Total 100
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practices for the data under observation was 2.910 which indicate that respondents
are committed in a moderate manner. The minimum and maximum scores were
1.256 and 3.674 respectively. Table III shows the mean score, rank and average
index assessment indicator for the corresponding sustainable factor [44]. It is
apparent from the Table 3 that a number of sustainable practices have already been
adopted by the Malaysian contractors in order to show their commitment towards
green construction. However, it is still moderately adopted in all its manifestations.
The mean score and the corresponding average index values indicate that
respondents have show low concern in controlling greenhouse gas emissions from
the onsite heavy equipments and vehicles.

9 Conclusion

This research paper has investigated the current level of sustainability consider-
ations in the acquisition and usage of onsite mechanized construction equipments.
The respondents feedbacks indicate that they are aware and have a good knowl-
edge of sustainable construction. Nevertheless, the implementations of sustainable
practices are still at moderate level. It has been further determined that greenhouse
gas emission (GHG) is a low priority concern for the practitioners. The outcome of

Table 3 Mean score, rank and average index

Sustainable practices factors Overall
mean score

Rank Average index
indicator

Efficient use of equipment/machineries (such as reducing
idling time, planning of travelling routes etc)

3.6744 1 High

Opt equipments/machineries that best fit the intended
purpose by size and capacity

3.6512 2 High

Opt for the best engine power for machineries 3.4070 3 Average
Implementation of timely and preventive maintenance plan 3.4070 3 Average
Efforts to minimize vibration impact on workers and

surroundings
3.3372 4 Average

Procure energy efficient machinery/equipment 3.2907 5 Average
Limit the level of dust pollution by construction

equipments
3.2558 6 Average

Periodic assessment of operator health and safety 3.2558 6 Average
Implementing noise controlling plan 3.0814 7 Average
Implementing energy saving plan 2.4651 8 Low
Investing technological controls that will reduce air

pollution and emissions
2.4535 9 Low

Reduced diesel emissions by using new engine
technologies and post combustion controls

2.4186 10 Low

Implementing green house gas emission (COx and NOx,
SOx etc) control plan

1.7907 11 Low

Use of biodegradable fuel and lubricants 1.2558 12 Very low
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this research effort has established that the Malaysian construction industry must
raise its level of adoption towards green practices, particularly with respect to the
control of air pollution from heavy construction equipments and non-road vehicles.
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Factors Contributing to Building
Maintenance Performance of Heritage
Buildings
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Abstract An assessment of the building maintenance performance for heritage
building is critical to determine whether the routine procedure of work meet the
prescribed requirements. Malaysia has been initiating the conservation works for
old and heritage building approximately 4 decades ago. The awareness of main-
tenance managers of heritage buildings are slowly increasing but still need to
improve their understanding on what shall be done in order to obtain the best
practice approach in heritage building maintenance management. The lack of
maintenance also makes the starting point of structural deterioration problem and
will require millions of ringgits to repair, rehabilitate and conserve the effected
buildings and structures. The study will evaluate the significant factors that con-
tribute to maintenance performance of heritage building in Malaysia. Research
data will be collected through questionnaire form, interview and site observation.
The collected data will be analyzed by using Statistical Package for the Social
Sciences (SPSS) and Partial Least Squares Structural Equation Modelling (PLS-
SEM) software to examine the structure of interrelationships among constructs
(the dependent and independent variables). Expected outcome is to recommend the
most critical factors that will influence the maintenance management system and
give significant correlation between the building deterioration variables in heritage
building maintenance. Thus, be able to use the significant variables in developing
the building maintenance model to support the management maintenance system
for heritage building in Malaysia.
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1 Introduction

On Monday, July 2008, Melaka and George Town, historic cities of the Straits of
Malacca have been added as new cultural sites to UNESCO’s World Heritage List.
These two cities have developed over 500 years of trading and cultural exchanges
between East and West in the Straits of Malacca [1].

Currently, Malaysia has four World Heritage Sites recognised by the United
Nations Educational, Scientific and Cultural Organization’s (UNESCO) World
Heritage List. There are the historic cities of Melaka and George Town along the
Straits of Malacca, the Archaeological Heritage of the Lenggong Valley (AHLV)
in Perak, Gunung Mulu National Park in Sarawak and Kinabalu Park in Sabah [2].
With this title, it will give advantages to Malaysian government in bringing more
efforts to preserve the historical architecture, restore and refurbish old houses and
prevent them from being demolished and replaced with new buildings.

The Ministry of Information, Communications and Culture under the Depart-
ment of National Heritage The Department began as the Heritage Division under
the Ministry of Culture, Arts and Heritage. It was upgraded to a Department on 1st
March 2006. It is a vital progress and a great responsibilities in reviving, con-
serving and maintaining the nation’s heritage as established in the National Her-
itage Act 2005.

Heritage conservation in Malaysia also been considered as a new practice
compared to the more developed countries in the world [4]. Malaysia has inherited
91 heritage buildings including the indigenous traditional buildings from the
Malays, Indians, Chinese and Colonials era.

The conservation of historical buildings is a method on preserving structures
which are historically and culturally important to the nation [5]. Conservation
involves works undertaken to preserve the condition of the building to its original
state and this also includes the subsequent maintenance works. Maintenance is
identified as a means on prolonging the lifespan of the historical structures.
Without proper and systematic maintenance works, without doubt, the historical
buildings will deteriorate and becoming dysfunctional as well as unfit to be used.
The importance of the maintenance plays in protecting historic buildings during
the formation of Society of Protected Ancient Buildings (SPAB) [6].

The relevant factors causing building deterioration need to be identified and
analyzed in order to sustain the original condition of the heritage building. Fur-
thermore, the significant factors can also be justified and a better maintenance
system for heritage building can be developed to improve the current practice in
building maintenance management. Acknowledging the significant of maintenance
for historical buildings, this research therefore is seen as the vital to highlight on
the maintenance performance influence factors for historical buildings within the
Malaysia context.
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2 Background and Problem Statement

The historical rehabilitation and maintenance works can be considered as a popular
method use in Malaysia. On the other hand, heritage building has been an essential
factor in town developing which plays an important role in generating income to
Malaysia tourism sector as well as the country’s great and beautiful landmark [7].

The fifth Malaysia’s Prime Minister, Datuk Seri Abdullah Ahmad Badawi
during his speech in NAFAM Conference in Kuala Lumpur, billion of ringgit has
been spent and wasted in repairing public buildings due to Malaysia’s poor
maintenance culture. This is such a waste because if the defects were spotted
earlier and rectified, it will not develop into big problems and cost more money. In
another event, the critical issues concerning the absence of systematic maintenance
works became one of the key topics discussed by the Prime Minister during his
opening speech for Development of Maintenance Culture, a national seminar
conducted on 23rd September 2003. He expressed his concern on the need to
cultivate the culture of prioritizing and protecting the structural quality of a
building amongst the Malaysian. In addition, the Prime Minister also highlighted
that the understanding on the importance of maintaining the buildings should not
be limited to new buildings only as the historical buildings also have their own
significant value [8].

The growth of the environmental and conservation concerns has paralleled the
increasing emphasis on maintenance and refurbishment of buildings as an alter-
native to redevelopment in recent years. Good maintenance management will able
to maximize a building’s effective lifespan, minimize energy and materials
resource consumption and preserving old buildings by keeping them fit for modern
use as an alternative to redevelopment. From previous reviews, many countries
have stated that the lack of maintenance is the starting point of structural deteri-
oration which resulted in the structures falling into disrepair very quickly [9].

There is ambiguity at the relationship between building conservation and
building maintenance management. Four major focuses framework is needed to
resolve this ambiguity as the following [9]:

• the specific reasons for conserving all or part of a building or monument
(conservation philosophy);

• how and in what ways this will then affects its value and utility (concurrence and
conflicts of interest);

• how we may evaluate the conflicts and benefits of the conservation process on
the use and management of the building as a whole (a framework for evaluating
conservation);

• what means we carry out the conservation (sourcing skills and expertise).

Malaysia had initiated the effort of conserving heritage buildings just approx-
imately 30–40 years ago. The awareness is slowly increasing [10]. Maintenance
managers of heritage buildings have little guidance on what best practice approach
to the maintenance management of heritage buildings [11].
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The research finding by Abdul Rashid and Ahmad suggested that it is not so
much an issue of negligence, but one of a failure to give maintenance the requisite
priority. There is another more profound problem relating to the issue of main-
tenance; whilst most people would agree that a regime of regular maintenance is
the ideal, providing good value for money and a better investment performance.
Maintenance is always wrongly perceived as a low status professional activity [5].

On the other hand, Mohd Isa et al. suggested that maintenance is most sig-
nificant in order to conform to the conservation good practice. The theory and
practice of maintenance needs for historic building in Malaysian are still not duly
addressed. Good maintenance practice is one of the important perspectives that
still leave a gap in effective management strategies [3].

Therefore, if related government agencies fail to develop a comprehensive
maintenance performance assessment approach, the potential of expenses for
existing heritage buildings rehabilitation and repair work will increase. The her-
itage building value also will decease within a period of time. Failure to detect the
causes of building deterioration will also give a significant impact to the durability
and strength of heritage building.

However, in Malaysia there is always a need to evaluate the significant factors
that contribute to building maintenance performance of heritage buildings in
Malaysia, especially using the multivariate statistical application software like
Partial Least Square Structural Equation Modelling (PLS-SEM). Many of the
researchers focus on the heritage building maintenance management system and
conserved heritage building best maintenance practice guidelines.

