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Introduction 
 

Welcome to the Special Issue of the Malaysian Construction Research Journal (MCRJ) 

in conjunction with the 10th International UNIMAS STEM Engineering Conference 

(ENCON2017). This conference has been an ñavant gardeò conference successfully hosted 

by the Faculty of Engineering, Universiti Malaysia Sarawak (UNIMAS) over the last 10 

years. The 10th Conference in this series was organized from 13 to 15 September 2017, at 

the Imperial Hotel, in the beautiful city of Kuching, Sarawak, Malaysia. This Conference 

was co-hosted with an active support from Tabung Ekonomi Gagasan Anak Bumiputra 

Sarawak (TEGAS), Ministry of Education Malaysia, American Society of Heating, 

Refrigerating and Air-conditioning Engineers (ASHRAE) Malaysia Chapter, Institute of 

Engineers, Malaysia (IEM), Sarawal Biodiversity Centre and sponsored by Yayasan 

Sarawak. The theme of this yearôs conference was ñGearing towards a Greener Futureò. 

 

This special issue of MCRJ includes 17 selected papers in the relevant area from a large 

number of papers which were presented at the Conference. Humans have upset the 

environmental balance since the advent of industrial revolution. The scientists and 

researchers are now doing a concerted effort to bring back the ecological system to its 

original path and to to tilt this in favour of the living beings and the resources at their 

disposal. 

 

The papers included in this special issue bring to light the research related to areas such 

as using waste material to replace elements inside concrete, to use cement leftovers as an 

additive to self compacting concrete and a host of other techniques to compensate for the 

environmental effect caused by construction materials. The researchers have also 

contributed in this special issue on subjects of dredged marine soils application in 

construction. Climate change impact on the water resources of Sarawak and specifically 

Kuching basin area is also one topic where research is focused. 

 

This special issue also presents some novel ideas on phenomena which have created 

recent interest such as design of buildings for reduction of haze impact and ways and means 

to counter and control the flash floods, which is closely related to environmental change. 

The Editors have undertaken all efforts to make this special issue informative, useful and 

scientifically sound, equally for the researchers and the decision makers. 
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Editorial 
 

Welcome from the Editors 

 

Welcome to this special issue in Malaysian Construction Research Journal (MCRJ) for 

the 10th International UNIMAS STEM Engineering Conference (ENCON2017). We would 

like to express our sincere gratitude to our contributing authors, reviewers, organizers and 

readers. 

 

This special issue in MCRJ for ENCON2017 contains seventeen (17) interesting papers 

covering the theme of ñGearing Towards a Greener Futureò. It is hoped that the readers 

would greatly benefit from the scientific content and quality of papers published in this 

issue: 

 

Brief introduction of each article is given as hereunder: 

 

Jeffrey Boon Hui Yap et al., have presented the design change dynamics in building 

construction. Systemic effects of design changes are often under-estimated, triggering 

considerable overruns in project schedule and costs. To improve the understanding of the 

causal nature of design changes and its dynamic impacts on project performance, a causal 

loop model is conceptualised using system dynamics approach. 

 

In their article on ñGeospatial Assessment of Soil Moistureò Abdulkadir Taofeeq 

Sholagberu et al., have provided a solution to the expensive and laborious ground based 

measurement of soil moisture. They have proposed a satellite-derived LST-NDVI 

relationship for evaluation of geospatial distribution of soil moisture and applied its 

distributional pattern in mountainous Cameron Highlands watershed. 

 

Lim Chung Han et al., have studied the use of quarry dust as replacement in structural 

concrete. In an indepth review of the situation, they have concluded that quarry dust 

replacements from certain stones such as marble and granite can equal or surpass the 

mechanical properties of conventional concrete whilst other types required usage at 

optimum amount to achieve the same. 

 

In a research article authored by Suraya Hani Adnan et al., the use of cement leftovers 

from hollow os spun piles is studied as an additive in self compacting concrete. Spun piles 

have been used widely by developing countries, including Malaysia, to construct the 

foundation of most construction projects. A spun pile is a reinforced precast and prestressed 

concrete that is compacted in a mould through spinning compaction. The spinning 

compaction produces cement leftovers in the hollow part of spun piles that can be added to 

concrete mixtures as an additive. The results indicated that higher compressive strength and 

lower water absorption were achieved by the concrete samples containing cement leftovers 

compared to controlled concrete. 

 

Ting Wee Kiet et al., have studied the interfacial friction behavior in narrow wall paste 

backfill system. There research has highlighted that the interfacial friction angle (ŭ) at the 

backfill-aluminium interface is weaker than internal friction angle (◖) of the backfill itself 

with an average factor of 0.69 (ŭ/◖ =0.69). This factor is comparable to 2/3 or 0.67 which is 
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commonly used in the design and analyses. The results help to better understand the 

behaviour of the backfill system, enabling engineers to optimize the paste backfill system 

design. 

 

Evolution of Shear Strength with varying cement dosages in dredged marine soils is 

studied by Nurul Syakeera Nordin and Chee Ming Chan in their research article. Their 

research shows that the reuse of Dredged marine Soil (DMS) as a geomaterial minimizes the 

impact to environment. 

 

Siti Farhanah S.M Johan and Chan Chee Ming researched on the effect of granular 

inclusion on the consolidation rate of dredged marine soils. Their study investigates the 

granular inclusion such as sand, palm oil clinker and recycled pavement materials, in 

conjunction with dredged marine clay from dredging project at Kuala Perlis, Malaysia to 

improve the consolidation rate. The results showed that the use of granular materials does 

improve consolidation rate as well as strengthen the soil particles. Moreover, the effective 

use of waste granular materials such as palm oil clinker and recycled pavement materials 

contributes to developing a sustainable society by reducing the huge quantities of solid 

wastes and establishing a sound environment. 

 

Theoretical aspects of undrained shear strength (Su) and consolidation ratio for marine 

soft clay were studied by Alvin John Lim Meng Siang et al., through studying the  

relationship between these two variables. The results show that a non linear relationship 

holds between undrained shear strength and over consolidation ratio (OCR) due to variation 

in soil strength. 

 

Omer Iqbal et al., have worked on the identification of brittle zones of Potential 

Roseneath Shale gas at Cooper basin Australia. They have studied the geomechanical and 

petrophysical properties of these brittle zones in Cooper basin. They have classified the 

brittleness index and correlated it to the structural and composition analysis. 

 

N. Rostam Afshar and D.N. Suhaimi studied the climate change impact on water 

resources availability in Sarawak. According to Intergovernmental Panel on Climate Change 

(IPCC), nearly all regions of the world are expected to experience a net negative impact of 

climate change on water resources and freshwater ecosystems. The aim and objectives of 

this research are to find out the interaction between current meteorological conditions with 

water production and consumption, within the Kuching area in order to evaluate impact of 

climate change on water resources. 

 

Challenges and Opportunities of Green Roof Design were studied by Shariar Shams et 

al., in their case study on Bandar Seri Begawan. Through their research they show that lack 

of awareness and high installation cost and maintenance cost are the major challenges to the 

application of green roof policy in Bandar Seri Begawan. 

 

Mohammad Zawawi Rosman and Chee Ming Chan have studied the compressibility 

and consolidation behavior of Dredged Marine Soils admixed with Cement and/or Waste 

Granular Materials (WGM). The cement-WGM-admixed samples display considerable 

compressibility and time-dependent consolidation properties. Moreover, the addition of 

Coal Bottom Ash (BA) in cement-admixed DMS could reduce the usage of 5 % cement. 
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These findings suggest that in general, WGM could act as supplementary additive to 

cement. 

 

Muhammad Taufiq Jumahadi et al., explored the wind effect on high rise buildings 

configuration for haze reduction. Using Solid Works flow simulation they show the 

influence of doubled and tripled spacing between the buildings. The effectiveness of the 

wind speed in haze reduction is evaluated through a minimum normalized wind speed as 

outlined in the Air Ventilation Assessment (AVA) system where lower wind speed is 

believed to potentially trap haze particles. With the CFD settings optimized and simulated, 

the circle building shape is observed to be most effective by yielding the smallest region of 

low-speed wind, 16.5% to 27.7% smaller than square and triangle buildings. Spacing 

insignificantly affects the wind speed regions with changes only up to 6.1%. However, 

larger spacing allows a larger wind passage through the layout but also carries the drawback 

of larger stagnant area leeward of each building. 

 

Hamidun Mohd Noh and Yoshimi Sonoda present their research on the impact of 

cover/bar diameter ratio to the structural performance of reinforced concrete member due to 

corrosion. This study could predict the structural deterioration by numerical analysis using 

the c/d ratio. Hence, the findings provide a good input in designing a structure which takes 

into account the c/d ratio and also the corrosion level of the structure. 

 

The use of Material Flow Analysis (MFA) and Life Cycle Assessment (LCA) in the 

agriculture waste management system in Kuala Terengganu is studied by Latifah Abdul 

Ghani et al. In this study, Material Flow Analysis- Life Cycle Assessment model of 

integration, with Integration of Material Flow Analysis-Life Cycle Assessment, has been 

developed and tested based on real data to confirm their validity as a valuable tool for 

assessing the environmental conditions for agricultural waste management system in the 

study region. 

Syed Muzzamil Hussain Shah et al., present design considerations of an advanced 

flood cautionary sign. This research is important for vehicles safety at low lying areas. The 

research is expected to reduce the vehicle related fatalities during floods which can alert the 

drivers in advance prior to entering the floodwater. 

 

Siti Noor Linda Taib et al., have conducted a study on the influence of moisture 

content in cement stabilized Serian soil. The research has shown that Optimum Moisture 

Content (OMC) in cement stabilized soil gives better inter cluster cementation bonding and 

reduces pore spaces. 
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Abstract  
Design changes are inevitable in building construction. The systemic effects of design 
changes are often under-estimated, triggering considerable overruns in project schedule and 
costs. To improve the understanding of the causal nature of design changes and its dynamic 
impacts on project performance, a causal loop model is conceptualised using system 
dynamics approach. The model facilitates project learning with the use of graphical 
representation of cause and effect feedback processes. The dynamic hypotheses indicate 
that effective communication improves design management and reusable project knowledge 
delimits design changes. Qualitative semi-structured interviews with twelve practitioners were 
conducted to gain insights on the causal relationship of the key variables. The 
conceptualised model is possibly the first ever model to correlate strategic management of 
design changes. This study addresses the current methodological gap in construction project 
management research that lacks system thinking and demonstrable causality with effective 
communication management and learning through past project experience and knowledge 
reuse for improved project delivery in the built environment. 
 
Keywords: Design change; overruns; communication; learning; systems thinking 

 

INTRODUCTION 
 

Design changes are widely reported as the primary cause for inhibiting successful 

delivery of building projects worldwide (Yap and Skitmore, 2018). Notwithstanding the 

considerable amount of research addressing the causal factors of delay and cost overruns, 

design changes remain a perennial problem undermining the performance of construction 

projects (Yap et al., 2017a), suggesting that alternative research approach is required in 

controlling design changes. A recent study by Ahiaga-Dagbui et al., (2017) affirm the 

existing gap in research methodology in construction cost overruns research that lacks 

demonstrable causality. To address the current deficiency, Ackermann and Alexander 

(2016) advocate the use of causal mapping in researching complex projects. Complexity in 

project management may be tamed by system thinking (Sheffield et al., 2012). Also, it is 

worth mentioning that there are limited studies incorporating project learning and effective 

communication with system thinking approach in the management of project overruns. 

 

This recurring pervasive cause of overruns underpins the aim of this paper to understand 

the effects of design change dynamics on project outcomes using system dynamics 

approach. This paper proposes incorporating effective communication and project learning 

in the management of design changes to reduce the detrimental effects. System thinking will 

assist the construction industry in comprehending the implications of delay and disruption 

provoked by design change-induced rework. The objective of this paper is to develop a 
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qualitative model with system dynamics approach for controlling design changes in building 

construction projects. The emerged causal model is useful for construction practitioners to 

better understand design change dynamics, design change-induced rework and enhancing 

project learning through effective communication management. A sound comprehension of 

causes and effects is a prerequisite for effective design management. 

 

LITERATURE REVIEW 
 

To understand the principal issues with design changes in building construction 

projects, preceding studies associated with this study were collected. Key variables are 

identified to characterise the dynamics of the problem to be investigated. The review 

includes published literature relating to design changes, rework, and overruns in 

construction projects as well as delay and disruption, communication management and 

project learning. Thus, the dynamics of design changes in building projects are established. 