3 Research Aim and Objectives

The aim of this research is to develop a model in assessing the performance of
building maintenance for heritage buildings in Malaysian heritage buildings. Thus,
the objectives of this research are as follows:

1. identify the factors contributing to the building maintenance performance of
heritage building.

2. determine the most significant factors of building maintenance performance in
Malaysian heritage building.

3. develop building maintenance performance model for heritage buildings in
Malaysia.

4 Scope of Research

The research will be focusing the heritage buildings in Malaysia and emphasize on
building maintenance performance criteria. The expected respondents are from
management level and the technical staffs: consultants, heritage conservation
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professionals, building maintenance professionals, building maintainers, and spe-
cialist contractors involving with the maintenance management of historical
buildings in Malaysia.

5 Literature Review

The life of building elements and components can be extended considerably by
adopting a planned maintenance approach so that problems can be identified in
their early stages and preventive maintenance carried out to avoid early failure [9].

Historic preservation technology plays an important role from initial project
investigations through final construction. The historic preservation technology
combines investigation methods, materials, and construction methods used to
preserve, rehabilitate, restore or reconstruct a building. Therefore, understanding
how preservation technology choices made in a project can affect the success of
the project outcome is critically important [12].

5.1 Building Maintenance Management

Management is the control and organization of something. Maintenance Man-
agement is the organization of maintenance within an agreed policy (BS3811)
[13]. Building maintenance management has been implemented decades ago to
overcome the building services problems. Building services are crucial in most
high buildings or skyscrapers. Budget will be the major issues in fulfilling all the
requirements and to give comfort to the building occupants.

British Standard Glossary of terms (3811:1993) stated maintenance as the
combination of all technical and associated administrative actions intended to
retain an item in, or restore it to, a state in which it can perform its required
function [14].

Management of maintenance can comprise more than the control of activities
and can be addressed broadly under the headings of ‘technical’ and ‘control’ [14].
The technical content includes determining what plant or equipment is to be
maintained, how and when; identifying problems and diagnosing causes; moni-
toring effects; preparing and analysing records and technical information; initiating
procedures to cope with situations before they arise; and ensuring that the chosen
techniques are achieving the required results.

The control element is aimed at providing that required technical service at
minimum expense, and can involve management of labour, spares and equipment
to match the workload; locating where work is required; organising transport;
setting priorities; and coordinating action. It can extend to setting budgets,
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monitoring expenditures, identifying high maintenance cost plant and collecting
information to form a basis for decision making.

5.2 Heritage Building

Section 2(1) Act 645 of National Heritage Act (2005) and UNESCO (1972) has
stated ‘‘building’’ as a building or groups of separate or connected buildings which,
because of their architecture, their homogeneity or their place in the landscape, are
of outstanding universal value from the point of view of history, art or science.

Historic buildings require special maintenance to sustain its aesthetic value in
terms of building materials, unique architecture and historical heritage values [15].

5.3 Factors Contributing to Building Maintenance
Performance

Some of the factors that contribute to the building maintenance performance for
heritage buildings from literature review are as in Table 1.

6 Research Methodology

The identification, selection and implementation of methodology are very
important criteria in all fields of research. It needs to be well planned and dis-
played in a comprehensive research methodology flow chart. Research method-
ology is a crucial part in research ensuring that the research can be conducted
correctly with specific and organized methods. Figure 1 shows the proposed
research methodology flow chart of the proposed research: Factors Contributing to
Building Maintenance Performance of Heritage Building.

6.1 Data Collection

The data collection process is based on the problem statement and the title of the
research. The aims and objectives are then set. A literature review of building
deterioration mechanisms and current building maintenance management espe-
cially for the heritage building will be reviewed from all sources of references such
as journals, thesis, books, articles and etc. The summary of relevant literature
review will be briefly given in tabulation form. Methods of data collection
involves design questionnaire, conducting pilot study and surveys.
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6.2 Data Analysis

The collected data will be analyzed by using Partial Least Square-Structural
Equations Modelling (PLS-SEM) software. SmartPLS 2.0 software is able to
measure the significant of covariance by testing and estimating the causal rela-
tionship between independent variable and dependent variable. The results will
interpret the level of significance for each items/variables to the deterioration
factors that would be influencing the effectiveness of maintenance management
system.

7 Research Significant

This research will contributes to the growing body of knowledge in maintenance
performance criteria specifically on the improvement of Malaysian heritage
building maintenance performance criteria. It is becoming increasingly difficult to
ignore the importance of heritage building to our current and future social-econ-
omy impacts. In maintenance work, the phrase like ‘‘maintain as it is’’ is always
kept in building maintainer minds to sustain the original functions of building
structures, building services system and building appearance.

Table 1 Summary of contributing factors to building maintenance performance of heritage
building

Contributing factors to building maintenance performance
for heritage buildings

References

1 The importance of historical buildings [5]
2 Human behaviour/Attitudes [5, 11, 16–18]
3 Maintenance policy and organization [3, 5, 9, 11, 14, 15, 19–22]
4 Maintenance effectiveness [5, 11, 16, 18–23]
5 Task planning and scheduling [19, 22]
6 Maintenance approach—current practice [3, 5, 9, 11, 19–22]
7 Financial factor/Aspect/Problems [5, 11, 15, 16, 18, 20–22, 24, 25]
8 Risk management [14, 20, 23]
9 Customer perspective [22, 25]
10 Information management and CMMS [11, 14, 19, 20, 22]
11 Environment/Surrounding [9, 11, 23]
12 Technical aspects [3, 5, 9, 12, 14, 15, 17, 20, 22, 26]
14 Institutional and training facilities [14, 16, 18, 25]
15 Continuous improvement [14, 16, 18, 19, 20, 22, 23]
16 Human resources management/Internal process [5, 11, 15, 17–19, 22, 24, 25]
17 Spare part management [16, 19]
18 Regulations and guidelines [3, 5, 15, 16, 24]
19 Contracting out maintenance [5, 14, 16, 19, 21, 22]

Source Summary from literature
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This research is might be extends of work on finding the possible major issues
contributing to the lagging of a proper maintenance programme [5]. The case study
result indicated that maintenance undertaken for historical building in Malaysia is
still on a loose based. The research are intended to highlight the establishment of
maintenance management, the responses on the importance of maintenance works
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to be undertaken for historical buildings, factors governing the effectiveness of
maintenance works on historical buildings and maintenance approaches, inclusive
of maintenance programmed undertaken maintenance approaches, inclusive of
maintenance programmed undertaken on the structural, non-structural elements as
well as the services systems.

It has been supported by Sodangi et al. [11] mentioned that the maintenance of
heritage building takes a cautious approach in order not to unnecessarily disturb or
destroy the historic fabric; damage the character of the building and alter the
features which give the building historic, architectural and cultural significance.
Therefore, a specific framework is required for managing the maintenance of
heritage buildings.

Motivated from their work, this research proposes to study further on the sig-
nificant maintenance performance criteria which can be indicators in supporting
the loose based in historical building maintenance programme and framework.

8 Expected Outcomes

The study perhaps will identify the critical factors that influence the maintenance
system and closing some missing link in terms of building maintenance criteria.
The results from significant inter-relationship between the building performance
variables in heritage building maintenance will be used to improve the heritage
building maintenance approach.

In the end, recommendations and the improvement solution will be discussed in
detail in order to produce a useful reference and guidance to the Department of
National Heritage. The research results hopefully, can be a main source to improve
the existing policy and procedure, prior to the heritage building maintenance
performance factors.

Acknowledgments The authors would like to express gratitude to Universiti Tun Hussein Onn
Malaysia and all colleagues for the valuable support and advice in conducting the research.
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Strength, Weakness, Opportunity
and Threat Attributes of Malaysian
Construction Firms in International
Market
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Abstract Competitive and saturated construction markets has led many domestic
firms to expand internationally. Hence, the firms must adopt a superior and an
effective strategy in order to endure the increasing dynamics and uncertainties in
the foreign markets. In the early stage of strategic planning, one of the basic but
important steps is to identify the strength, weakness, opportunity and threat
(SWOT) attributes of the firms before they expand internationally. This process is
very crucial to help the firms to manage and ease the inherent complexities and
difficulties within international market domain. In this study, survey questionnaires
were sent to 109 Malaysian construction firms listed under Construction Industry
Development Board Malaysia (CIDB) with 21 % response rate. Relative impor-
tance index (RII) was used to rank the SWOT attributes. The findings revealed the
following ranked attributes: Strengths—project management skill, financial
strength and specialist expertise; Weaknesses—shortage of financial resources,
shortage of labor and material resources and lack of research and development;
Opportunities—increased in profitability, opening up new market and accessibility
to new service areas; Threats—inflation and currency fluctuations, policy, law and
regulations of host country and increase of interest rate. This study illustrates the
identification of the most important SWOTs that exist in international construction
operations. Hence, the findings would offer valuable information and practical
guidance to construction firms in their preparatory works to internationalize.
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1 Introduction

An international business domain is saturated with complex variables that may
affect the firm’s performance if they are not well identified and effectively man-
aged. This scenario warrants the firms to correctly identify and carefully examine
their strengths, weaknesses, opportunities and threats associated with international
operations. SWOT analysis is a common method used by organizations to identify
and utilize their strengths to exploit opportunities, to recognize and reduce their
weaknesses and to minimize the known threats and challenges.

In his study, Ref. [1] examined the firms’ strengths and weaknesses by utilizing
the factors related to management and organization, operations, and finance, while
economic, social, political, markets, and competition factors were used to examine
the opportunities and the threats to the firms’ business. Various studies have been
carried out related to SWOTs for other foreign competitors such as the Viet-
namese, Chinese, Singaporean and Korean in the international market [1–7].

Despite, their fast internationalization, Malaysian construction firms are not
well studied and this has resulted in lack of information on the international
construction conditions. Thus, the firms must be informed and understand the
internal and external risks and threats and at the same time acquire and strengthen
their capabilities to seize the opportunities abundantly available in the emerging
markets.

Hence, this study aims to gain insights of the Malaysian firms in the interna-
tional construction market, through identification of the SWOTs and finally pro-
ducing a clear essence based on relative importance of the SWOT attributes.

2 Literature Review

Numerous studies have been carried out in relation to the opportunities, threats,
risks and challenges in international market [8–10]. According to Ref. [2],
determination of the firm’s strengths and weaknesses and matching them with the
opportunities and threats is a critical strategic decision that requires extensive
environmental scanning. Following to that, Ref. [3] investigated some of the
critical issues and successful strategies obtained by global contractors to sustain
and growth in international market, concluding that the uncertainties and
aggressive changes of global construction can cause serious threats to the inter-
national players. Thus, Ref. [3] suggested that the firms must acquire comple-
mentary capabilities and skills, and improve their strengths to encounter the
challenges in the rapidly changing market environment.

Based on the study by Ref. [4], SWOT analysis was used to assess the Chinese
contractors’ dynamic capabilities in the international market environment. Some
of the SWOT attributes used by Ref. [4] in their study were related to market
competition, economic, social and political environment, management, financial
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and technological abilities and, cost and resources differences. The findings show
that Chinese government played an important role by holding a strong support and
promotion to the contractors.

The study revealed that the strengths of Chinese contractors were from the low
costs of workforce, materials, machinery and equipment, and specialty expertise.
They were also found having lack of capabilities and commitment in research and
development, inadequate design capacity, lack of highly skilled labor and low
productivity, weak financing capacity, lack of familiarity with the local system,
and language disadvantage.

Therefore, Ref. [5], recommended for the foreign contractors to grab the
opportunities in Chinese market by offering their dynamic capabilities in distin-
guished products and services thus complementing the local Chinese contractors
those were behind in design and technical capability, project management skills
and financial capacity together with lack of experience in international projects.

Nonetheless, the nature and complexity of international business environment
are very uncertain and different from one country to another. A study by Ref. [6]
on Vietnamese firms shows that they lagged behind other foreign firms in financial
capacity, experience in complex projects, knowledge in advanced design and
construction technology, and management ability.

Another study carried out by Ref. [7] on Chinese contractors in Africa revealed
that the needs for good infrastructure, availability of financing sources and
availability of natural resources are among the top opportunities.

Therefore, various complex variables that can affect the performance of con-
struction firms need to be considered in managing and reducing the risks associ-
ated with international market [8]. Thus, the companies must have the strengths
required to endure the increasing and changing threats and uncertainties in inter-
national construction industry.

Figure 1 depicts the intention of this paper which is to identify and analyze the
relative importance of SWOT factors of Malaysian firms in the international
construction market.

The input variables to SWOT attributes of the construction firms were identified
from the previous studies [3–8], which some of them were discussed in the lit-
erature section is shown in Table 1.

This paper builds on these earlier contributions by examining the relative
contribution of a more comprehensive range of the SWOT attributes identified by
the firms with international experience. All four categories of the SWOT attributes
were jointly considered across the previous studies.

3 Methodology

The target population is from the cross-section of Malaysian construction firms
those undertaken and completed projects in the international market. The selection
is based on Ref. [11] record with 109 firms registered as global players operating
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in 49 countries. Their involvements in international projects includes various
sectors such as buildings, infrastructures, branches of engineering, mechanical and
electrical, power transmission and plant, and oil and gas.

The survey questionnaires with cover letter were sent with self-addressed and
prepaid enveloped to the respondents. They were requested to return the ques-
tionnaires within 3 weeks-time from the date of the letter posted. The cover letter
explained the objectives and the relevancy of the study, and assured the respon-
dents’ confidentiality. A contact number was also provided in case clarifications
are needed.

The questionnaires analyzed in this paper are selected based on three sec-
tions. Section 4.1 enquires on the respondents’ background, international con-
tracting experience and the specific countries of operation. Part B solicits their
opinions to evaluate the SWOT attributes based on the level of agreement. Each
opinion was measured using a 5-point Likert scale (1: Disagree; 2: Disagree; 3:
Agree; 4: Much Agree; and 5: Strongly Agree).

Several statistical analysis techniques namely normality test, reliability test and
ranking of relative importance index (RII) were used in this study. The purpose of
each method and its results are explained in the following section.

4 Analysis of Results and Discussion

The following results are critically analysed and discussed based on opinions and
views from the respondents and supported by the literature reviews done earlier.

4.1 Respondents

The respondents were the chief executives, general managers, senior managers,
project managers, contract managers and other executives holding managerial
posts and in charge of international projects in the selected firms. In total, twenty-
three (23) respondents returned the completed questionnaires giving a response
rate of 21 %. In order to increase the rate of response, various strategies were

SWOT Attributes 
related to International  
Market Expansion by

Malaysian Construction 
Firms

Fig. 1 SWOTs attributes
related to international
market expansion
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carried out to follow up, such as phone calls, personal distribution, reminders by
letter and emails and through personal contacts. Hence, the response rate is rea-
sonable since most of the survey done in Malaysia generated a rate that falls
between 10 and 20 % [12].

Table 1 SWOT attributes related to international market expansion

SWOT attributes

Strengths Project Management Skill: Ability to complete projects on time, within budget
and quality set

Financial Strength: Ability to increase the needed financing for purposes of
bidding projects

Specialist Expertise: Comprehensive technical and management skills compared
to competitors

Track Record: Successfully completed local and oversea projects in the past
International Network: Strong relationship with foreign partners in foreign

countries
Technology Capability: Strong knowledge and experience to handle technically

complex projects
Resources Availability: Ability to support and manage equipment, material and

labors
Quality: Ability to produce good quality products/services

Weaknesses Shortage of Financial Resources: Lack of ability to offer attractive financial
resources

Shortage of Labor Resources: Difficulty in obtaining labors
Shortage of Material Resources: Difficulty in obtaining material and equipment
Loss of Experience and Key Employees
Lack of Research: Lack of information and up-to-date data regarding the host

country
Opportunities Increased Profitability: Improved and enhanced profit of the company for long

term run
Technological Innovation: Establish new and improved technologies for

construction activities
Opening up New Markets: Internationalization leading to new business

opportunities
Accessibility to New Service Areas: Explore new types of construction markets
Beneficiary International Agreements: New prospects of construction market
Maintain and maximize shareholder’s return
Mergers: Establish international relationship by joint venture or strategic alliances

Threats Interest Rate Increase: Unstable cost of capital
Inflation and Currency Fluctuation
Policy, Law and Regulations: Different interpretation especially on FDI in the

host country
Bribery in the Host Country: Difficulty in dealing with the moral problems
Foreign Competitors in the Host Country: Competition from different foreign

firms
Cultural Differences: Difficulty in dealing with people/organizations in different

environment
Price war with competitors
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4.2 Normality Test

Normality tests were conducted to assess whether the data on the variables col-
lected are normally distributed. In this study, the normality of the variables was
established by evaluating the data distributions for skewness and kurtosis as shown
in Table 2. The standard error is the range of possible error occurs in data (Good
standard error value \1.0).

The results show the values of the standard error for skewness and kurtosis of
0.481 and 0.935, respectively. Both values indicate that the standard errors are
good values (\1.0). Hence, the normality assumption for each variable was met,
which indicates that the all SWOT attributes are normally distributed.

4.3 Reliability Test

Reliability test using Cronbach’s coefficient was conducted to measure the internal
consistency of the SWOT attributes as shown in Table 3.

The results reveal Cronbach’s values for all SWOT attributes are greater than
0.7 which is the minimum level recommended by [13]. It is also supported by [14]
that the widely-accepted social science cut-off of alpha should be 0.70 or higher.

4.4 Measurement of SWOT Attributes Related
to International Market Expansion

The mean of responses were translated into Relative Importance Index (RII)
reflecting the SWOTs attributes agreed by the respondents and were ranked
accordingly. The discussion viewed is based on the first three SWOT attributes
that reached the highest ranking.

Nevertheless, other attributes also have some influence critical to the success of
the Malaysian firms in international market. Table 4 shows the ranking of each
attributes based on the RII.

The following discussion are based on the first three ranked agreed statement
under each attributes shown in Table 4.

4.4.1 Strength Attributes

The first three strength attributes that reached the highest ranking are the ‘‘project
management skill’’, ‘‘financial strength’’ and ‘‘specialist expertise’’ with RII values
of 0.957, 0.896 and 0.843, respectively. These strengths are required by the
companies to endure the increasing threats and uncertainties in the rapid changing
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international market environment [3, 8]. Reference [2] recommended that the
international contractors offer their strengths in distinguished products and ser-
vices, thus complementing the local contractors those were behind in design and
technical capability, project management skills and financial capacity together
with lack of experience in international projects. In return, the operation costs were
lowered and at the same time they adapted comfortably with the local cultures and
industry practices [2].

4.4.2 Weakness Attributes

The first three weakness attributes with the highest ranking are ‘‘shortage of labour
and shortage of material’’, ‘‘shortage of financial’’ resources and lack of research
and development, with RII values of 0.861, 0.852 and 0.722, respectively. A study
carried out by Ref. [7] on Chinese contractors in Africa revealed the needs for
availability of natural resources, availability of financing and good infrastructures
to ensure smooth operations. Previous studies have revealed that international
firms such as Vietnamese and Chinese lagged behind other firms in financial
capacity, lack of capabilities and commitment in research and development,
inadequate design capacity, lack of highly skilled labour and low productivity,
lack of familiarity with the local system, have language disadvantage, unfamiliar
with modern project management technique, inferior in design and technical
ability and lack of experience in international projects [2, 6].