 

Design Changes and Rework 
 

Design changes are inevitable in any building construction projects. Although design 

changes are a common phenomenon in the construction industry, nonetheless, the project 

schedule and cost performance are significantly undermined by unplanned design changes 

during construction. To understand design change dynamics, Abdul-Rahman et al., (2016) 

categorise the causal factors of design changes into client-related, consultant-related, 

contractor-related, site-related and external-related. Abdul-Rahman et al., (2016) conducted 

a literature review and synthesised the definition of design changes as ñregular additions, 

omissions, and adjustments to design in a construction project that occurs after the award of 

a contract which affects the contract provisions and work conditions that make construction 

dynamic and unstableò. Such changes to the design ultimately degrade project time and cost 

performance. 

 

On the other hand, rework is another common occurrence in building construction 

projects. Empirical evidence clearly shows rework being a major contributor for overruns 

(Yap et al., 2017c). Thus, according to Abdul-Rahman et al., (2016), design change-induced 

rework can be synthesised as ñunnecessary efforts of redoing a process of work or activity 

due to incorrect implementation at the beginning that arise from design changesò. Hence, 

such additional activities are non-value adding, wasting time and resources. 

 

A major contributor to rework is design changes. Past studies have shown significant 

rework due to design changes. Design change-induced rework can adversely degrade project 

time and cost performance [e.g. Love et al., (2000) and Sommerville (2007)]. Design 

change-induced rework can account for nearly 50% of cost overruns in projects (Love, 

2002). Rework arising from unplanned changes leads to disruptive effects and can cost up to 

10-15% of the contract value (Senaratne and Sexton, 2009). 

 

Chang (2002) conducted a case study on four engineering projects in California and 

revealed that project schedule was extended by 69% and cost increased by 25% due to 

design changes. Cox et al., (1999) claimed that the cost associated with design changes was 

5-8% whereas Chang et al., (2011) describe an average of 8.5%. Rework is one of the 

common causes of loss of project productivity (Yap et al, 2017c). Design change-induced 
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rework generates ripple effects that create delay and disruption to construction workflow. 

When rework increases, the project cost and schedule is likely to increase which eventually 

leads to excessive claims and disputes. Thus, a thorough understanding of the underlying 

dynamics of design changes that induce rework is prerequisite so that effective measures for 

design change management can be devised. 

 

Effective Communication and Project Learning 
 

In highly dynamic and fragmented construction project environments, communication 

becomes complex but essential. Lack of timely and effective communication is one cause of 

project changes. Project Management Body of Knowledge (PMBOK) Guide outlines the 

importance of communication management in team collaboration and project delivery 

(Project Management Institute, 2013). Managing communication processes is essential for 

successful delivery of construction projects and provides a platform for harvesting project 

learning. Also, mutual sharing of experiences and knowledge will reinforce team learning 

and team cohesion (Yap et al., 2017a). Learning from the project is an essential requirement 

for project-based industry to avoid repeated mistakes, slow and wrong decision-making 

(Yap and Lock, 2017). 

 

Yong and Mustaffa (2013) assert that human-related soft factors as desirable for 

successful delivery of construction projects. Factors contributing to waste due to design 

change-induced rework are mainly management problems (Rounce, 1998). Learning from 

past experiences will assist in identifying and evaluating future changes (Yap et al., 2018). 

The ability to effectively communicate and learn plausible design changes helps mitigate 

overruns. Drawing on Kellyôs personal construct theory on personal inquiry, project 

participants make sense of their situation by relating current events to detect patterns and 

themes to better manage future events (Ackermann et al., 1997). Sterman (2000) provides 

an understanding of project learning based on cause and effect feedback processes. Hence, 

feedback loops promote comprehending reusable project knowledge, utilising project 

experiences and valuable learning to make sense of future construction projects. 

 

Project learning reduces project duration and resource requirements. Capturing of 

reusable project experiences and knowledge is crucial (Yap et al., 2017a). The learning 

process can be further enhanced with the use of graphical illustration or graphical model for 

visual representation to promote understanding and sharing of the explicit model. To 

facilitate effective learning and communication, Sterman (2000) advocates the application 

of system dynamics (SD) be expanded into ómanagement simulatorô or simply management 

training tool for visualising and understanding of how the design change influences project 

performance. The flow diagrams in SD are a vivid tool for this purpose. This proactive 

approach allows practitioners to review and challenge assumptions and plans before 

problems arise, which increase the probability of project success. 

 

Why System Dynamics? 
 

SD is a modelling method developed based on a notion from system thinking ideas. 

From the beginning, SD emphasised the multi-loop, multi-state, nonlinear character of the 

feedback systems in which we live (Forrester, 1961). System thinking is a holistic approach 

to problem-solving based on general systems theory, a philosophy of science and 
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engineering based on the idea of combining the knowledge gained through analysis, and the 

understanding obtained through synthesis to address root causes of problems. System theory 

is basically an approach to intellectually engaging change and complexity (Chen and Stroup, 

1993). System thinking focuses on making sure the process of inquiry into real-world 

complexity is itself a system for learning. Weinberg (1975) describes system thinking as an 

approach to problem-solving. Senge (2006) introduces system thinking as the key 

component of organisational learning. System thinking provides methods and techniques for 

applying non-linear causal thinking to innumerable planning and management problems. 

Hence, SD makes use of the principles of system thinking to develop models to delineate 

complex issues grounded in control theory to the analysis of complex and non-linear 

systems (Sterman, 2000). Over the last two decades, the application of SD has been 

prevalent in studies focusing on dealing with economic, managerial, environmental and 

societal issues of high complexity. 

 

Building Construction Project as Dynamic System 
 

Building construction is indeed a precarious, dynamic and demanding endeavour. 

Sterman (1992) labels construction projects as vastly complex, comprising of multifarious 

interdependent components, exceptionally dynamic, encompassing various feedback 

processes, containing non-linear relationships and including both hard and soft data. Love et 

al., (2013) justify the application of SD modelling in construction project environment for 

its complex, inter-dependent, uncertain and labour-intensive processes. These explain the 

need for system thinking where design changes must not be considered in isolation but 

dynamically associated with other factors.  

 

Dynamic modelling has been successfully applied to construction related problems 

including project management [e.g. Rodrigues and Bowers (1996)], effects of rework on 

project performance [e.g. Han et al., (2013)], change management [e.g. Cooper and Lee 

(2009)], delay and disruption [e.g. Howick et al., (2009)], and analyzing project cost 

overruns [e.g. Eden et al., (2005)], among others. That vindicates why SD can fulfil 

modelling requirements for design change dynamics in building construction projects (Yap 

et al., 2017b). 

 

Coyle (2000) stresses that a qualitative SD model can be utilised to put a very complex 

problem, which may require many pages of narrative explanation, onto a single piece of 

paper. These models facilitate a deeper understanding of mental models. Accordingly, 

Wolstenholme (2003) points out that the process of system description used in SD is that it 

is sufficiently straightforward and realistic to facilitate communication. Thus, effective use 

of SD model to represent the óreal worldô improves the effectiveness of decision-making 

processes as well as easing practitioners to learn from experience which coincides with the 

aim of this paper. 

 

RESEARCH METHODS AND PROCEDURES 
 

This study adopted an inductive research approach to learn the systemic effects of 

design changes. Similarly, Love et al., (2011) explored the causal mechanisms of rework in 

off-shore hydrocarbon projects, and Park et al. (2009) examined systemic causes of design-

build (DB) delivery system in construction projects using such approach. As limited studies 
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have addressed design changes with communication management and project learning 

approach in building construction, analytic induction was adopted. Analytic induction refers 

to explanation building where a set of causal links are identified (Johnson, 2004). It involves 

a logical and systematic appraisal of the phenomenon to locate common factors and 

provisional explanations. It facilitates the formulation of the guiding principle which best 

represents the real problem. Nonetheless, no evaluation can be deemed terminal as the real 

world is dynamic and infinite. The establishment of causal events due to design changes and 

design change-induced rework can explain the relationship between the variables. The 

aggregation of events can result in generalisations. 

 

Data Collection 
 

A qualitative approach employing semi-structured interviews with consenting 

interviewees were carried out in data collection. Interviews are considered a suitable data 

collection mechanism to gain insights into a phenomenon in an exploratory study because 

they are appropriate and effective tools for researching into the unobservable phenomenon. 

Interviews can elicit rich stories from subjectsô mental databases (Luna-Reyes and 

Andersen, 2003). 

 

Stratified purposive sampling was adopted to select the interviewees with at least ten 

yearsô of relevant working experience in building construction sector and holding high 

managerial positions. Twelve in-depth interviews were carried out over a one month period 

with practitioners from the client, consultant and contractor organisations (see Table 1). All 

the interviewees have been involved in at least three building projects with the majority of 

the interviewees being directors or senior managers. The rationale for the combination of 

interviewees from the three key stakeholders was to provide an unbiased outlook of the 

research phenomena. The interviews were carried out at the intervieweesô offices for their 

convenience and confidential one-to-one manner. The interviewees were asked to answer 

questions related to the following key themes: causal factors of design changes, effects of 

design changes on rework and project performance; how effective communication can take 

place in a fragmented project environment, and the reuse of past project experience in 

controlling design changes. Interviews were kept open using phrases such as óplease tell me 

moreô or óplease share your experienceô. While interviewing, note taking and digital audio 

recording (prior consent was obtained) were done to maintain the accuracy of data 

collection. The number of interviews is adequate because theoretical saturation was 

achieved. 

 
Table 1. Intervieweesô profile 

Role in project Sample size (n = 12) Designation 

Client 4 
2 Deputy General Manager; 1 Senior Project Manager; 1 Project 
Manager 

Consultant 4 1 Project Associate; 2 Director; 1 Principal 

Contractor 4 1 Chief Executive Officer; 2 Project Director; 1 General Manager 

 

Data Analysis and Results 
 

The initial step in the analysis was to read each interview transcripts several times to get 

familiar with them and grasp each intervieweeôs views on the key themes identified. 

Qualitative content analysis was then employed to determine the key variables and the 
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associated relationships from the interview transcripts (Sterman, 2000). The analysis 

revealed that a systemic relationship exists between design changes, rework and time-cost 

overruns. Although, interviewees aware that design changes cannot be avoided in 

construction projects due to various reasons, they acknowledged that design change-induced 

rework is detrimental to project time-cost performance. According to the majority of the 

interviewees, design changes inflate project duration by 10% to 20% and increase the cost 

by 10% to 20%. The interviewees shared the effects of design change-induced rework to 

include disputes and claims, redoing completed works, loss of rhythm, difficulties in 

coordination, disruptions of works, high wastages, and demotivation of workers. In fact, 

most of the interviewees agreed that effective communication and project learning are 

efficacious in controlling design changes in building construction projects. They are also in 

agreement that graphical representation of cause-and-effect feedback processes (causal 

loops) would benefit project learning for managerial decision-making concerning design 

change management. 

 

MODELLING USING SYSTEM DYNAMICS 
 

A predominant framework was developed by Sterman (2000), to structure the sequence 

of the modelling process using SD (see Figure 1) which is adopted in this study. The first 

two stages involve developing a qualitative model which is termed as systemôs 

conceptualization. The next three steps involve the quantitative modelling where 

mathematical equations are formulated for computer-based simulation. This article focuses 

on the conceptualization of a qualitative system dynamic model which will be discussed in 

the next section. Since delays, feedbacks and nonlinearities in schedule delay and cost 

overruns due to design changes are usually beyond practitionersô mental model; a 

qualitative model is developed to capture the underlying dynamics interactions among the 

various sub-systems. 

 

 
Figure 1. Modelling process using system dynamics according to Sterman (2000) 

 

Model Conceptualization  
 

Conceptualization of a problem is an essential activity in the development of a SD 

model. The initial step is concerning articulating the problem which involves defining the 

problem or issue at hand to be solved and outline the objective of the model. Here, the 

boundary of the model is established and key variables identified. In this case, the model 

1. Problem articulation

2. Formulating of dynamic hypotheses

3. Formulating of model

4. Testing the model

5. Policy design and evaluation

 

 

Qualitative modelling

Quantitative modelling 

and simulation
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looks at how design changes could potentially influence project time and cost performance. 

The second step is related to deriving the dynamic propositions. Here, the key variables 

were identified from in-depth interviews with practitioners and published literature. SD 

model conceptualization instigates with the development of a causal loop diagram (CLD) or 

also known as influence diagram (ID). A CLD demonstrates a succession of causations 

having all variables representing both causal and affected variables. With that, the causal 

relationships can be recognised by tracing the direction of the arrows, starting from any one 

variable, traversing the loop and coming back to the same variable. 