Table 2 Normality tests on SWOT attributes

Variables Skewness Kurtosis

Statistic Standard error Statistic Standard error

Strength -0.119 0.481 0.997 0.935
Weakness -0.464 0.481 -0.460 0.935
Opportunity -0.712 0.481 0.188 0.935
Threat -0.891 0.481 -0.579 0.935

Table 3 Cronbach’s
coefficient for SWOT
attributes

Attributes Cronbach’s alpha

Strength 0.876
Weakness 0.899
Opportunity 0.777
Threat 0.895

Strength, Weakness, Opportunity and Threat Attributes of Malaysian 867



4.4.3 Opportunity Attributes

The first three opportunity attributes that reached the highest ranking are ‘‘increase
in firm profitability’’, ‘‘accessibility to new service areas’’ and ‘‘opening up new
markets’’ with RII values of 0.817, 0.757 and 0.739, respectively. The finding
reveals that profitability is the most important goals related to the firms in inter-
national construction. The reason may be due to the fact that firms need higher
profitability to counterbalance the greater risks and efforts in setting up their
international operations. This is supported by a previous study where the decision
to enter a new foreign market is of critical importance for the company’s profit
making ability and sustainable growth [7]. Reference [2] emphasized on the

Table 4 Ranking of SWOT attributes based on RI value

SWOT attributes RII Ranking

Strengths
Project management skill 0.957 1
Financial strength 0.896 2
Specialist expertise 0.843 3
Track record 0.809 4
International network 0.839 5
Technology capability 0.809 4
Resources 0.800 6
Quality 0.765 7
Weaknesses
Shortage of labour resources 0.861 1
Shortage of material resources 0.861 1
Shortage of financial resources 0.852 2
Lack of research and development 0.722 3
Loss of key employees 0.696 4
Opportunities
Increase firm profitability 0.817 1
Accessibility to new service areas 0.757 2
Opening up new markets 0.739 3
Technological innovation 0.722 4
Beneficiary international agreements 0.722 4
Maintain and maximize shareholder’s return 0.678 5
Mergers 0.670 6
Threats
Inflation and currency fluctuations 0.826 1
Policy, law and regulations of host country 0.809 2
Increase of interest rate 0.800 3
Bribery in the host country 0.757 4
Foreign competitors in the host country 0.748 5
Price war with competitors 0.696 6
Cultural differences 0.643 7
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availability of the export opportunities for the firms to increase their construction
revenues, learn from competitors by improving their service standards.

4.4.4 Threat Attributes

The first three threat attributes agreed by the respondents and reflected in the
highest ranking are ‘‘inflation and currency fluctuations’’, ‘‘policy, law and regu-
lations of host country’’ and ‘‘increase of interest rate’’ with RII values of 0.826,
0.809 and 0.800, respectively. The inflation, currency and interest rate fluctuations
are some of the common economic risks which had high influence over the project
cost [15]. As identified by Ref. [16], threats represent external aspects such as
competitive environments resulting from changes in governmental policies and
society of the host country, as well as the international environment. These aspects
were identified from previous studies which these threats are evidenced on the basis
of significant events in terms of the political and economic environments [7, 10].
Hence, the identification of the important threats allows the firms to manage them
effectively.

5 Conclusions

The main objective of this study is to provide information for the firms to examine
and leverage their strengths to seize the abundant opportunities and at the same
time to identify and overcome their weaknesses which intensify the threats in
international market. Through identification of SWOT attributes, the internal and
external conditions of international scenario become evident. The findings fortify
that the strengths of Malaysian construction firms are largely attributed by their
project management skill and specialist expertise and supported by strong finan-
cial. While operating in the international construction market, the firms present
some weaknesses, which include shortage of labour, material, financial resources
and lack of research and development. The ever changing international market also
offers opportunities by accessing the new service areas and opening up new
markets to increase the firms’ profitability. However, the imposed threats due to
inflation, interest and currency fluctuations, the policy, law and regulations of host
country are well balanced by the benefits gained from the opportunities and the
firms’ project management skill and specialization. The limitations in this study
include a small sample size from a limited number of construction firms and the
method of analysis used. Hence, the findings are confined to opinions obtained
from these contractors and cannot be generalised to the rest of the population.
However, it provides insights for the construction firms on the SWOT attributes
related to the international market scenario that may affect the firms’ performance.
Further empirical study will be conducted on a bigger sample focusing on the
correlation between the attributes by using SWOT analysis to evaluate the cross
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over and intertwined attributes. It is hoped that this study contribute to an inter-
national strategic management body of knowledge.
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Application of Automation Technology
in Malaysian Construction Industry

Siti Rashidah Mohd Nasir, Che Maznah Mat Isa and Kamilah Ali

Abstract Automation Technology has been widely used in the construction by
developed country such as Japan and South Korea because of its good performance
and beyond satisfactory in project workmanship. However, in Malaysian con-
struction industry, Automation Technology is poorly accepted by the construction
players. Implementation of Automation Technology may assist in reducing
problems such as labor shortage, high fatalities in accidents and low quality which
are among the major factors lead to project delay. Thus, this paper studies the
acceptance of Automation Technology among the contractors and the limitations
and barriers of the Automation Technology implementation. Questionnaires were
distributed to Class A contractor in Kuala Lumpur area. The results of this study
will shed some lights to the construction players in implementing Automation
Technology in Malaysian construction industry, thus strategies to move forward
can be recommended.

Keywords Automation technology � Contractor � Acceptance � Limitation �
Barrier

1 Introduction

Automation Technology is an application of mechanical electronics (mechatron-
ics) and computers for production of goods and services. Automation Technology
is synonym and related closely with robotic. Nowadays, robots are widely used in
construction and admitted by many construction companies especially in the
developed countries such as Japan and South Korea that the quality of the works
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done in the present of Automation Technology in their construction is beyond the
satisfactory [1]. However the implementation of Automation Technology in con-
struction is still not been fully practiced in Malaysian construction industries even
there are many advantages that can be found based on the achievements by the
countries that already applied Automation Technology in their construction [2].
Malaysian construction industries still practicing the traditional method in their
construction project even though among of them, there are people with the
knowledge of the advantages of Automation Technology implementation. The
construction industry sector is also an important engine of growth for development
of the country, thus this paper study the awareness of automation technology
among the contractors; identify the advantages; and limitations and barriers faced
by the contractor in implementing Automation Technology in Malaysian con-
struction industry.

2 Literature Review

Automation Technology in construction can be defined as the using a device
(robots or machines) in other to do the tasks automatically that originally done by
human in other to achieve the objectives of the construction project that are reduce
in cost, high in quality, complete in time and zero accidents and fatalities at the
construction site [2]. The device is programmed in order to adapt with the con-
struction site environment and be able to carry out the job smoothly [1, 2].

2.1 Automation Technology in Malaysian Construction
Industry

In the growth of construction industry in Malaysia, there are crucial problems that
being faced by the entire individual that involved in the construction works. One of
the problem is the high accident rate occurred in the construction industry due to
the traditional method practiced by most of construction companies [3]. Accidents
in the construction industry have the highest number of death case compared to
other sector on death category [4]. According to the Malaysian Occupational
Accidents Statistics in 2012, the statistic of accidents involves death in Malaysian
construction industry recorded 48 numbers which is the highest rate in comparison
to the other sectors [5]. Apart from the highest rate of accident, other problems
faced in Malaysian construction industry are shortage in labor and poor quality in
the construction industry. The shortage of labor has become an issue because of
the selective attitude of local labor. This is due to expansion of education,
improvement in living condition and access to upward mobility [6]. Foreign
workers comprised of 69 % from the total 800,000 of registered workers.
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When they first arrived in Malaysia, the foreign workers are usually unskilled and
this gives an impact on the productivity as well as the quality of the construction
industry [6].

In the early 90s, applications and activities of robotics and automation in the
industry had started. The aims of the applications are to optimize equipment
operations, improve safety, and enhance perception of workspace and also to
ensure quality of environment for occupants [7]. Over the past few decades,
improvements to productivity in the construction industry have been insignificant
compared with other industries. Productivity improvements in other industries,
especially manufacturing, have stemmed to a large extent from the effective
implementation of new technologies [8]. However, the introduction of new tech-
nologies in the construction industry to fully automate the building process has
been limited [8]. This is due to the insufficient attention to process improvement
which became a major barrier to automation and other technological progress of
construction [1].

2.2 Advantages of Automation Technology Application
in Construction Industry

Application of automation and robotics in construction is addressed from per-
spective of raising building projects performance to serve the client and the
environment. The robotics and automation systems in construction industry can
achieve the following advantages [7]:

• Higher safety for both workers and the public through developing and deploying
machines for dangerous jobs;

• Uniform quality with higher accuracy than that provided by skilled worker;
• Improving work environmental as conventional manual work is reduced to a

minimum, so the workers are relieved from uncomfortable work positions;
• Eliminating complains about noise and dust concerning works such as removal,

cleaning or preparation of surfaces; and
• Increasing productivity and work efficiency with reduced costs.

Apart from that, contractors utilize automated technologies on projects as a
means of saving cost, reducing project durations, improving quality and consis-
tency and gaining other related project benefits [8]. In addition, automation con-
struction opened up possibilities for all-weather construction, unaffected by the
outdoor climatic conditions [3]. Furthermore, factory automation has been adopted
to cope with the issue of an individual automated robot’s movement in order to
increase its productivity. This gives a result in the dramatic decline of construction
material dissipation [3].
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2.3 Limitation and Barrier in Implementing Automation
Technology in Construction Industry

In Japan, there is a great deal of demand for automation and robotics. This is due to
the ‘‘3K’’ image of construction is perceived by the workers ‘‘Kitsui’’ hard,
‘‘Kitanai’’ dirty, ‘‘Kiken’’ dangerous environments and strongly generally felt by
the industry, the government and the public [9]. Due to the effect of the negative
image of construction lead to the crucial shortage of skilled workers, increasing
wages and increasing the cost of construction in Japan [9].

Japanese policy of not allowing workers from other countries into Japan
exacerbates the problem. Skilled labor shortages are limited to certain geograph-
ical areas and trades and the problem is more skill shortage than labor shortages.
Unlike in the United States, training the abundant supply of unemployed or
unskilled workers may be more practical than building expensive machines that
may only put more people out of work [9]. Providing job opportunities is far more
valuable politically than investing in technology that may be perceived as a threat
to constituents’ job [9].

Apart from that in automated construction site one of the barriers of its
implementation is the technological barriers which the robot must cope with the
complexity of the construction process involving a dynamic and evolving site
beside the need to perform multiple tasks with differing characteristics [10]. Other
than technological barriers, the economical barriers also affect the implementation
of a robotic system in construction [10].

One of the hurdles to automating the construction process is the design of a
project. The design that had been stated is the design of a facility inhibits both the
use of available automated equipment during construction and the successful
development of new automated equipment [8]. Furthermore, the capabilities of
automated equipment are constrained in the aspect of physical of the design [8].

3 Methodology

The questionnaire were designed with reference to previous research [2, 3, 7]. In
this study, Likert scale was used in order to produce a highly reliable scale and
easy to be understood by the respondents. Two sets of Likert scale were used in the
questionnaire. In measuring the Awareness on AT in Malaysian Construction
industry, the suitable Likert scale based on the frequency [11] were used as fol-
lows: 1—never; 2—rarely; 3—sometimes; 4—often; and 5—always. While for
question for Factors and Limitation in implementing AT, the suitable Likert scale
based on the level of agreements [11] were used as follows: 1—strongly disagree;
2—disagree; 3—neutral (undecided); 4—agree; and 5—strongly agree.
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The respondents are Class A contractor where the list of contractor was
obtained from Pusat Khidmat Kontraktor. They were selected based on their vast
experience in construction industry. The research area is within the Kuala Lumpur.
This area were chosen due to its rapid development in construction and in addition,
most of the Class A contractor companies were located in this area.

From the list obtained, the total number of contractor companies in Kuala
Lumpur is 352 companies [12]. The number of sample requires for this study is
184 with 95 % of confidence level using interpolation respondents with margin of
error are 5 % [13].

The pilot study was conducted with the subject matter experts to discuss and
validate the questionnaire. For that purpose, the experts were randomly chosen
which consists of Class A contractor, engineers and consultants from private and
government companies. The selection were made for their vast experience in
construction industry. Subsequent to the pilot study, the questionnaire was
amended according to the comments and suggestion from expert.

Following to that, the questionnaire survey was initially distributed via email in
February 4, 2013. Due to the poor respond rate, the questionnaire was redistributed
by hand and by postal. The collection of questionnaire was extended to May 15,
2013. In order to obtain the number of sample of 184 respondents, 300 ques-
tionnaires had been distributed. Simple Random Sampling was selected as a
sampling method. By using this technique, the differences that do occur are result
of chance, not of the conscious or unconscious of researcher bias in selection [14].

4 Results and Analysis

From the reliability test performed, the value of Cronbach’s Alpha is 0.865. The
value is in the range of 0.8–0.9 which is considered as good [15]. Thus, none of
the question in the questionnaire survey should be excluded and this means that
the questionnaire is relevant to the topic researched.

The number of successfully collected questionnaire is 184 with respond rate is
61.3 %. Although the number of collected sample is less than 300, the respond rate
of 61.3 % has achieved the required sample size of 95 % confidence level and 5 %
margin error [13].

In this study, this analysis evaluates 2 different types of respondents and cat-
egorized as Category 1—Respondents who had applied Automation Technology in
the projects; and Category 2—Respondents who has not applied Automation
Technology in the projects. Figure 1 shows the percentage of respondents for both
categories.

From 184 numbers of successfully collected samples, Fig. 1 shows the Cate-
gory 1 consists of 45.7 % respondents while 54.3 % consists of Category 2.
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4.1 Analysis of Category 1: Respondents Applied Automation
Technology

Figure 2 shows that 43.2 % of the respondents involved in roads and bridges;
followed by 30.6 % of buildings; 17.1 % of drainage; and 0.9 % of marine and
coastal. The highest percentage of area of expertise for Category 1 are roads and
bridges; and buildings as compared to others. This shows that Category 1
respondents have significantly applied Automation Technology in the roads and
bridges projects. This is supported by Elattar [7] where road paving robots have
shown a high level of automation through various functions.

Figure 3 shows 29 % of company in Category 1 has established 6–10 years
while 71 % of the company has established more than 10 years.

The respondents of Category 1 were asked in the questionnaire to indicate their
opinion on the factors that lead them to consider application of Automation
Technology in their projects. The factors are as follows: Prevent the hazardous to
the workers; Reduced the fatalities in accident rate; Reduced the construction cost;
Solved the skilled labor shortage problem; Increase the quality with high accuracy
of the project; Increase productivity in the construction; Complete the project
within contract time; Improve work environment; Increase the efficiency of works;
Eliminate complains about noise and dust; Dangerous works can be done by
robots; and Design of the project involving robots to produce accurate measure-
ment and to handle the dangerous and difficult situation at the construction site.

From the analysis conducted using mean value, Fig. 4 shows that among the
factors, respondents in Category 1 has agreed that the major factors led to the
application of Automation Technology are prevent hazardous, labor shortage,
increase quality and improve environment which received mean value of 4.58,
4.39, 4.36 and 4.35 respectively as shown in Fig. 4. Previous study has also agreed

45.7 %

54.3 %

Apply AT (Category 1) Not Apply AT (Category 2) 

AT Implementation

Apply AT (Category 1) Not Apply AT (Category 2) 

Fig. 1 Distribution of
respondents apply automation
technology in projects
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that the Automation Technology can achieve advantages such as higher safety for
both workers and public; obtain uniform quality; improving work environmental
and labor shortage [7, 8, 16].

The Automation Technology implementation in construction can increase the
safety at the construction site because Japan already adopted construction auto-
mation systems experienced definite improvement in their construction work
environment as well as safety [3]. The quality of the works done is also high when
Automation Technology in construction is implemented by applying Robotics and
automation systems in construction industry, the main advantages that will be
achieved is the uniform quality with higher accuracy than that provided by the
skilled worker [7].

43.2 %

30.6 %

0.9 %

17.1 %

8.1 %

0
5

10
15
20
25
30
35
40
45
50

Roads and 
Bridges

Buildings Marine and 
Coastal

Drainage Others

P
er

ce
n

ta
g

es

Area of Expertise (Category 1)

Fig. 2 Respondents expertise (Category 1)

4;"'

93"'
Fig. 3 Year of company
establishment (Category 1)

Application of Automation Technology in Malaysian Construction Industry 877



The benefits of Automation Technology application in Malaysian construction
industry is important to be realized due to the problems that being faced by
contractors as well as the persons who are directly in charged at the construction
site.

The advantage of Automation Technology can reduce the rate of accident at
construction site. According to the statistic by the Malaysian Department of
Occupational Safety and Health, the construction industry has the highest number
of fatalities accidents of 48 number of victims as compared to the others sectors
[5].

Apart from that, labor shortage and poor quality of the works done by unskilled
and foreign workers in Malaysian construction industry has been an issue and has
been reported to contribute to low productivity [17]. Although the unskilled
workers are normally cheap, however, their inefficiently works has resulted in a
high construction wastage which leads to high construction cost [17].

Low quality of work were also an issue to Malaysian construction industry,
where numerous indications and complaints of low quality of work in construction
have been made by consumers through media and authorities and this has con-
tributed to decrease in quality of life, uncomfortable and unfriendly environments
[17].

Furthermore, Malaysian construction industry also facing with delay in project
completion where 17.3 % of construction projects has reported to experience more
than three (3) months delay and some of the projects were abandoned [18].
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Fig. 4 Acceptance factors of AT by Category 1
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Having the application of Automation Technology may assist Malaysian con-
struction industry to overcome these problems.

A correlation analysis using Spearman’s test was conducted to establish the
relationship between year of company establishment and application. Table 1
shows that there are no significant difference between year of Company Estab-
lishment and AT Application with p = 0.002. This indicates that year of company
establishment does not influence the decision in AT application. The correlation
coefficient is 0.332, indicates that company with less than 10 years experience may
also has the consideration of Automation Technology application in their projects.

4.2 Analysis Category 2: Respondents Have Not Applied
Automation Technology

Figure 5 shows 50 % of the respondents in Category 2 involved in building pro-
jects while roads and bridges; drainage; and marine coastal received 26.7, 15.3 and
1.3 % respectively.

Figure 6 shows 84 % of the company in Category 2 has established more than
10 years and 16 % established in 6–10 years.