 

A CLD consists of variables that are connected by arrows denoting the causal influences 

between variables. Each causal link is allotted a polarity, either positive (+) or negative (-), 

to show in what way the dependent variable is affected each time the independent variable 

changes. The dynamics of all systems derive from the interaction of two types of feedback 

loops. Positive loops (R) tend to reinforce or amplify whatever is already occurring, whereas 

negative loops (B) counteract and oppose change (Sterman, 2000). In other words, positive 

or reinforcing loop create a vicious or virtuous cycle while negative or balancing loop is 

goal seeking. 

 

The empirical findings reveal that design changes can increase the duration and cost of 

the project by as high as 20%. To explain this, in building construction projects, a design 

change usually causes some extent of rework to either the design or construction works. 

This will then create some disruptions to the workflow which will eventually result in time 

delay. As the project schedule is now delayed, the additional resources (cost) will be 

required to bring the project back on track such as through fast tracking or crashing. Thus, 

Figure 2(a) shows a negative feedback loop ñB1ò which induces a self-balancing loop 

between design changes, design changes-induced rework, and time-cost overruns. Hence, 

the first dynamic hypothesis indicates that reducing design changes will diminish resulting 

rework that ultimately leads to improved project delivery outcomes. 

 

  
Figure 2a. Dynamic Hypothesis 1 Figure 2b. Dynamic Hypothesis 2 

 

Figure 2(b) exhibits the second dynamic hypothesis with the management of design 

changes through effective communication and project learning. From the CLD, any design 

change will lead to more communication followed by additional project learning from the 

communicated information. Thus, the project knowledge of the practitioners is further 

enriched. According to Kellyôs theory of personal constructs, past project experiences will 

facilitate learning and boost the application of reusable project knowledge. Thus, reducing 

the likelihood of design changes as building construction projects share some similar 

characteristics (Olawale and Sun, 2010) and reuse of relevant project experiences for 

strategizing corrective management actions (Abdul-Rahman et al., 2008) with project 
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learning approach (Love et al., 2015; Yap et al., 2018). The second dynamic hypothesis is 

based on a negative feedback loop ñB2ò which is goal seeking where improving project 

communication will enhance project learning which will ultimately diminish rework arising 

from design changes. 

 

Causal Loop Model  
 

Figure 4 illustrates the static and linear relationships between design changes and 

factors that influence project time-cost outcomes. However, there has always been a 

limitation with a static model for the understanding of dynamic and non-linear problems. 

Without understanding the knock-on effects of design changes, practitioners may not be 

aware of the system-wide consequences while making any managerial decision which can 

be disastrous at times. 

 

 

Figure 4. Conceptual static model for learning of design change dynamics 

 

The use of causal loop model, on the other hand, enables practitioners to learn the 

systemic effects of design changes to project time-cost outcomes. Static thinking presents 

interrelationships in linear cause-and-effect chains while system thinking elucidates them in 

circular cause-and-effect chains. In addition, real world problem is commonly influenced by 

ósoftô or people factors which often cause delays and disruptions but absent in static model. 

Hence, dynamic approach is more germane to the real world which is non-linear in nature 

(Sterman, 2000). Dynamic modelling addresses the limitation of static models (Rodrigues 

and Bowers, 1996). The major variables that influenced design changes were identified 

from the interviews with clients, consultants and contractors as well as the recent literature 

which were then used to derive influence diagrams. The diagrams were then combined to 

develop the conceptual causal loop diagrams. Figure 5 presents the qualitative causal loop 

model for the understanding of design change dynamics to project outcomes created in 

Vensim, which is a SD simulation software. In this model, delays and disruptions are 

represented with added scope with more tasks to do due to design changes as well as soft 
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human factors with degrading performance over time due to dwindled motivation and 

augmented fatigue. Eventually, productivity suffers, leading to additional time to complete 

the tasks. These variables have significant non-linear effects on the overall project 

outcomes, allowing the practitioners to visually understand the implications which are 

isolated within conventional static models.  

 

 
Figure 5. Conceptual model of design changes based on causal modelling concepts  

 

A Systemic Approach to Design Change Mitigation 
 

Figure 6 exhibits the CLD for managing design changes in building construction 

projects. The causal relationship enables a complete understanding of the chains of impacts 

due to design changes. The relationships between variables are clearly illustrated in the 

CLD. 

 

 
Figure 6. Design changes management control loops 

 

The results suggested that the detrimental effects of design changes are mostly due to 

rework. Hence, design change induced-rework significantly contributes schedule and cost 

overruns in projects. Rework is one of the common causes of loss of project productivity 

and has a considerable impact on project performance. Lower productivity is due to the poor 

motivation of workers as well as stress and fatigue due to extensive overtime works. In line 

with the discussion above, there is an imperative proactive need to manage design changes 
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to effectively mitigate schedule delay and cost overruns that are unremittingly plaguing the 

building construction subsector. Hence, this study has shown the application of effective 

communication and project learning in controlling design changes. 

 

DISCUSSION 
 

Akin to previous research, the most significant cause of delay and cost overruns in 

building projects is design changes. The disruptions are derived from rework. The adverse 

effects of rework are amplified due to soft human factors such as motivation and 

productivity (Sterman, 2000). This study assimilates these essential variables to provide an 

overview of design change dynamics. The utility of the CLD developed above is in their 

ability to explain the likely scenarios of design changes within the project system. The cause 

and effect illustration (causal relationship) provides an overall understanding of the 

phenomenon. Although design is an iterative process where changes are ineluctable, a 

multidisciplinary team-based approach to problem-solving is essential. Effective 

communication (Chou and Yang, 2012) and project learning (Abdul-Rahman et al., 2008) 

create innovative and effective solutions to complex problems through collaboration (Yap et 

al., 2018). The conceptualised CLD is underpinned by the above mentioned theoretical 

concepts which set forth the modelôs novelty. The CLD is beneficial for making sense of 

delay and cost overruns causation and mitigation through effective communication and 

project learning. The qualitative SD model addresses the methodological weakness in the 

mainstream delay and cost overruns research in construction project management domain 

that lacks system thinking and demonstrable causality as highlighted by Ahiaga-Dagbui et 

al. (2017). The model is reasonable and appropriate for practitioners to gain insights into the 

design change dynamics. 

 

CONCLUSIONS 
 

Design changes are inevitable in any building construction project. However, design 

changes are extensively blamed for schedule delays and time overruns worldwide. 

Notwithstanding the plethora of time-cost overruns related studies, limited studies are 

looking at the systemic effects of design changes on time and cost outcomes in building 

construction projects in Malaysia. Through the analysis of interviews, design changes 

account for 20% of cost increase and schedule growth in Malaysian building projects. 

Without a holistic understanding of the causal relationships of design changes to project 

delivery outcomes, practitioners are unable to grasp the overall consequences of 

implementing any design change request. This paper addresses both the knowledge and 

methodological gap in construction project management research. Hence, a system 

dynamics approach is adopted to further enrich this comprehension through the qualitative 

model.  

 

To control the adverse effects of design changes, the dynamics that influence a design 

change need to be identified and attended to appropriately. The static model which is a 

noteworthy outcome from this study asserts the significance of project learning and 

communication management to minimise design change-induced rework, eventually reduce 

delays and disruptions for better project delivery. System dynamics model, on the other 

hand, offers practitioners with the ability to visualise systemic effects of design changes and 

how the human factors influence project performance before actually making the decision to 
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implement the proposed design changes. This practice enables practitioners to address 

issues before they become problems. This conceptualised model is possibly the first ever 

model to correlate strategic management of design changes with effective communication 

management and learning through past project experience and knowledge reuse for 

improved project delivery in the built environment. 

 

The conceptualised model is expected to be further extended to form the stock and flow 

diagram. Subsequently, the mathematical formula will be incorporated into the simulation 

model to test if the simulated results would represent the real world problem. Vensim has 

Monte Carlo sensitivity, optimisation and sub-scripting capabilities. Further research can be 

aimed at incorporating more variables in the system to increase its credence. Also, the 

model can be tested using some practical cases to augment its soundness and reliability. 
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Abstract 
Soil moisture is a significant unit of hydrological cycle that influences groundwater recharge 
and surface runoff. The expensive and laborious nature of ground-based measurement of 
soil moisture has called for the application of remote sensing and geographic information 
system techniques. An investigation into soil moisture status is paramount to land 
degradation and desertification assessment. This study is therefore aimed at assessing the 
satellite-derived LST-NDVI relationship for evaluation of geospatial distribution of soil 
moisture and evaluating its distributional pattern in mountainous Cameron Highlands 
watershed. Satellite sensors of Landsat-8 were used for estimation of soil moisture in 
ArcMap. The results of this study indicated that the mean land surface temperature (LST) for 
the area was estimated to be 23.30oC. Linear slope equations representing the maximum 
LST (dry edge) and minimum LST (wet edge) for LST-NDVI space scatter plot were 
evaluated for soil moisture index (SMI) estimation. The SMI values between -0.1484 and 
0.3577 were observed with mean and standard deviation of 0.0965 and 0.0238 respectively. 
The results indicated that the highest mean SMI value occurred in the ñvery highò elevation 
class. This was because most high elevated areas are abundantly vegetated (high NDVI 
values) with the relatively low level of human activities that expose the land surface. This 
study explores multispectral satellite-based soil moisture assessment for sustainable 
watershed management. 
 
Keywords: Landsat-8, NDVI, LST, Geospatial, Elevation, Soil moisture 

 

INTRODUCTION 
 

Soil moisture is one of the hydrological elements that influence the quantity of water 

available to recharge groundwater and surface flow. This makes it crucial in hydrological 

studies (Lenkat, 2013) whose assessment is required for many environmental applications 

such as irrigation, cultivation management (Kustas et al., 2004; Dodds et al., 2005; Consoli 

et al., 2006). A regional scale monitoring of soil moisture could be helpful for land 

degradation and desertification assessment, and prevention as identified by many 

researchers (Xu and Chen, 2005; Petropoulos et al., 2009). The moisture information is 

significant in modeling and forecasting of hydrological and atmospheric processes (Jacob et 

al., 2002) and also land-atmosphere interactions (Qi and Chang-Yao, 2004). According to 

USGS (2016), transpiration as one of the elements of hydrological cycle affected by 

temperature, wind, air movement, humidity, vegetation type and soil moisture. In the past, 

ground-based measurements through conventional method (such as the gravimetric method) 

were adopted to observe soil moisture though accurate but it is expensive, laborious and 

time consuming (Engman and Schultz, 2000). Local-scale variations in soil properties, 

terrain and vegetation cover for watershed under consideration make it difficult to select 

best sites for the measurements (Verstraeten et al., 2006). In an attempt to eliminate these 

challenges and owing to spatiotemporal characteristics of soil moisture distribution, remote 

sensing and geographic information system (GIS) techniques have been deployed for its 
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assessment and measurement. Optical remote sensing makes use of reflectance(s) capability 

of different bands to obtain the soil moisture information for different soils types (Whiting 

et al., 2004). These techniques provide time series records of land surface parameters such 

as surface temperature, water availability, land-use pattern, vegetation index and soil 

moisture both at watershed and regional scales (Andrew, 2012). The aforementioned 

parameters are often extracted from various satellite data. Some approaches and algorithms 

have been developed and applied over the past few decades to monitor these parameters 

(Vicente-Serrano et al., 2004). Normalized difference vegetation index (NDVI) is one of the 

parameters derived from optical sensors that indicate the degree of healthiness and 

abundance of vegetation in a watershed. 

 

Studies have shown the retrieval of land surface temperature (LST) and NDVI from 

Advanced Microwave Scanning Radiometer-Earth Observing System (AMSR-E), 

Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) and Landsat 

images (thematic map-TM, enhanced thematic map plus-ETM+ and the recent Landsat-8) 

(Boori and Ferraro, 2013; Soheila, 2013). The extraction methods for various parameters 

including soil moisture vary from empirical to physical methods. An extensive review of 

soil moisture retrieval methods, merits and demerits can be found in (Engman and Gurney, 

1991) and the references therein. Information derived from óscatter-plotô between satellite-

derived NDVI and LST is adopted for soil moisture assessment (Petropoulos et al., 2002). 