The respondents were also been asked to indicate their opinion of barrier factors
of Automation Technology which are as follows: High cost to start using imple-
ments the Automation Technology in the construction; Reduced the job oppor-
tunities, hence the unemployed people will increase; Robots function only for
limited programmed works; Lack support from the government, social and indi-
vidual that involved in the construction industry; Automation Technology and
robotics are costly to be updated and maintained; Technological barriers (com-
plexity at site location must be cope by the robots); Lack of interest to implement
Automation Technology in construction due to lack of information; Most of robots
are not versatile for different site locations; Design of the project involving robots;
Automation Technology do not give plausible (significant) image in the con-
struction industry; Design of the project involving robots will increase in project

Table 1 Correlation table of Spearman test

Correlations

Company year Application

Spearman’s rho Company year Correlation coefficient 1.000 0.332a

Significant (2-tailed) – 0.002
N 84 84

Application Correlation coefficient 0.332a 1.000
Significant (2-tailed) 0.002 –
N 84 84

a Correlation is significant at the 0.01 level (2-tailed)
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cost; and Automation Technology that had been damaged and cannot be repaired
may gives an impact to environment such as radioactive substances.

Figure 7 shows the barrier factors of Automation Technology application
indicate by respondent by Category 2. The main factors are high cost, limited
function and high cost to maintain which received mean value of 4.57, 4.4 and 4.24.

The major barrier for automation and robotics in construction is because of the
high costs and shortage of public money for research and development. This
problem was faced in European construction industry where the development to a
higher degree of automation in the construction industry has been going at a slow
pace [16].

Robots and automated systems are subject to severe scrutiny for their cost
effectiveness. However, in adopting Automation Technology in construction, the
development of a comprehensive, multidimensional analysis of costs and benefits
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associated with specific robotic application must be taken into consideration. It is
quite important to analyze success through the technical and economic feasibility
[7]. This economic feasibility is determined by the analysis of the costs and
benefits associated with their development and field implementation [7].

The capabilities of automated equipment are constrained in the aspect of
physical of the design [8]. In automated construction site one of the barriers of its
implementation is the technological barriers which the robot must cope with the
complexity of the construction process involving a dynamic and evolving site
beside the need to perform multiple tasks with differing characteristics [10].

5 Conclusion

Major acceptance factors on Automation Technology application in construction
industry based on contractors’ perspective which are highly agreed are as follows:
Prevent the hazardous to the workers; Solved the skilled labor shortage problem;
Increase the quality with high accuracy of the project; and Improve work
environment.

On the other hand, the barrier factors of Automation Technology application are
as follows: High cost to start using implements the Automation Technology in the
construction; Robots function only for limited programmed works; Automation
Technology and robotics are costly to be updated and maintained; and Most of
robots are not versatile for different site locations.
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In view to the results and analysis, the contractors have to change the attitude to
have opportunity-oriented personality and openness to change besides always be
updating with the growth of the technology in the construction industries around
the world.

In addition, the government should support the application of Automation
Technology in construction industry by providing facilities or financial fund for
construction companies that interested to implement the Automation Technology.
This is to ensure that contractors will give cooperation that lead to mutually
beneficial for both sides. Malaysian government need to give special attention to
the construction industries because the construction industry is critical to national
wealth creation and enables others industries such as manufacturing, services and
education.

The government should also conduct research on technology exchange with
other country that already implement the Automation Technology, so that the
knowledge can always be updating with the rapid growth and change in tech-
nology nowadays. Thus, assist the Malaysian construction industry to move for-
ward with the new technology in construction.
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Part X
Nano-Materials for Engineering



Alteration of Nano Metakaolin for Ultra
High Performance Concrete

A. Mohd Fadzil, M. S. Muhd Norhasri, M. S. Hamidah, M. R. Zaidi
and J. Mohd Faizal

Abstract The utilization of Ultra High Performance Concrete (UHPC) in the
construction industry is growing towards in the new millennium. UHPC produce a
very high strength and durable concrete to withstand aggressive attack from nature
such as sulphate, chloride and others. The production of UHPC depends on several
factors for instance high consumption of cement, very fine aggregates, utilizing
pozzolanic material such as silica fume and additions of hyper plasticizers. Now
days with the recent development of nanotechnology, nano materials has been
produced and utilize in the concrete. Due to the effects of ultrafine particles, nano
material will helps to enhance strength and durability of conventional UHPC mix.
In this research, nano metakaolin has been developed by using high energy milling
from raw kaolin. Zirconia oxide of jar and ball were used and the duration of
milling is 24 h. The mix proportion of this research also includes metakaolin as
cement replacement material to 10 % and nano metakaolin as additives from 1, 3,
5, 7 and 9 %. Nano metakaolin inclusion in UHPC mix will be evaluated for
cementitious properties in terms of standard consistency and setting time whereas
for mechanical properties compressive strength test will be performed. For setting
time shows that the addition of nano metakaolin at every replacement level will
increase setting of cement paste and the optimum retardation effect were recorded
by NKA1. The addition of nano metakaolin at 7 % records the highest strength
compare to other specimens. The action of nano metakaolin at 1 % acts as ultra-
filler and refines the microstructure of concrete. Furthermore, nano metakaolin also
produces a secondary hydration product by optimizing the remaining calcium
hydroxide which was not fully removed during the hydration period.
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Keywords UHPC � Nano material � Metakaolin � Nano kaolin � Setting time �
Compressive strength

1 Introduction

Now days, the application of Ultra High Performance Concrete (UHPC) is com-
monly used in the construction industry. Due to the rigid and unique design that
needs structures that can resist very high load, UHPC becomes the solution.
Determination of UHPC is concrete that can carries load that is more than
100 MPa [1, 2]. Despite of high strength, UHPC mix is also very durable due to
aggressive attack such as sulphate and chloride. UHPC mix can reduce the size of
structures such as beam and column and this will contribute in cost saving and
time [3]. However, there is many factors that to be governed in the production of
UHPC. The main criteria in UHPC mix are to produce a very dense concrete and
that includes a very fine microstructure which less void and compact. Selective
materials especially the selection of fine aggregates and minimizing the size of
coarse aggregates portion was the main factor in the contribution to a very dense
UHPC mix. Selection of binder materials which is cement and also the addition of
micro fine materials are needed. In the conventional UHPC mix, the inclusion of
silica fume as additive in the mix is required to ensure a very high strength is
achieve [4, 5]. Pozzolanic materials also been added as additive such as silica
fume, metakaolin, fly ash and rice husk.

The usage of pozzolanic materials in the UHPC mix is needed due to effect of
filler, promotes the formation of Calcium Silica Hydrate (CSH) by reacting with
Calcium Hydroxide and finally the pozzolanic reaction that influence in promoting
additional strength [6]. The terms pozzolanic materials is any materials that
consists silica or alumina or silica and alumina when react with water during the
hydration process will creates the binding effect and promoting CSH gel [7, 8]. As
been mentioned earlier, silica fume was the main material in conventional UHPC
mix because of the high silica content that will helps in the strength development.
The application of other pozzolan such as metakaolin, fly ash and rice husk also
been implemented recently by researchers to see the potential of creating pozzo-
lanic reaction in UHPC mix [9, 10].

Since the new millennium, the study and application of nano materials in
concrete has growing an interest to researcher all over the world. The utilisation of
nano silica, nano alumina and titanium oxide were common nano materials applied
as strength enhancement agent and producing a very durable concrete [11, 12].
However due to cost and the availability of nano materials, the application of those
materials is not been implemented widely in the UHPC mix.

The process of producing nano materials can be divided into two. First is top to
bottom approach that involves milling technique and second bottom to up
approach which using chemical synthesis method [11–14]. Those processes can
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produce nano size materials only the end product is different. Milling can be
considered as low cost process for producing nano materials only the disadvan-
tages was the size of particle is not uniform and the quality of end product depends
on milling speed, ball, jar type and duration of milling. Another approach by using
chemical synthesis involves high end instrument which expansive but produce
uniform size of nano product.

Nano kaolin was a product based from kaolin or white clay. Kaolin needs
treatment which involves calcination process to make it reactive and change to
metakaolin [7, 15]. Metakaolin was one of pozzolanic materials which are proven
to enhance strength and durability of concrete [16–18]. Metakaolin size which in
micro size around 1�2 lm performs as micro filler in concrete microstructure and
promoting hydration product. Nano metakaolin addition as additives will increase
the effect as nano filler that will helps to refines the microstructure of UHPC. In
addition, nano metakaolin promotes hydration product by acting as secondary
hydration process to concrete. Furthermore by implementing milling process
which is inexpensive while producing nano metakaolin will gives alternative to the
concrete industry on the utilisation of nano materials in UHPC mixes.

2 Methodology

2.1 Production of Metakaolin and Nano Metakaolin

Kaolin was procured from AKI Kaolin (M) Sdn Bhd at Puchong Malaysia.
Metakaolin was produced by calcining process from 700 �C for 3 h. This treat-
ment was needed in order for kaolin to chemically reactive to metakaolin. For nano
kaolin, high energy milling was the technique approach to refine the particles of
kaolin from micron to nano size. Fritsch Pulverisette Analyzer was the machine
used and the speed of milling was fixed to 400 rpm. To perform the milling
process, 3 mm diameter ball and jar type were fixed to Zirconia Oxide (Zi O2). The
selection of those properties was important in milling process to optimize the end
product of milling. Duration of milling for nano kaolin was fixed to 24 h. Finally
to perform nano metakaolin, nano kaolin will undergo calcination process for 3 h
and the temperature was fixed to 700 �C.