Variation in soil moisture is represented by the slope of the scatter-plot (Verstraeten et al., 

2006). The plot is called LST-NDVI space diagram which often gives a triangular shape 

(Jan, 2010; Carlson et al., 1994) or trapezoidal shape (Lijuan et al., 2004; Nemani and 

Running, 1989). The interpretation of this scatter plot has a theoretical basis for soil 

moisture assessment (Moran et al., 1994). Some studies on soil moisture are based on the 

analysis of time series record of in-situ measurements and modeling (Lijuan et al., 2004). 

Nemani and Running (1989) highlighted in their studies that the slopes of the scatter plot 

could be expressed as a function of surface resistance in Penman-Montieth equation. 

Literature revealed studies that applied LST-NDVI relationship for extraction, analysis and 

monitoring of drought (Qi and Chang-Yao, 2004; Jackson et al., 1981; Wan et al., 2004; 

Boegh et al., 1998; Battsetseg and Erdenetuya, 2012); evapotranspiration (Moran et al., 

1994; Carlson et al., 1990; Kaicun et al., 2006) and soil moisture (Nemani et al., 1992; 

Goetz, 1997; Sandholt et al., 2002). In related studies by Wan et al. (2004), LST and NDVI 

derived from MODIS data were used to generate the Vegetation Temperature Condition 

Index (VTCI) for monitoring droughts in the southern Great Plain, USA. The relationship 

between these two land surface parameters has been established to be associated with land-

use types and patterns. There exists a negative relationship between LST and NDVI in 

which areas with high NDVI have lower LST due to the presence of moisture and 

evapotranspiration effects (Yuan and Bauer, 2007). This serves as the basis for its use for 

monitoring of satellite-derived surface temperature and related parameters (Donglian and 

Menas, 2007). 

 

However, an investigation into soil moistureôs status is paramount in watersheds where 

soil erosion seems to be pronounced due to intensive anthropogenic activities. This is 

because present soil condition in terms of moisture could equally be one of the factors 

triggering erosion as emphasized by Magliulo et al., (2009) especially in complex 

landscape. This study is thus aimed at assessing the satellite-derived LST-NDVI 

relationship for the assessment of the geospatial distribution of soil moisture and to evaluate 
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its spatial distributional pattern in the mountainous watershed of Cameron Highlands, 

Malaysia. Multispectral satellite sensors of Landsat-8 will be used in this study due to its 

relatively moderate spatial resolution for extracting spatial distribution of land surface 

parameters. 

 

MATERIALS AND METHODS 
 

This section describes the methodology employed for this study to achieve its 

objectives. Multispectral satellite-based (Landsat-8) data was implemented for the 

assessment of spatial distribution of soil moisture in Cameron Highlands Malaysia. Digital 

elevation model was used for the extraction of topographic information. The detailed 

procedures for the study are described as follows: 

 

Satellite Image Processing 
 

Landsat-8 has two thermal sensors which are the thermal infrared sensors (TIRS) and 

operational land imager (OLI) sensors. Nine shortwave spectral bands of OLI have 30m 

spatial resolution and 15m resolution for panchromatic whereas thermal bands (bands 10 

and 11) of TIRS sensor have a 100m spatial resolution. TIRS thermal bands of Landsat-8 

were utilized for the retrieval of LST and, band 4 (red reflectance) and band 5 (near-infrared 

reflectance) for NDVI. The satellite data was acquired from USGS directory for the area 

under considerationïCameron Highlands, Malaysia located on Row/Path: 57/127 having 

about 3.96% cloud cover which is clear enough for this study. The study area has about 

71200 hectares of landmass, located on 4Á19ô-4Á37ôN and 101Á21ô-101Á30ôE in Pahang 

State, Malaysia (Gasim et al., 2009). An average elevation of about 1,180 m and highest of 

2,032 m (above sea level) at Gunung Brinchang (IEA, 2006). About 25% of the area fell 

below the elevation of 1000m and two-third of the area is between the elevation of 1,100 

and 1600m (Gasim et al., 2016). Thus, the watershed is classified as mountainous terrain 

with serene landscape attractive to both local and international tourists. The area is currently 

under pressure of high level of urbanization and intensive farming practices. These activities 

often resulted in soil erosion and could slightly increase LST (Lim, 2016). This will, in turn, 

affect the soil moisture availability and distribution due to nature of the landscape. In order 

to assess soil moisture, radiometrically and geometrically corrected Landsat-8 data was used 

for this study. Then, the atmospheric correction was carried out before usage as 

recommended by Patel et al., (2008) and Jian et al. (2009). For the extraction of LST, TIR 

digital number was converted to ñtop of the atmosphereò (TOA) spectral radiance using 

Equation (1). Then, brightness temperature was estimated from TOA radiance of satelliteôs 

TIR sensors using Plankôs law as defined in Equation (2). Other procedures required for the 

retrieval of geospatial distribution of LST from Landsat-8 are described in Equations (3) to 

(6) as presented by Abdulkadir et al. (2017). 

 

ὒ ὓὗ ὃ         (Eq. 1) 

 

Where: Lɚ =TOA spectral radiance with SI unit watt/(m2 s rad ɛm-1); ML= Radiance 

multiplicative band number; AL= Radiance additive band number; Qcal=Quantized and 

calibrated digital number (DN). 
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Brightness temperatures (BT) is derived from Equation (2) for a predetermined values 

of band specific thermal conversion constants (K1 = 774.89, K2 = 1321.08) and (K1 =480.89, 

K2 =1201.14) for bands 10 and 11 respectively. These are obtainable from metadata file of 

Landsat-8 downloaded for the study area. The BT was estimated for each of the band on 

pixel-basis and average BT value will be obtained as the representative BT value. 

 

ὄὝ
ὑ

ὰὲ ρ
       (Eq. 2) 

 

Land surface emissivity (e) for the area was evaluated for a known proportion vegetation Pv 

as described in Equation (3) using ArcGIS software. 

 

Ὡ πȢππτὖ πȢωψφ       (Eq. 3) 

  

ὖ        (Eq. 4)  

 

ὔὈὠὍ        (Eq. 5) 

 

Minimum and maximum NDVI values defined as NDVImax and NDVImin were obtained 

from NDVI map that was evaluated using bands 4 and 5 of Landsat-8 image as defined in 

Equation (5). The spatial LST distribution was then obtained from Equation (6). 

 

ὒὛὝ
ᶻ ᶻ  Ⱦ

       (Eq. 6) 

 

Where w = wavelength of emitted radiance (11.5µm), and P can be obtained from p=h*c/s, 

h = Plankôs constant = 6.626*10-34 Js, c =velocity of light = 2.998*108 m/s, s = Boltzman 

constant =1.38 *10-23 J/K). Therefore, P = 14380. 

 

The foregoing equations described the algorithms used for retrieving LST from 

Landsat-8 image which was performed with the use of raster calculator in ArcMap 10.2. 

Furthermore, the land-use pattern for the study area was extracted from the Landsat-8 

image. The watershed was classified into four main classes viz: urban, forest, water and 

agriculture land-use units. Elevation map was established for the watershed using a 30m 

digital elevation model of Cameron Highlands. 

 

LST-NDVI Based Geospatial Soil Moisture Assessment 
 

Vegetation indices such as NDVI are often used for assessment of vegetation abundance 

and their degree of healthiness. The abundance is influenced by soil condition on which they 

are grown and this, in turn, affects the signal received by thermal sensors of satellites from 

land surface. Human-environment interactions such as farming, urbanization, mining and 

deforestation reduce vegetation abundance and thus exposes the land surface to higher LST 

(Solecki et al., 2005). The vegetated areas have a high rate of evapotranspiration and lower 

emissivity (Muskesh et al., 2015) and the LST is reduced compared to bare areas in the 

vicinity. Surface temperature is, therefore, the consequence of thermal balance in the 

watershedsô surface that is influenced by surface canopy, transpiration and surface 



MCRJ Special Issue Vol. 5 | No. 3 | 2018  18 

evaporation. Applications of NDVI for soil moisture evaluation have been investigated by 

Wang et al. (2004) and many other researchers. According to Qi and Chang-Yao (2004), 

LST has the potential for assessing the availability of soil moisture and thus it is a good 

indicator for water stress assessment. Spatial distribution of LST and soil moisture is 

affected by soil type, LULC and different periods of the season (Donglian and Rachel, 

2004). Optical-thermal infrared remote sensing techniques have been applied for retrieving 

soil moisture in a partially vegetated region which is termed temperature vegetation dryness 

index (TVDI) (Wang et al., 2004; Prata et al., 1995; Bolun et al., 2016). Similarly, a two-

dimensional scatter plot (space diagram) of satellite-derived LST and NDVI for watersheds 

can be used for the extraction and evaluation of some environmental features such as 

drought and surface soil moisture as highlighted earlier in the introductory section of this 

paper. 

 

Literature survey showed that many of the past studies centered more on pixel-based 

analysis of biophysical properties of the land surface (Lijuan et al., 2004). As shown in 

Figure 1, different parts of LST-NDVI space diagram corresponds to different biophysical 

features such as evaporation, transpiration, etc. Boundaries of triangular shaped diagram 

provide information about physical constraints of surface energy fluxes and soil moisture 

availability as validated by Carlson et al. (1995). The slope of space diagram represents the 

variation in soil moisture of the watershed under consideration. According to Zhang et al. 

(2014), soil water isopleths in the space are assumed to be linear lines from the maximum 

vegetation cover to the bare soil, and the soil water decreases linearly with the increase of 

LST. Furthermore, the maximum temperature is assumed to linearly relate to the vegetation 

coverage at the dry edge (Zhang et al., 2014). As a result, dry and wet edges of LST-NDVI 

scatter plots are represented as linear equations in such a way that data points are enclosed 

in a triangular or trapezoidal shape. Although, there may be some outlier data points 

resulting from the scatterplots. Ridd (1995) and Carlson et al. (1990) were cited in 

Petropoulos et al. (2009) to have highlighted that LST is very sensitive to soil moisture 

under different degree of surface soil exposure. This serves as the basis and confirmation of 

the assumption that triangular shape of the LST-NDVI scatterplot comes into being due to 

much smaller LST sensitivity to surface soil water availability over the vegetated area than 

other bare soil (Petropoulos et al., 2009). Sandholt et al. (2002) highlighted two basic 

assumptions in interpreting LST-NDVI space in terms of surface soil moisture which are 

ñ(1) soil moisture is the main source of variation for LST and (2) TVDI is related to surface 

soil moisture due to changes in thermal inertia and evaporative control on net radiationò. 

 

From LST-NDVI space diagram in Figure 1, linear regression equations for the dry and 

wet edges are as represented in Equations (7) and (8). Studies have shown that slope of 

LST-NDVI is negative and closely correlated to moisture availability (Nemani et al., 1992; 

Goetz 1997). The pixels in the maximum LST-NDVI slope represents no water stress while 

minimum LST-NDVI slope represents regions that suffer from water stress (without 

evapotranspiration). Then, soil moisture index (SMI) on pixel basis can be evaluated from 

Equation (9) using raster calculator of ArcMap 10.2. SMI is a very effective indicator of soil 

moisture availability in watersheds that are useful for irrigation scheduling and water 

resource monitoring (Potic et al., 2017). This index explores multispectral satellite imagery 

to assess soil moisture as conventional methods (i.e., gravimetric method or volumetric 

moisture content) are expensive, laborious and time-consuming to conduct for a large 
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watershed. However, to accurately monitor the soil water conditions, further validations 

may be required. 

 
Figure 1. LST-NDVI space diagram - Source: Jan (2010) 

 

ὒὛὝȟ ὥ ὦz ὔὈὠὍ       (Eq. 7) 

 

ὒὛὝȟ ὥ ὦ ὔzὈὠὍ      (Eq. 8) 

 

ὛὓὍ ȟ

ȟ ȟ
       (Eq. 9) 

 

Where LSTi,max and LSTi,min respectively defines as maximum and the minimum surface 

temperature for a given NDVI. LSTi  = observed instantaneous surface temperature at the 

specific pixel. Constants a, b, aô and bô are empirical parameters determining the dry edge 

and wet edge modeled as a linear fit to the observation data (Ridd, 1995). 

 

RESULTS AND DISCUSSION 
 

Normalized difference vegetation index (NDVI) and LST maps were extracted from the 

corrected Landsat-8 image of Cameron Highlands obtained on July 3rd, 2016 from USGS 

directory. The extracted maps are as presented in Figures 2 and 3 respectively. The study 

area was classified into four major land-use units as shown Figure 4, by applying supervised 

maximum likelihood classification techniques on Landsat-8. The accuracy of land-use map 

was estimated to be 86.9% with corresponding Kappa evaluation statistics of 0.79. Land-use 

units obtained are urban, forest, water and agriculture occupying 6.7, 76.8, 0.1 and 16.5% of 

the total area respectively. Figure 2 indicates that NDVI map values range between -0.625 

and 0.889 with mean and standard deviation values of 0.728 and 0.117 respectively. It can 

be interpreted that pixels (regions) with the lowest NDVI are probably the built-up areas 

with unhealthy or absent of vegetation. Surface temperature values in Figure 3 ranges 

between 15.95oC and 32.64oC with mean and standard deviation values of 23.30oC and 

1.259oC. Comparing Figures 2 and 3 by overlaying one over the other, locations with 

highest NDVI values have the lowest LST values due to the abundance of vegetation that 
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yielded low emissivity and high rate of evapotranspiration as reported in some related 

researches. For pixel-based analysis, point shapefile consisting of about one thousand six 

hundred (1600) random sample points were created within the study area. ñExtract values to 

pointò tool of ArcGIS 10.2 software was used to extract the corresponding values of LST 

and NDVI for each randomly created points. These values were exported into Microsoft 

Excel package for further analysis. 

 

 
Figure 2. Vegetation index (NDVI) map 

 

 
Figure 3. Land surface temperature map 
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Figure 4. Land-use classification 

 

The extracted LST values across the study area were plotted against the corresponding 

NDVI values in a scatter format (as shown in Figure 5) for the extraction of soil moisture 

index as described in the previous sections of this paper. The linear fit was obtained by 

adopting the assumptions of Zhang et al. (2014) that ñthe LST rising rate is linearly related 

to the fractional vegetation cover and that the soil water availability varies linearly from the 

dry edge to the wet edgeò. The linear equations representing the maximum LST dry (upper 

slope line) and minimum LST wet edges (lower slope line) of the scatter plots obtained were 

presented in Equations (10) and (11) respectively. The correlation coefficients were 

estimated to be 0.651 and 0.503 for dry and wet edges respectively. 

 

ὒὛὝȟ φȢτωχzὔὈὠὍσπȢχσυ     (Eq. 10) 

 

ὒὛὝȟ ρσȢτψτzὔὈὠὍρπȢχωτ     (Eq. 11) 

 

 
Figure 5. LST-NDVI space diagram 
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The pixel-based soil moisture index (SMI) was evaluated using Equation (7) with the 

aid of raster calculator of ArcGIS 10.2. This index whose values ranges between -1 and +1 

gives information about relative soil wetness at any points (pixels) in the study area and its 

spatial distribution is as shown in Figure 6. The SMI values of -0.1484 to 0.3577 was 

observed with mean value and standard deviation of 0.0965 and 0.0238 respectively. This 

range of SMI values showed a relatively low soil moisture in the watershed as the value is a 

bit far from +1. Most locations (pixels) within the study area have SMI values greater than 

0.3. This suggests that such locations have favorable soil moisture or no drought conditions 

as classified by Parida et al. (2008). Some few locations with SMI values less than zero 

indicate the potential presence of water body, bare rock and/or hardened soil. The results of 

the assessment of geospatial variability of soil moisture play a crucial role in the estimation 

of land surface fluxes (evapotranspiration and runoff), due to the non-linear relationship 

between soil moisture and the associated physical processes (Li and Rodell, 2013). This 

satellite-based technique can be very useful for spatiotemporal assessment of soil moisture 

on the basin and regional scales (Mallick et al., 2009). 

 

 
Figure 6. Soil moisture index map  

 

In order to assess the spatial distribution pattern of SMI in the mountainous landscape, 

elevation map was extracted from the digital elevation model (DEM) of Cameron 

Highlands. The map was classified into five (5) categories as very low (202-725 m), low 

(725.1-1048 m), moderate (1048.1-1310 m), high (1310.1-1554 m) and very high (1554.1-

2094 m) elevation as shown in Figure 7. The mean and maximum elevation values of 

1217m and 2094m were obtained respectively. The relationship that exists between the 

spatial distribution of SMI and elevation in the watershed was examined by randomly 

selecting two hundred (200) sample points within each class of elevation. The mean and 

standard deviation of SMI values were evaluated in each class. Figure 8 shows the variation 

of mean SMI with elevation. It was observed from the analysis that the highest average SMI 

values occurred in ñvery highò elevation class. This was due to the fact that majority of high 

elevated areas have higher values of NDVI and lower level of human activities compare to 

low-level areas. This means that there is a very little level of land surface exposure due to 

the abundance of vegetation in those areas. This is because vegetated areas have a very low 
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rate of emissivity (Jian et al., 2009) which in turn produce high SMI. Based on further 

analysis of SMI in relation to elevation, areas with ñmoderateò elevation according to 

classification have the highest standard deviation value of 0.046 and the lowest of 0.026 at a 

ñvery lowò elevation range. 

 

 
Figure 7.  Elevation map of Cameron Highlands 

 

 
Figure 8.  Plot of elevation (m) against SMI 

 

CONCLUSIONS 
 

Soil moisture is a significant hydrological parameter whose assessment could be useful 

for land degradation and desertification assessment. Data acquisition through field survey 
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and measuring stations is challenging in mountainous terrain where interpolation for 

inaccessible areas could be erroneous. Applications of remote sensing and GIS techniques 

for soil moisture have eased its measurement and make it less expensive and laborious. This 

study assessed the geospatial distribution of soil moisture using satellite sensors of Landsat-

8 in the complex landscape of Cameron Highlands. The LST-NDVI space diagram approach 

was applied for the evaluation of soil moisture index using GIS techniques. Normalized 

difference vegetation index (NDVI) and LST for the study area were evaluated from 

Landsat-8 data and subsequently used for geospatial assessment of SMI and the influence of 

elevation on its distribution. The results of the analysis indicated that the average LST was 

23.300C. The distribution of NDVI across the watershed gives an indication about of 

abundance and healthiness of vegetation. The areas with higher NDVI yielded lower LST. 

The SMI values ranged between -0.1484 and 0.3577 were obtained with the mean and 

standard deviation values of 0.0965 and 0.0438 respectively. However, highest average SMI 

values occurred in the ñvery highò elevation class. This was due to the fact that majority of 

high elevated (mountainous) areas have higher values of NDVI with relatively lower level 

of human activities that often exposes land surface compared to low levels. This study 

explores multispectral satellite-based data for soil moisture assessment that can provide 

adequate information related to floods, droughts, soil erosion and landslide for sustainable 

watershed management. 
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Abstract 
Concrete is one of the most widely used construction materials in the world today. As a 
result, sand, which makes up a large percentage of concrete, has been extensively mined 
and dredged, leading to environmental and sustainability issues. Many alternatives to sand 
have been investigated in the past, including quarry dust, which is a by-product from rock 
mining/quarrying industry and commonly regarded as waste. The environmental challenges 
associated with the safe disposal of quarry dust poses problems and much research has 
been carried out to investigate the feasibility of adapting quarry dust into the production of 
concrete as partial replacement in sand. This paper reviewed research work carried out in the 
past 20 years on replacement of sand with quarry dust in various types of structural concrete. 
Criteria assessed in this paper to determine feasibility of quarry dust as replacement include 
compressive, splitting tensile and flexural strengths, workability, and various durability 
properties. Quarry dust replacements from certain stones such as marble and granite can 
equal or surpass the mechanical properties of conventional concrete whilst other types 
required usage at optimum amount to achieve the same. Usage of quarry dust also comes at 
the expense of loss of workability, necessitating use of super-plasticizers. 
 

Keywords: Quarry dust, concrete, sand 

 

INTRODUCTION 
 

Concrete is construction material consisting of coarse and fine aggregates, bound 

together by cement paste. It possesses a lot of desirable attributes for use in the construction 

sector such as high strength, easily shaped and easily adapted to change its behavior. It is 

because of these attributes that concrete has become the most widely used material in the 

construction sector. It is used in the construction of buildings, dams, bridges and pavements 

and has become indispensable to the construction sector. According to GNCS factsheet 

published by the Columbia Climate Centre, concrete-use is growing by 2.5% annually and is 

expected to top 3.5 tonnes per annum by 2020. However, because of this success, concrete-

use has also attracted widespread criticism due to the large amounts of natural material and 

energy required to produce it, amongst which is sand and cement. Approximately 5% of the 

total carbon dioxide (CO2) emission worldwide is attributed to the production of cement and 

concrete, which is a testament to the significance of concrete to the construction industry 

(Worrell et al., 2001). 

 

Sand is traditionally used as fine aggregates in concrete to reduce the amount of cement 

paste required to fill the space in concrete. Fine aggregates accounts for about a third of the 

weight of concrete, depending on the design mix. The use of natural sand, typically sourced 

from dredging rivers, has been a source of major environmental concern. Excessive sand 

mining lowers the riverbeds and threatens the stability of river banks, negatively affecting 

the communities that rely on the river for their livelihood (Kim et al., 2009). This problem is 

further compounded by the rise in illegal sand mining as its demand increases. 
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Currently, typical alternatives to the use of sand in concrete has been fly ash, powdered 

glass, recycled concrete and quarry dust. Fly ash is a by-product from the coal combustion 

process at power-plant. Powered glass is glass waste, crushed and ground into fine powder. 

Recycled concrete is crushed concrete from demolished structures. Finally there is quarry 

dust, which is a by-product from the rock/stone quarrying industry, is generated during the 

extraction, transportation and crushing stages. Particles arising from these processes are too 

fine to be used for ornamental stones or coarse aggregates. 

 

Quarry dust can originate from various types of rocks such as marble, granite, 

limestone, slate, chalk and sandstone. Whilst quarry dust has found limited applications 

such as in road surface finishing, it is generally treated as waste. The nature of the dust 

renders it challenging to dispose in an acceptable and economical manner and the eventual 

accumulation in an unprotected environment has brought on negative impact on the 

environment (Careddu et al., 2011) and human health (Cook et al., 2011). 

 

The purpose of this review paper is to establish the viability of quarry dust for adoption 

as sand replacement in concrete and also to identify potential research gaps that can be 

explored in the future. If it can be established that partial replacement of quarry dust has 

minimal effect on the mechanical properties of concrete, it is hoped that the demand on sand 

can be reduced somewhat and at the same time alleviate the logistical and environmental 

issues in disposing or storing quarry dust. Quarry dust can also prove to be an economically 

viable alternative as sand mining sand from rivers typically involve specialized equipment 

and in some cases, costly permits from local authorities to carry out the activity. 

 

REVIEW METHODOLOGY 
 

Research work carried out in the past 20 years on the use of quarry dust in concrete and 

cement was reviewed in this paper. The research literatures were obtained from various 

reputable sources. The review encompasses concretes of various types ranging from normal 

concrete, self-compacting concrete, concrete blocks and also of different strengths/grades. 

When other additives or replacements are being incorporated in the tests, these are also 

identified along with its amount. 

 

The effect of quarry dust replacement in concrete was compared and assessed based on 

its effect on the following critical engineering properties: strengths, workability, the 

modulus of elasticity, durability and density. A discussion on the comparison and 

assessment were carried out in Section 3 of this paper whilst a summary highlighting the 

key findings from each paper reviewed was presented in Table 1 towards the end of the 

same section. 

 

RESULTS AND DISCUSSIONS 
 

Strength 
 

Strength is the defining characteristic of concrete and governs the section sizes and 

thicknesses of structural members. Concrete strength is influenced by mix design such as 

water/content ratio, aggregate sizes, amount and strength, and compaction. Equally, the age 

of the concrete and temperature of casting and curing carries an impact on its strength 
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development. In terms of behavior, concrete is inherently strong under compression but 

weaker in tension and flexure. 