2.2 Cementitious Properties

Cementitious properties of nano metakaolin paste for standard consistency and
setting time were determined using the Vicat apparatus in accordance with BS EN
196-3:2005 ? A1:2008. The flow of the test was done on seven specimens which
OPC, MK10, NK1, NK3, NK5, NK7 and NK9. In this experiment, OPC was the
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control specimen and MK will react as cement replacement method for every
specimen and also as a mix (MK10). Finally NK will acts as additives based on
percentage from 1 to 9 %. All specimens were test on the standard consistency,
initial and final setting time. Table 1 shows the mix proportion to determine
cementitious properties.

2.3 Strength Properties

To determine the strength properties of nano metakaolin paste, specimen will
prepare by using 50 mm cube mould. Metakaolin will act as cement replacement
materials and fixed to 10 % of cement weight. Washed sand were used and sieved
at 3 mm. The size of granite coarse aggregate is fixed to 10 mm. Glenium suretec
389 were used as superplasticizers and the dosage is fixed to 2 %. Nano me-
takaolin as an additive was added to the paste from 1, 3, 5, 7 and 9 %. All
specimens will be water cured until age of testing from 3, 7 and 28 days. Table 2
shows the mix proportion for this research.

3 Result and Discussion

3.1 Cementitious Properties

The findings for cementitious properties were portrayed by Fig. 1. For standard
consistency, the addition of nano metakaolin at every level of replacement increase
the water demand of cement paste compare to OPC. NKA9 which contains of 9 %
of nano metakaolin records the highest increase in water which 187 g. From this
figure confirms that the influence of larger surface area of nano metakaolin
compare to OPC creates more spaces in the paste and resulting for nano me-
takaolin paste needs more water to fully reach the level of consistency. For setting
time, the evaluation was evaluated for initial and final set. Again the same pattern

Table 1 Mix proportion for
cementitious properties

Specimen Binder (g) Metakaolin (g) Nano
Metakaolin (g)

OPC 500 – –
MK10 450 50 –
NKA1 450 50 5
NKA3 450 50 15
NKA5 450 50 25
NKA7 450 50 35
NKA9 450 50 45
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were recorded where increase in nano metakaolin percentage will retard and
delayed the setting time for both initial and final set. For initial set NKA9 recorded
the longest time of setting compare to other mix. However for final set, two mixes
shows almost the same result which is NKA1 and NKA9. This happen due to the
alumina content in the mix especially for NKA1 optimally blends with MK and
OPC and creates more spaces for water to be hydrated [7, 19, 20].

3.2 Compressive Strength

Result for compressive strength was presented by Figs. 2 and 3. Compressive
strength data was given by Figs. 2 and 3 shows the relative strength of UHPC mix
containing nano metakaolin. From Fig. 2, the addition of nano metakaolin at early
age which 3 day curing does not influence strength compare to OPC due to high
cement content. The inclusion of nano metakaolin as additives at every level of

Table 2 Mix proportion for UHPC

Mix OPC
(kg/m3)

Water
(kg/m3)

Fine
(kg/m3)

Coarse
(kg/m3)

HRWR
(kg/m3)

MK
(kg/m3)

NK
(kg/m3)

OPC 800 160 800 433 16 0 0
MK10 720 160 800 433 16 80 0
NKA1 720 160 800 433 16 80 8
NKA3 720 160 800 433 16 80 24
NKA5 720 160 800 433 16 80 40
NKA7 720 160 800 433 16 80 56
NKA9 720 160 800 433 16 80 72

Fig. 1 Standard consistency
and setting time for nano
metakaolin paste
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percentage didn’t merge uniformly with cement matrix and causing unhydrated
nano metakaolin paste to form with calcium silica hydrate. Although size of nano
metakolin is finer than OPC, due to dilution effect causing delaying the strength.
However, starting at day 7 nano metakaolin concrete starts to develop strength and

Fig. 2 Compressive strength for UHPC mix

Fig. 3 Relative strength for UHPC mix
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records higher than OPC. The highest strength were recorded by NKA1 which 1 %
additives of nano metakaolin. From this, shows that the effect of nano particles of
nano metakaolin influence strength enhancement due to high content of silica in
nano metakaolin compare to OPC. The strength development of NKA1 is cause by
a complete dilution effect and resulting in a uniform and homogenous structure of
concrete. Furthermore nano metakaolin acts as ultrafiller by replacing and filling
the micro voids also supports the phenomena. Eventually, at 28 day curing NKA1
records the highest strength compare to other mix and this is where complete
action of nano metakaolin which is ultra filler, promoting calcium silica hydrate
gel by reducing the formation of calcium hydroxide and finally ultra pozzolanic
reaction of nano metakaolin that’s promoting additional calcium silica hydrate gel
to performs a dense structure concrete by reinforcing bonding of cement matrix
structure. Influence of nanometakaolin creates a secondary hydration product also
known as formation of crystal nucleus role or nucleation effect. Nucleus role effect
means the addition of nano metakaolin creates additional hydration product in the
surface of existing C–S–H gel [19]. These secondary gels create a penetration wall
in the gel so the formation of C–S–H gel is uniform and effecting in the early
strength of concrete.

Results for relative strength were shows by Fig. 3. For relative strength the trend
supports the findings for compressive strength. At 3 day curing, nano metakolin
mix does not improve the strength compare to OPC because the relative percentage
was less than 100 % for OPC. However at 7 day curing, NKA1 mix improves the
strength relative compare to OPC and other mix. Almost 2 % improvement was
recorded by NKA1 compare to OPC. Finally at 28 curing, NKA1 mix consistently
recorded the optimum relative strength by increment around 12 % compare to OPC.
Surprisingly another mix which MK10 consists of metakaolin at 10 % gives 6 %
increment of strength relatively better than OPC. This shows that the addition of
nano metakaolin proves to influence strength and 1 % addition of nano metakaolin
helps to optimize the UHPC mix compare to OPC.

4 Conclusions

From this research the conclusions can be offered are:

1. Nano metakaolin increase the water requirement of cement paste at every level
of additives to reach its consistency.

2. The addition of nano metakaolin as additive will delayed in setting time ini-
tially and final set due to finer particles size and increase in surface area.

3. Nano metakaolin shows slow effect of strength at early age due to dilution
effect. Eventually, starting from day 7 strength development of nano metaka-
olin will develop and the optimum strength performed by NKA1 mix consists
of 1 % additives of nano metakaolin.
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Hybrid Nanoparticle-Based XLPE/SiO2/
TiO2 and XLPE/SiO2 Nanocomposites:
Nanoscale Hybrid Assembling, Mechanics
and Thermal properties

Josmin P. Jose, Zakiah Ahmad and Sabu Thomas

Abstract This report demonstrates the successful use of hybrid nanoparticles of
SiO2 and TiO2 in cross-linked polyethylene (XLPE) and reports the comparison of
mechanical properties and thermal stability of XLPE/SiO2/TiO2 nanocomposites
compared to XLPE/SiO2, at different filler concentrations and with neat XLPE. In
the present system of XLPE/SiO2 nanocomposites, tensile strength and thermal
stability show an increasing trend with nanoparticles, followed by a decaying trend
at higher filler loading, whereas in XLPE/SiO2/TiO2 composites the property
improvement is directly proportional to the filler concentration by avoiding the
possibility for aggregation. It is found that the hybrid nanoparticles are efficiently
dispersed in XLPE matrix, have the potential to reduce the tendency of aggre-
gation by the combined effect of surface treatment on the nanoparticles and dif-
ference in surface characteristics of two kinds of nanoparticles. This results a
direct correlation in property improvement with nanofiller concentration. This
structure–property correlation is established using TEM images.

Keywords Hybrid nanoparticle � XLPE nano composites � Polymer mechanics

1 Introduction

Recent and ongoing research on organic/inorganic hybrid polymer nanocompos-
ites has shown significant improvements in mechanical and thermal properties,
without compromising other properties and processability. It is very important to
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have better mechanics and thermal stability for XLPE nanocomposites for insu-
lation applications. The major challenge faced by these hybrid nanocomposites is
the incompatibility between the organic polymer and inorganic filler and the strong
tendency of aggregation of nanoparticles [1, 2]. Surface treatment on nanoparticles
can reduce the degree of aggregation to some extend by two ways: (1) by reducing
the surface free energy of nanoparticles, (2) by increasing the compatibility
between the polymer and inorganic metal oxide nanofillers [3]. Even the surface
treatment has not fully succeeded in avoiding the strong aggregation tendency of
nanoparticles and thus there is negative effects on properties at higher filler
loadings due to the dominant filler–filler interaction over filler–matrix interaction.
Changing the surface energetics of the filler is the alternative way of breaking the
filler aggregates [4]. Very recently, hybrid system of two or more nanoparticles has
found promising in enhancing the dispersion of nanoparticles and thus by
increasing the mechanical and thermal properties [5, 6]. Uddin and Sun have
reported that silica nanoparticles reduced the agglomeration of alumina nanopar-
ticles in the epoxy matrix dispersed by sonication method [7]. In the present study,
it is tried to introduce the synergistic effect of SiO2 and TiO2 nanoparticles in
effective dispersion in XLPE matrix by eliminating the tendency of aggregation by
the combined effect of surface treatment on nanoparticles and the difference in
surface characteristics of two kinds of nanoparticles. This is evidenced by the
TEM, tensile measurements and thermogravimentric analysis, especially the
results at higher filler loading. In XLPE/SiO2 nanocomposites, tensile strength and
thermal stability show an increasing trend with nanoprticles, followed by a
decaying trend at higher filler loading, whereas in XLPE/SiO2/TiO2 composites
the property improvement is directly proportional to the filler concentration by
avoiding the possibility for aggregation. This experiment was designed to avoid
nanoparticle coalescence, which is one of the most severe obstacles to the
attainment of reliable results.