 

From a review of researches carried out in this paper, there is an evident consensus that 

partially replacing sand/fine aggregates in concrete with quarry dust will generally yield 

equal or improved compressive strength. Marble dusts and granite fines, in particular, will 

confer improvements to the strength of concrete (Divakar et al., 2012, Hameed et al., 2009, 

Joel et al., 2010 and Malpani et al., 2014). This observation is equally reflective of self-

compacting concretes (SCCs) whereby quarry dusts replacements offered similar or better 

strengths compared to fuel ash and/or silica fume SCCs (Dehwah et al., 2012). Concrete 

block units manufactured from marble slurry powder and quarry dust also yielded enhanced 

compressive strength (Dhoka et al., 2013). There is ambiguity, however, as to the optimum 

level of replacement that will give peak strength as the these vary from anything between 

10% (Aliabdo et al., 2014, Celik et al., 1996) to 50% replacement (Balamurugam et al., 

2013, Zerdi et al., 2016) without the use of super-plasticizer or up to full replacement at 

100% (Sofia et al., 2013) when super-plasticizer is added. Limestone dusts, whilst, having a 

detrimental effect on the 28 day strength of both normal and self-compacting concretes (Ho 

et al., 2002), demonstrated superior compressive strength at later ages of 90 days compared 

to conventional concretes (Binici et al., 2007). In contrast, several researchers identified 

stone and quarry dusts used in their research work that produced inferior 28 day strengths 

compared to that of conventional concrete although these types of stones had not been 

identified in the respective literatures (Chauhan et al., 2015, Kujur et al., 2014, Malik et al., 

2015, Patil et al., 2016). It was also noted the early age strength at 3 days was observed as 

being lower to that for conventional concrete as well (Hameed et al., 2009). Compressive 

strength of concrete with quarry dust replacement can be further enhanced when used in 

conjunction with other forms of replacement such as red mud (Kumar et al., 2016) lateritic 

sand (Upkata et al., 2012) and silica fume (Safiuddin et al., 2007). 

 

The trend of concrete with partial quarry dust replacement under splitting tensile 

strength is very much similar to its behavior under compressive stresses. Particular types of 

quarry dusts from the marble and granite industry are beneficial to the enhancement of 

tensile strength in concrete (Dhoka et al., 2013, Divakar et al., 2012, Hameed et al., 2009, 

Joel et al., 2010, Malpani et al., 2014). Similarly, peak tensile strength was achieved at 

varying levels of replacement from 10% (Aliabdo et al., 2014) to 50% (Zerdi et al., 2016). 

The notable difference between the compressive and tensile strength trends were that peak 

strength were attained at slightly different level of replacements in certain cases, for 

example, 40% replacement for compressive strength and 50% for tensile strength (Kujur et 

al., 2014). It was also noted that extremely high levels of replacement of 100% without the 

use of super-plasticizers can have a detrimental effect to the tensile strength of the concrete 

(Zerdi et al., 2016). 

 

The modulus elasticity of the concrete reduces with increasing amounts of replacement 

of quarry dust in (Lohani et al., 2012). However, the loss of stiffness caused by the quarry 

dust replacement alone can be compensated with the use rice husk ash (Raman et al., 2011). 

Similarly, minor improvement in the modulus of elasticity occurs when quarry dust is used 

in conjunction with silica fume and fly ash at 10% replacement (Safiuddin et al., 2007). 
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Table 1. Summary of results ï Strength comparison 

Ref. 
Type of 
Concrete/ 
Cement 

Type and 
Amount of 
Replacement 

Results 

Aliabdo et 
al. (2014) 

Conventiona
l OPC 
concrete 

Marble dust at 
5%, 7.5%, 10% 
and 15% 
replacements 

Compressive and tensile strengths - improved 7, 28, and 
56 day strength with peak at 10% replacement. W/c ratio of 
0.4 also yields better overall strength compared to w/c of 
0.5. 
Bond strength between concrete and rebar increases with 
increased amount of replacement.  

Alyamac et 
al. (2009) 

Self-
compacting 
concrete 
(SCC) 

Unspecified 
amounts of 
Cherry, White 
and Gold marble 
powders  

Improved 7, 28, and 56 day compressive and tensile 
strength at any given w/c ratio. Whilst the variety of marble 
powders had negligible effect on strength.  

Balamuruga
n et al. 
(2013) 

M20 and 
M25 
concrete 

Quarry dust at 
10% increments 
to 100% 

Equal or improved 7 and 28 day compressive strength up 
to approximately 70% replacement. Peak strength attained 
at 50% replacement. 
When heated to extremely high temperatures of 100°C, 
then samples exhibited 6.67% and 13.8% strength loss for 
M20 and M25 concretes respectively. 
When subjected to 'thermo-shock', i.e. sudden cool down, 
then samples lost 13% and 16.22% strength respectively. 
During both heating and cooling down of the samples, the 
peak strength remained at 50% replacement.  

Binici et al. 
(2007) 

Conventiona
l concrete 
with PPC 
(Portland 
Pozzolanic 
Cement) 

Marble and 
limestone dust at 
5%, 10% and 
15% 
replacements 

Marble dust replacement improved compressive strength at 
all levels of replacement whereas limestone dust degraded 
the strength at all levels of replacement. However, at 90 
days and beyond, both marble dust and limestone samples 
gives higher compressive strength than conventional 
concrete.  

Celik et al. 
(1996) 

Concrete 
with blast 
furnace slag 
cement 

Crushed rock 
dust at 5% 
increments to 
30% replacement 

Improved 7 and 28 day compressive strength with peak 
attained at 10%. 
Improved 7 and 28 day flexural strength with peak at 10% 
replacement but 28 day strength showed reduced strength 
past 10% replacement.  

Chauhan et 
al. (2015) 

M20 and 
M25 
concrete 
with OPC 
and w/c of 
0.7 

Quarry dust at 
30, 40 and 50% 
replacements 

Peak 7 day compressive strength attained at 30% 
replacement for M20 samples and 50% for M25 sample. 
28 day strength - both M20 and M25 samples showed 
trends of increasing strength with increasing levels of 
replacement with peak strength attained at 50% 
replacement.  No samples achieved their design strength.  

Corinaldesi 
et al. (2010) 

Unspecified 
strength 
concrete 

Marble powder @ 
10% replacement 

Without superplasticizer, degraded 3, 7, 28 and 56 day 
compressive strength at 10% replacement. 
With superplasticizer, improved strength at 10% 
replacement.  

Dehwah et 
al. (2012) 

Self-
compacting 
concrete 
(SCC) 

Quarry dust 
powder  

Compressive, tensile and flexural strengths - SCCs with 
partial quarry dust content had equal or superior strengths 
compared to SCCs with fuel ash, silica fume or 
combination of these two with quarry dust.  

Devi et al. 
(2015b) 

Concrete 
with grade 
43 OPC 

Unspecified 
amount of quarry 
dust  

Improved compressive, splitting tensile and flexural 
strengths 

Devi et al.  
(2015a) 

20 MPa 
Concrete 
with OPC 

Unspecified 
amount of quarry 
dust 

Improved 3, 7 and 28 day compressive, flexural and 
splitting tensile strengths with increasing percentages of 
fibre reinforcement up to 4%. 

Divakar et 
al. (2012) 

M20 
Concrete 
with grade 
53 OPC 

Granite fines at 
5%, 15%, 25%, 
35% and 50% 
replacements 

Reduced compressive strength at 5% replacement but 
improved strength from 15% to 50% replacement. Peak 
compressive strength at 35% replacement. 
Equal or improved splitting tensile strength except at 15% 
replacement. 
Degraded flexural strength except at 5% replacement.  
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Ref. 
Type of 
Concrete/ 
Cement 

Type and 
Amount of 
Replacement 

Results 

Dhoka et al. 
(2013) 

Concrete 
Block with 
grade 43 
OPC 

50% of marble 
slurry powder 
with 50% quarry 
rock dusk  

Improved compressive, splitting tensile and flexural 
compared to conventional concrete 

Hameed et 
al. (2009) 

Concrete 
with grade 
53 OPC 

100% quarry 
waste (50% rock 
dust + 50% 
marble sludge 
powder)  

Degraded 3 day compressive and splitting tensile strength 
but improved 7 and 28 day strengths compared to 
conventional concrete.  

Haque et al. 
(2013) 

Unspecified 
concrete 

Stone dust at 
25%, 50% and 
full replacement  

Reduced 28 day compressive strength for both 1:2:4 and 
1:1.5:3 mixes. 

Ho et al. 
(2001) 

Self-
compacting 
concrete 
(SCC) w/c 
ratio at 0.36 

Granite fines at 
35% and 50% 
replacement  

Improved 28 day compressive strength at both levels of 
replacement when compared against similar amounts of 
limestone powder. 

Hoque et al. 
(2013) 

Concrete 
with OPC 

25% and 50% 
replacement in 
fine aggregates. 
5% replacement 
in cement 

Improved 3, 7 and 28 day compressive and splitting tensile 
strengths at 25% replacement.  
Diminished compressive strength at 50% replacement. 
Improved tensile strength at 50% replacement 

Ilangovana 
et al. (2008) 

M20, M30 
and M40 
concrete 
with grade 
43 OPC 

Granite fines at 
full replacement 

Improved 7 and 28 day compressive strength generally for 
all grades of concrete and all five different mixes. 
Improved 28 day flexural strength for all grades of concrete 
and all five different mixes.  

Jamale et al. 
(2015) 

M40 
concrete 
with 0.4 w/c 

Quarry dust at 
15%, 35%, 55% 
and 75% 
replacement 

Degraded 28 day compressive strength at all levels of 
replacement except at 15%. 
Equal or improved 28 day splitting tensile strength. 
Improved 28 day flexural strength at lower levels of 
replacement (35% and below). 

Joel et al. 
(2010) 

Grade 35 
concrete 

Crushed granite 
fines from 10% to 
100% 
replacement at 
10% increments 

Compressive strength - improved strength at low levels of 
replacement (10 and 20%) but otherwise degraded 
strength. 
Tensile strength - improved strength at all levels of 
replacement with peak at 20% replacement.  

Kannan et 
al. (2014) 

M20 
concrete 
with grade 
53 cement 

Washed and 
Unwashed quarry 
dust at 10, 20, 
30, 40 and 100% 
replacement 

Compressive strength - improved strengths between 60 to 
70% replacement for both washed and unwashed dust 
samples. 
Tensile and flexural strength - improved strengths at 80% 
and below.  

Kapugamag
e et al. 
(2008) 

OPC 
Concrete 
with target 
strength of 
30MPa 

Quarry dust at 
15% increment 
up to 45% 

Compressive strength - for concrete with no cement 
replacement, improved 3, 7 and 28 day strengths at all 
levels of quarry dust replacement. Concrete with 15% PFA 
replacement in cement, generally improved 3 and 28 day 
strengths but some loss of 7 day strength at 0 and 15% 
replacement of quarry dust. Concrete with 30% PFA 
replacement in cement, degraded 3 and 7 day strengths 
but improved 28 day strength at all levels of replacement. 

Karthick et 
al. (2014) 

M20 
concrete 
with grade 
53 cement 

Quarry dust at 
20, 40 and 60% 
replacement 

Improved 28 day compressive, splitting tensile and flexural 
strengths at all levels of replacement with peak at 40% 
replacement.  
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Ref. 
Type of 
Concrete/ 
Cement 

Type and 
Amount of 
Replacement 

Results 

Kavibala et 
al. (2016) 

M30 
concrete 
with grade 
43 OPC 

Quarry dust at 
10, 20 and 30 
replacement 

Improved 7 and 28 day compressive strength up to 13% 
replacement with peak at 12% replacement. 
When cement with 12% marble powder replacement is 
used in concrete samples with quarry dust replacement, 
further improved the 7 and 28 day strengths of the concrete 
with peak attained at 30% replacement. 
Improved splitting tensile strength with marble powder 
replacement.  

Kotwa et al. 
(2015) 

Concrete 
with CEM I 
42.5R 
cement 

Mineral dust at 
10% replacement 

Concretes with only 10% dust replacement gave better 7, 
14 and 28 compressive and flexural day strengths 
compared to concretes with both 10% dust and fibres, 
followed by concrete samples with only fibres additives. 
Normal OPC concrete with no replacement or fibres gave 
the lowest strengths.  

Kujur et al. 
(2014) 

M25 
concrete 
with grade 
45 PPC and 
w/c of 0.46 

Stone dust from 
30 to 70% 
replacement at 
10% increment 

Degraded 7 and 28 day compressive strength at all levels 
of replacement except minor gains at 40% replacement. 
Improved 7 and 28 day splitting tensile strength at all levels 
of replacement with peak strength attained at 50% 
replacement.  

Kumar et al. 
(2015) 

M25 (25 
MPa) and 
M30 
(30MPa) 
concrete 
with OPC 

Crushed stone 
dust from 0% to 
100% 

Improved 7 and 28 day compressive, flexural strengths 
with peak at 20% replacement but reduced strength at 
100% replacement for 28 day flexural strengths. Improved 
28 day tensile strengths with peak at 20% replacement.  

Kumar et al. 
(2016) 

M40 
concrete 
with grade 
43 OPC 

Quarry dust from 
10% to 60% 
replacement at 
5% increments 

With optimum cement replacement of red mud at 15% - 
improved 7 and 28 day compressive strength with peak 
attained at 40% replacement. 
With optimum cement replacement with red mud at 15% - 
improved 7 and 28 day flexural strength with peak attained 
at 30% replacement.  