2 Materials and Methods

Low-density polyethylene (PETROTHENE NA951080), density 0.94 g/cm3 was
obtained from Equistar, USA. Polyethylene with 0.1 % maleic anhydride was
obtained from Dupont, United States. The cross-linking agent dicumyl peroxide
(DCP) and antioxidant Irganox were used. The nano-SiO2 and SiO2/TiO2 with
100 % silane, trimethoxyoctyl-reaction product was obtained from Evonik
Industries, United States.

Silane-modified nano-SiO2/XLPE and SiO2�TiO2/XLPE composites were pre-
pared by melt mixing using dicumyl peroxide as the curing agent. The nano-
composites with 2, 5 and 10 wt. % nanoparticles were prepared. The PE-g-MAH
5 wt. %, cross-linking agent, DCP 1.5 wt. % and antioxidant 0.5 wt. % were used.
The mixing was done in a Haake mixer at 160 �C and 60 rpm for 12 min. The
temperature, rotation speed, time of mixing and the amount of PE-g-MAH, DCP
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and Irganox were kept constant for all mixes. The mixed nanocomposites were
compression moulded in a hydraulic press at 180 �C for 5 min. The nanocom-
posites with 2, 5 and 10 wt. % SiO2 content were designated as S2, S5 and S10
and nanocomposites with SiO2/TiO2 were designated as ST2, ST5 and ST10.
Composite of XLPE with other ingredients without nanofiller designated as X was
also prepared for comparison. Samples were characterized by TEM, tensile
measurements and TGA.

The Transmission Electron Microscopy images of the nanocomposites were
taken in JEOL JEM transmission electron microscope with an accelerating voltage
of 200 keV. Ultrathin sections of bulk specimens (about 100 nm thickness) were
obtained at -120 �C using an ultramicrotome fitted with a diamond knife. Tensile
tests were performed at room temperature using Tinius Olsen H50KT universal
testing machine. The rectangular shaped samples of ASTM standard D638 with
dimensions 10 9 1 9 0.05 cm were used. The span length and cross-head speed
used for the testing were 70 and 10 mm/min respectively. The thermal stability
and decomposition characteristics of nanocomposites were tested using a Schi-
madzu, DTG 60, Simultaneous DTA-TG instrument with thermal controller TA-60
WS at N2 atmosphere. The heating rate was 10 �C/min from 25 to 800 �C.

3 Morphological Analysis

Transmission Electron Microscopy images of ST5 and S5 are shown in Fig. 1.
Homogeneous distribution of inorganic fillers has been found in nanocomposite of
XLPE/SiO2/TiO2 at 5 wt. % of filler loading. In contrast, a poor distribution of
nanoparticles is observed in XLPE/SiO2 with same concentration of nanofiller,
since agglomerates were found in that system. These data provide evidence that
significant dispersion level is achieved in ST5 compared to S5. The two reasons
for nanoparticle aggregation are (1) its inherent tendency to reduce the surface free
energy, (2) the formation of hydrogen bonding due to the presence of OH groups.
In this case the surface treatment on nanoparticles decreases the surface free
energy as well as prevents the formation of hydrogen bonds between the nano-
particles during the preparation of the composite samples [8, 9]. In order to
overcome the tendency for aggregation surface treatment is playing role in the
XLPE/SiO2 nanocomposite, while the synergistic effect of surface treatment and
difference in surface characteristics of two kinds of nanoparticles contribute
towards XLPE/SiO2/TiO2 nanocomposite and this leads to more efficient disper-
sion of inorganic, polar, hydrophilic filler in an organic, non-polar and hydro-
phobic polymeric matrix.
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4 Mechanics

Table 1 collects the mechanical properties of neat XLPE and nanocomposites. The
highlights of the results can be summarized as follows. (1) Both XLPE/SiO2 and
XLPE/SiO2/TiO2 nanocomposites show better values compared to neat XLPE. (2)
While comparing the two groups of nanocomposites hybrid nanoparticle filled
composites (XLPE/SiO2/TiO2) show enhanced properties for all mechanical
characteristics, tensile strength and modulus than silica filled composites. (3) Even
at low concentration (2 wt. %) higher value for tensile strength and modulus is
obtained for hybrid nanoparticle filled composites, i.e. lower filler concentration is

(a)

(b)

Fig. 1 TEM micrographs of
XLPE/SiO2/TiO2 (a) and
XLPE/SiO2 (b) at 5 wt. % of
filler loading
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enough to achieve maximum efficiency by proper dispersion of nanofillers. (4)
Tensile strength of XLPE/SiO2 nanocomposites shows an increasing trend with
increasing concentration of nanoparticles, followed by a decaying trend at higher
filler loading, whereas in XLPE/SiO2/TiO2 composite the property improvement is
directly proportional to the filler concentration by avoiding the chance for
aggregation.

The mechanical performance depends on several factors like: filler loading,
extent of interaction between matrix and filler, change in morphology in polymeric
matrix by introducing the nanoparticles, enhanced interface between filler and
polymer, particle surface characteristics like specific area, roughness, surface free
energy etc. [8]. As the interaction between the filler and matrix is improved by
increased compatibility and decreased aggregation tendency, the stress is much
more efficiently transferred from the polymer matrix to the inorganic filler,
resulting improved tensile properties [10]. However, particle aggregation tends to
reduce the strength of the material. Aggregates can act as strong stress concen-
trators [1]. The superior mechanical properties of hybrid nanoparticle filled
composites even at higher concentration can be further explained as the limited
tendency of aggregation of two kinds of nanoparticles due to the difference in
surface characteristics and thereby reduction in prevailed filler–filler interation
over filler–matrix interaction.

It is understood that, an attractive interface will decrease the mobility of the
polymer chains and a repulsive interface will increase the mobility [11]. The alkyl
chain on surface treatment can act as a link between the polymer and filler, which
makes an attractive interaface and thus the reduced polymer chain mobility.

Modulus enhancement depends on intrinsic properties of matrix as well as
interactions between matrix and filler. The reinforcing capability of nanofillers is
caused by an immobilization of the polymer chains [12]. The high modulus value
is the direct result of reduction in mobility of polymer chains. The polymer filler
interaction can contribute towards physical network density. For the present sys-
tem, polymer chain immobilization could be attained by transformation of normal
polymer chain to the constraint polymer in the vicinity of nanofillers [13]. The
immobilized polymer layer (constraint polymer) around the filler surface, is the
direct result of the effective interaction between filler and polymer. This immo-
bilized phase can contribute to the total network density of the polymer and thus
the effective stress transfer in mechanical stretching.

Table 1 Tensile strength and Young’s modulus of neat XLPE and nanocomposites

Sample Tensile strength (MPa) Young’s modulus (MPa)

X 7.8 ± 1.0 132 ± 7
S2 9.6 ± 1.0 149 ± 6
S5 10.3 ± 1.0 178 ± 9
S10 9.3 ± 1.0 210 ± 11
ST2 10.5 ± 1.0 176 ± 7
ST5 11.8 ± 1.0 185 ± 5
ST10 12.1 ± 1.0 218 ± 13

Hybrid Nanoparticle-Based XLPE/SiO2/TiO2 and XLPE/SiO2 899



The contributing factors to the improved mechanics of hybrid nanocomposites
can be summarized as (a) efficient reinforcement (b) proper dispersion of nanof-
illers in XLPE matrix by evading the self aggregation tendency in the neigh-
bourhood of another filler, leading to a uniform microstructure (c) formation of
immobilized polymer phase in the vicinity of nano materials.

5 Thermal Analysis

The thermal stability was investigated by TGA in N2 atmosphere. Figures 2 and 3
present the TGA curves of XLPE/SiO2 and XLPE/SiO2/TiO2 nanocomposites
respectively. The presence of fillers shifts the degradation temperature towards
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higher value, indicating higher thermal stability of the composites with respect to
the neat XLPE. As the filler content increases the thermal stability also increases
proportionally, except for XLPE/SiO2 at 10 wt. % concentration. At this higher
filler concentration, filler–filler interaction dominates over filler–polymer inter-
action and the property shows a decaying trend. But for hybrid system of com-
posites, thermal stability shows increasing trend up to 10 wt. % nanofiller
concentration. Enhancement in the thermal stability can be justified by taking into
account several factors like [8, 14] (1) inorganic nanoparticles possess higher heat
capacity and thermal conductivity than XLPE, which means that the nanoparticles
preferably absorbs heat, resulting in XLPE chains starting to degrade at higher
temperatures. (2) qualitative explanation observed in many studies involves the
formation of a stable carbon/nanoparticle surface. This surface exhibit analogous
characteristics that the resultant char provides protection to the interior of the
specimen [15]. The TGA values are in good agreement with the mechanical data
regarding the reduced aggregation tendency in hybrid nanoparticle composites.

6 Conclusions

The present work is concentrated on the effect of hybrid SiO2/TiO2 nanoparticles
and SiO2 nanoparticles on mechanical and thermal characteristics of XLPE matrix,
at different filler loadings. The results can be summarized as follows:

1. Hybrid nanoparticles-filled composites show better mechanical and thermal
properties compared to the XLPE/SiO2 nanocomposite.

2. The XLPE/SiO2 nanocomposite shows a decaying trend of properties at higher
filler loading, whereas XLPE/SiO2/TiO2 composite shows an increasing trend
even at higher filler loading.

3. The TEM images prove the reduced tendency of aggregation in hybrid nano-
particle filled composite and this confirm the enhancement in mechanics and
thermal stability.
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