Lohani et al. 
(2012) 

M20 
concrete 
with grade 
53 and 33 
cement 

Quarry dust from 
20 to 50% 
replacement at 
10% increment. 

Compressive strength - improved 7, 28 and 91 day 
strengths between 20 to 40% 
Degraded tensile and flexural strengths at all levels of 
replacement. 
Reduced modulus of elasticity with increasing replacement.  

Malik et al. 
(2015) 

M25 
concrete 
with grade 
42 OPC and 
0.45 w/c 

Quarry dust from 
10 to 40% 
replacement at 
10% increments  

Improved 7 and 28 day compressive strengths up to 30% 
replacement with peak strength gain at 30% replacement. 
Significant loss in strength past 30% replacement.  

Malpani et 
al. (2014) 

Concrete 
with grade 
43 OPC 

Marble sludge 
powder and 
quarry rock dust 
combined at 
various levels of 
replacement from 
20 to 50%. 

Improved 7 and 28 day compressive strength at all levels 
of replacement, peak strength attained for samples with 
40% marble sludge + 20% quarry dust. 
Only mixes with 50% marble dust replacement, 40% 
marble dust + 20% quarry dust and 40% marble dust + 
40% quarry dust gave improvement to splitting tensile 
strength. 

Nagabhusha
na et al. 
(2011) 

M20, M30 
and M40 
concrete 
with OPC 

Crushed rock 
powder at 10%, 
20%, 30% and 
40% replacement 

Improved 7 and 28 day compressive, splitting tensile and 
flexural strengths with increasing amounts of replacements 
for all concrete grades but with diminishing returns as 
concrete grade increases. 

Naganathan 
et al. (2012) 

Controlled 
low-strength 
concrete  

Quarry dust from 
0 to 100% 

Compressive strength increases with quarry dust content 
with the highest strengths achieved by samples with no 
bottom ash and 100% quarry dust. Decreases with w/c.  
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Ref. 
Type of 
Concrete/ 
Cement 

Type and 
Amount of 
Replacement 

Results 

Patil et al. 
(2016) 

Self-
compacting 
grade 43 
concrete 
with 0.45 
w/c  

Quarry dust of 
unspecified 
amounts 

Compressive and flexural strengths -degraded strength 
with increasing amount of replacement.  

Pofale et al. 
(2013) 

M25 and 
M30 
concrete 
with PPC 

Crusher dust at 
30%, 40%, 50% 
and 60% 
replacement 

Improved 7 and 28 day compressive strengths at all levels 
of replacement with peak strength at 40% replacement. 
Minor loss of 7 day strengths at observed for M30 concrete 
at certain levels of replacement.  

Raman et al. 
(2011) 

C60 
(60MPa) 
with w/c 
ratio of 0.38 
and C70 
(70Mpa) 
concrete 
with w/c of 
0.30 

Quarry dust at 
10% increment 
up to 40% 
replacement 

With optimum replacement of 10% RHA -improved 
compressive strength over conventional concrete but 
declined with increasing levels of quarry dust replacement. 
At over 30% quarry dust replacement, strength less than of 
conventional OPC. 
Degraded modulus of elasticity with 20% quarry dust but 
improved when used with RHA. 

Rajput et al. 
(2014) 

M20 
concrete 
with grade 
53 OPC and 
w/c ratio of 
0.50 

Quarry dust 
@25% 
replacement up 
to 100% 

Improved 7 and 28 day compressive strengths at all levels 
of replacement generally except at 20% and 80% 
replacement at 28 day strength. Peak strengths attained at 
80% and 20% replacements for 7 and 28 day strengths 
respectively. 

Safiuddin et 
al. (2007) 

Unspecified 
strength 
concrete 

Quarry waste at 
20% replacement 

Degraded 28 and 56 day compressive strengths at 20% 
replacement of quarry dust but when used with silica fume, 
strengths were slightly improved. 
Modulus of Elasticity - minor increase with use of quarry 
dust. 

Sakthivel et 
al. (2013) 

M35 
concrete 
with grade 
53 OPC and 
w/c ratio of 
0.45 

Quarry dust at 
10, 20, 30 and 
40% replacement 

Improved 28 day compressive and tensile strength at 10% 
replacement but otherwise degraded strength at all other 
levels. 
Flexural strength - improved 28 day strength up to 30% 
replacement with peak at 10% replacement.  

Sofia et al. 
(2013) 

M30 
concrete 
with grade 
43 OPC 

Quarry dust at 
10, 20, 30, 40, 50 
and 100% levels 
of replacement 

Improved Compressive, splitting tensile and flexural 
strengths at increasing levels of replacement at both 0.5 
and 1.0% superplasticizer, with peak strength attained at 
100% replacement. Strengths of samples with 1.0% are 
typically higher than those of 0.5%.  

Upkata et al. 
(2012) 

Unspecified 
concrete 

Quarry dust at 
25% increment 
up to 100% 
replacement 

Samples containing 25%/75% quarry dust with a w/c of 0.5 
gives highest compressive strength. Higher w/c ratios and 
higher proportions of lateritic sand gives lower strengths.  

Vijayakumar 
et al. (2015) 

M20 
concrete 
with w/c 
ratio of 0.55 

Quarry dust at 
25, 50 and 75% 
replacements 

Compressive and splitting tensile strengths - reduced 7, 14 
and 28 day strengths at all levels of replacement. 
Reduced 28 day flexural strength. 

Zerdi et al. 
(2016) 

M20 
concrete 
with grade 
53 PPC with 
varied w/c to 
maintain 
slump of 
60mm 

Stone quarry dust 
at 25, 50 and 
100% 
replacement 

Compressive strength - improved 7, 14, and 28 day 
strengths at all levels of replacement except at 100%. Peak 
strength attained at 50% replacement. 
Tensile and flexural strengths - improved 28 day strengths 
at all levels of replacement except at 100%. Peak strengths 
attained at 50% replacement.  
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Workability 
 

Fresh concrete must have the ability to be easily mixed, transported, placed, compacted 

and finished and this is measured by workability. Factors influencing workability include 

water/cement ratio and admixtures in the cement mix as well as aggregate grading, shape 

and surface texture. 

 

The use of quarry dust has a detrimental effect to workability there is an increase in the 

water demand of concrete to retain the same level of workability (Zerdi et al., 2016). At 

replacement levels as low as 10%, workability to concrete begins to deteriorate (Malik et al., 

2015). At over 10% replacement, concrete workability shows an ever reducing trend all the 

way to full replacement of quarry dust (Joel et al., 2010). The water/cement ratio can be 

increased to attain the required level of workability but at the expense of the concrete 

strength (Corinaldesi et al., 2010). To maintain both a workable and strong concrete 

necessitate the use of super-plasticizers (Ilangovana et al., 2008). 

 

Alternatively, the inclusion of fly ash in cement can somewhat offset the loss of 

workability in concretes containing quarry dust replacement (Jamale et al., 2015, 

Kapugamage et al., 2008). Similarly, the use of quarry dust together with lateritic sand will 

confer improvement in workability of the concrete as well (Upkata et al., 2012). 

 
Durability and Density 

 

Durability is important to ensure the concrete element lasts its design life without 

significant deterioration to its load-bearing capability. A durable concrete will be 

impermeable to water, be resistant to chloride, sulphate and abrasion.  

 

Water ingress into concrete may cause rusting of the steel reinforcement and also allows 

deleterious elements such as sulphuric acid to penetrate and damage the concrete. It is 

therefore important to ensure that unprotected concretes are impermeable to water. Concrete 

containing marble and limestone dust replacements provided better water impermeability 

compared to conventional concrete, with marble dust samples performing marginally better 

against limestone dusts (Binici et al., 2007). The reason for this was due to the smaller dust 

particles blocking the passages between the capillary cores (Celik et al., 1996, Ilangovana et 

al., 2008, Safiuddin et al., 2007). 

 

Concrete elements that are in contact with seawater, soil or waste materials are often 

subjected to sulphate attack. The sulphate contents in these materials can penetrate concrete, 

causing expansion and cracking in concrete by reducing the bond between reducing the 

bond between the cement paste and aggregates. This eventually results in degradation of 

strength and stiffness in the concrete. Therefore, sulphate resistance is important factor for 

concrete exposed to the elements. Marble and limestone dust concrete samples both 

exhibited superior resistance to sulphate attack compared to conventional concretes (Binici 

et al., 2007). Similarly, concrete containing marble sludge powder also provided improved 

resistance against sulphate attack (Hameed et al., 2009). However, concrete with granite 

fines exhibited inferior sulphate attack resistance (Ilangovana et al., 2008). 
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Drying shrinkage occurs where there is excessive loss of water within the concrete. The 

phenomenon causes deformation and warping of the concrete and if restrained against 

movement, will cause cracking in the concrete. Therefore, it is crucial to limit the strains 

caused by drying shrinkage to curtail its effects. It was observed that there was increased 

drying shrinkage strain with up to 10% replacement of crushed rock dusts (Celik et al., 

1996). Similarly, concrete containing granite fines experienced elevated shrinkage strain 

compared to conventional concrete up to approximately 60 days, but lower shrinkage strain 

thereafter (Ilangovana et al., 2008). However, marble powder dust when mixed with basalt 

sand, can contribute to a minor reduction in drying shrinkage (Gameiro et al., 2014). 

 

Abrasion is a common form of deterioration in concrete exposed to surface wear such as 

floor slabs. It causes reduction in the concrete thickness and cover to reinforcement, both of 

which directly affects the strength of the structural element.  

 

Abrasion tests on concrete by sand blasting reported that concrete containing marble 

dusts exhibited better resistance against abrasion than conventional or limestone dust 

concretes (Binici et al., 2007).  

 

The impact resistance for concrete is improved with an optimum level of stone dust of 

5%. However, impact resistance will reduce beyond that of conventional concrete if amount 

of replacement exceeds 12% (Celik et al., 1996). 

 

Carbonation resistance tests on concrete with marble powder mixed with granite sand 

showed improved resistance against carbonation whereas river sand mixes had adverse 

effect. On the other hand, basalt mixes showed imperceptible changes (Gameiro et al., 

2014). 

 

Concrete density increases with increasing amounts of quarry dust replacement (Lohani 

et al., 2012;  Naganathan et al., 2012). 

 
Table 2. Summary of results ï Durability and Density comparison 

Ref. 
Type of 
Concrete/ 
Cement 

Type and 
Amount of 
Replacement 

Results 

Binici et al. 
(2007) 

Conventional 
concrete with 
PPC (Portland 
Pozzolanic 
Cement) 

Marble and 
limestone dust 
at 5%, 10% and 
15% 
replacements 

Marble and limestone dust concrete samples both 
exhibited superior resistance to sulphate attack 
compared to normal concretes. 
Marble dust concrete showed better performance at 
resisting abrasion than conventional or limestone dust 
concretes.Both marble and limestone dust samples 
provided better water im-permeability compared to 
conventional concrete, with marble dust samples 
performing marginally better against limestone dusts. 

Celik et al. 
(1996) 

Concrete with 
blast furnace 
slag cement 

Crushed rock 
dust at 5% 
increments to 
30% 
replacement 

Improved impact resistance up to 5% replacement. 
Reduced water permeability with increasing amounts of 
replacement. 
Increased drying shrinkage up to 10% replacement. 
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Ref. 
Type of 
Concrete/ 
Cement 

Type and 
Amount of 
Replacement 

Results 

Gameiro et 
al. (2014) 

C30/37 
concrete 

Fine waste from 
marble 
quarrying 
industry 

Marble powder mixed with granite sand showed 
improved carbonation resistance whereas river sand 
mixes had adverse effect. Basalt mixes had 
imperceptible change. 
Reduced water absorption, especially at 20% 
replacement. 
Minor reduction of drying shrinkage with basalt 
sand/marble powder mixes showing most notable 
reductions. 

Hameed et 
al. (2009) 

Concrete with 
grade 53 OPC 

100% quarry 
waste (50% 
rock dust + 50% 
marble sludge 
powder)  

Improved sulphate resistance. 
Higher percentage of water absorption. 

Ilangovana 
et al. (2008) 

M20, M30 and 
M40 concrete 
with grade 43 
OPC 

Granite fines at 
full replacement 

Degraded sulphate resistance. 
Less permeable than conventional concrete 
Higher percentage of water absorption. 
Elevated shrinkage strain compared to conventional 
concrete up to approximately 60 days, but lower 
shrinkage strain thereafter.  

Lohani et al. 
(2012) 

M20 concrete 
with grade 53 
and 33 cement 

Quarry dust 
from 20 to 50% 
replacement at 
10% increment. 

Reduces percentage of water absorption up to 20% 
replacement and then increases with increasing 
amounts of replacement. 
Increased densitywith increasing amounts of 
replacement.  

Malik et al. 
(2015) 

M25 concrete 
with grade 42 
OPC and 0.45 
w/c 

Quarry dust 
from 10 to 40% 
replacement at 
10% increments  

Increased water absorbtion with increasing amounts of 
replacement. 

Nagabhusha
na et al. 
(2011) 

M20, M30 and 
M40 concrete 
with OPC 

Crushed rock 
powder at 10%, 
20%, 30% and 
40% 
replacement  

Increased density with increasing levels of replacement 
with peak at 40%. 

Naganathan 
et al. (2012) 

Controlled low-
strength 
concrete (8.3 
MPa or less)  

Quarry dust 
from 0 to 100% 

Increased density with increasing levels of 
replacement. 

Safiuddin et 
al. (2007)  

Unspecified 
strength 
concrete 

Quarry waste at 
20% 
replacement 

Reduced resistance to water penetration.  

 

CONCLUSIONS 
 

This literature review demonstrates the potential of quarry dust being adopted as a 

substitute for sand/fine aggregates in concrete. Certain types of quarry dusts such as marble 

and granite fines proved suitable for use in concrete as it can confer either equal or 

enhanced concrete strength whilst others such as limestone were detrimental. As such it is 

apparent that there is correlation between types/sources of quarry dust and its influence on 

the strength of concrete. For future researches, it would be crucial to identify the types of 

quarry dust used. Additionally, it appears from this review paper that there are numerous 

types of quarry dust that hadnôt been tested yet such as sandstone and chalk and would thus 

benefit from future researches. 
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The main disadvantage arising from use of quarry dust is the loss of workability that 

results, regardless of types of quarry dust used, but can be easily remedied by the use of 

superplasticizers. Alternatively, the water to cement ratio can be increased at the expense of 

strength of the concrete. The use of quarry dust in concrete also brings about improvement 

to durability, enhancing resistances against sulphate attacks, carbonation and abrasion. 

 

The adoption of quarry dusts is also not purely limited to normal concretes but equally 

suitable for self-compacting concretes and concrete masonry blocks. 

 

These finding serve to better inform the industry with regards to the types of quarry dust 

to reserve for use in concrete and identify those that are less suitable. 
 

Research Gaps and Future Research 

 
i. Quarry dust from different types of rocks influences its suitability for adoption as sand 

replacement in concrete. There would need to be further studies to include other types 

of rocks such as chalk, clay rocks, sandstone and slate, to name a few. 

 

ii. It would also be beneficial to establish the optimum water content ratio for different 

types of quarry dusts in order to attain the desired working strength whilst maintaining a 

workable concrete. 

 

iii.  There are also signs that variations of quarry dust effects the hardening period/strength 

gain of concrete differently. More research should be carried out in this area as some 

dusts such as those from limestone rocks exhibit superior strength at a later age of 90 

days. 

 

iv. The production of concrete is an energy intensive activity and creates a large carbon 

footprint due to emission of the gas during hydration. From an environmental point of 

view, it would be additional incentive to understand the influence of quarry dust 

substitution on energy consumption and carbon dioxide emission during manufacture. 
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Abstract 
Spun piles have been used widely by developing countries, including Malaysia, to construct 
the foundation of most construction projects. A spun pile is a reinforced precast and 
prestressed concrete that is compacted in a mould through spinning compaction. The 
spinning compaction produces cement leftovers in the hollow part of spun piles that can be 
added to concrete mixtures as an additive. The cement leftovers of spun piles were used as 
an additive in cement in range of 0%, 10%, 20% and 30% (equal percentages). The resulting 
compressive strength after curing periods of 7 days and 28 days were presented to 
investigate the properties of self-compacting concrete containing cement leftovers from the 
spun piles. Other properties investigated include the physical properties of fresh concrete 
and water absorption. The results indicated that higher compressive strength and lower water 
absorption were achieved by the concrete samples containing cement leftovers compared to 
controlled concrete. 
 
Keywords: spun pile, cement leftover, additive, compressive strength, water absorption 

 

INTRODUCTION 
 

According to the United Nation Sustainable Development report by United Nations 

(1987), the concept of sustainable development is defined as ñdevelopment that meets the 

needs of the present without compromising the ability of the future generations to meet their 

own needs.ò In the field of practicing, sustainability does not stop at the development of 

new and environmentally friendly materials for construction purposes, but also the reuse of 

materials that were previously considered as waste by-products of industrial processes. 

According to Ramme & Tharaniyil (2004) during the last few decades, these ñwasteò 

materials have seen a transformation to the status of ñby-productsò and more recently, 

ñproductsò that are sought for construction and other applications. 

 

Cement leftovers (CL) of spun piles refers to cement that is produced from the process 

of compacting and compressing concrete materials inside moulds during the manufacturing 

process. It possesses cavities or porous layers that contain a large percentage of hollow 

particles and air voids which have a lower apparent specific gravity compared to mostly 

solid particles. It can simply turn into dust when it is pressed. The cement leftovers of spun 

piles can be categorized as a part of non-hazardous construction waste because it is 

considered as unused residue that remains within the hollow of spun piles. The cavity layer 

of the cement leftovers will be destructed, crushed into dust and mixed with soil when the 

spun pile is installed during the construction of piled foundations. Figure 1 (a) shows the 

cement leftover layer in the hollow of a spun pile and leftovers from a spun pile that has a 
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thin cavity layer on top of a solid layer while Figure 1 (b) shows a sample of cement 

leftovers. 

 

Self-compacting concrete (SCC) is considered as a type of concrete which can be placed 

and compacted under its own weight with little or no vibration without segregation or 

bleeding. It is used to facilitate and to ensure proper filling and good structural performance 

of restricted areas and heavily reinforced structural members. It has gained significant 

importance in recent years because of the advantages it offers (Ozawa, et al., 1989; 

Okamura, 1997; Zhu and Bartos, 2003; Okamura and Ouchi, 2003). Such concrete requires 

a high slump that can easily be achieved by the addition of superplasticizers to a concrete 

mix where special attention has to be given to mix proportioning (Mahesh, 2014). 

 

Spun piles are deep foundations that are produced from precast reinforced concrete in 

cylindrical shapes. A spun pile has a diameter size of 250 mm or 500 mm with a length of 6 

m up to 12 m. It is known as a spun pile because the reinforcement of the spun pile and the 

precast concrete placed into the mould undergo stress during the spinning process to 

compress and compact the concrete materials inside the mould properly.  

  

The spinning process was executed in four different speeds of rotation per minute 

controlled by a computer programming system. The first spinning speed distributes the 

concrete mixture thoroughly inside the mould while the second spinning speed prevents the 

segregation of concrete materials through further mixing. The third spinning speed starts the 

compression process to compact the concrete mixture through centrifugal force. It also 

eliminates excessive air cavities that might weaken the bond between concrete materials. 

Then, the fourth spinning speed carries out further compaction for concrete grade 30 and 

above to squeeze out excess water in order to produce high-strength concrete spun piles. 

As the result of the spinning process, cement leftovers (CL), is produced. Cavities or porous 

layers that contain a large percentage of hollow particles and air voids are formed in the 

hollow core of the spun pile. The cement leftover cavities with extremely fragile and thick 

layers can be turned into fine cement particles when they are pressed. In this study, the 

cement leftovers of the spun pile is used as an additive for concrete mixtures.  

 

 

 
 

 

 

Figure 1(a). The cement leftover layer in the hollow 
core of spun piles and from a spun pile that has a 

thin cavity layer on top of the solid layer 

Figure 1 (b). A sample of cement leftovers 
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MATERIALS AND EXPERIMENTAL PROCEDURES  

 
Materials 

 

The cement used in this research is Lafarge Phoenix, a Portland Composite Cement 

(PCC) brand which satisfied the specifications for ordinary Portland cement, OPC MS EN 

197- 1:2007. It is an eco-friendly building material with a minimum of 20% recycled 

content in its chemical composition. Concrete made from this type of cement releases low 

levels of hydration heat in the early stages of the hydration process. The CL of the spun pile 

was obtained from a spun pile production factory called CAPCO Berhad in Rawang. The 

cement leftover samples were taken directly from the hollow part of the spun piles and 

placed into sacks or containers. 

 

Mix Proportion  
 

A control mix consisting of PCC, natural sand and crushed rock aggregate was designed 

with an SCC compressive strength of 30 MPa after a curing period of 28 days and a slump 

flow range of 500 mm to 700 mm within 5 to 9 seconds. A non-air entrained concrete used 

the ACI Method of mix design. The PCC was then partially replaced with cement leftovers 

from the spun piles in the range of 0%, 10%, 20% and 30%. The water-to-cementitious 

ratio, w/c ratio (cement + cement leftover), was kept constant at 0.50 with many trial mixes 

conducted to ensure that the workability was in the range of the designed slump flow. The 

mix proportions of SCC mix design incorporated with 0% 10% 20% and 30% of cement 

leftovers are shown in Table 1. 

 

       *CL : cement leftover 

         **SP : superplasticizer 
         ***w/c : water-cement 
 

Preparation and casting of the specimens  
 

To prepare the mix proportions, the required quantities of materials were weighed. 

Then, the mixing process was conducted using a mechanical tilting mixer and the procedure 

was similar as the mixing of normal weight concrete. Seventy two (72) 100 mm × 100 mm 

× 100 mm of concrete cube samples were casted. Three concrete cubes of each mix 

proportion were tested for compressive strength and water absorption after curing periods of 

7, 14 and 28 days. Before the SCC was ready to be casted into the mould, each side of the 

inner surface of the mould was greased to facilitate the removal of hardened concrete from 

its mould. The casting immediately followed mixing, after carrying out tests on the fresh 

properties of concrete. 

 

Table 1. Mix proportion of SCC mix design 

Sample Cement 
(kg/m3) 

CL* 
(kg/m3) 

Water 
(kg/m3) 

Coarse 
Aggregate 

(kg/m3) 

Fine 
Aggregate 

(kg/m3) 

SP** 
(kg/m3) 

w/c*** 
Ratio 

0% CL 460 ï 230 589 913 11.00 0.50 
10% CL 460 46.00 253 589 913 11.00 0.50 
20% CL 460 92.00 276 589 913 11.00 0.50 
30% CL 460 138.00 300 589 913 11.00 0.50 
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The fresh concrete was casted into a plastic mould without heavy tamping. Each side of 

the inner surface of the mould was filled with fresh concrete and rodded with a steel ruler to 

avoid the formation of honeycombs. The top surface of the specimens was scraped to 

remove excess material and to achieve a smooth finish. The casted specimen was placed in 

the laboratory for 24 hrs at 27+/-1°C in accordance with MS 26: Part 1:2009 until the testing 

day. Immediately after being removed from the mould, the samples were weighed before 

being fully immersed in a curing tank. 

 

Fresh Concrete Test 
 

The slump flow test was carried out in accordance with BS EN 12350-8-2010. 

Meanwhile, the sieve segregation test and J-ring test were conducted according to BS EN 

12350-11-2010  and BS EN 12350-12-2010 for the testing of fresh SCC respectively. 

 

Compressive Strength Test 
 

This test was conducted according to BS EN 12390-3:2002. 

 

Water Absorption Test 
 

This test was conducted according to BS 1881: Part 122. 

 

RESULTS AND DISCUSSION  
 

Properties of fresh concrete  
 

The properties of fresh SCC mix proportions tested by the slump flow test (slump flow 

diameter and T500 mm) of filling ability, J-ring test of passing ability and sieve segregation 

test of concrete segregation resistance ability are shown in Table 2. 

 

Nagataki and Fujiwara (1995) suggested a slump flow value ranging from 500 mm to 

700 mm for concrete to be classified as self-compacting concrete. At a slump flow of >700 

mm, the concrete might segregate whereas at a slump flow of <500 mm, the concrete might 

have insufficient flow to pass through highly congested reinforcement. All the mixes in the 

study conformed to the above range. The slump flow diameters of all mixes were in the 

range of 545  ï 660 mm. All mixes could be designated as SCC mixes. 

 

The J-Ring diameter and the difference in concrete height inside and outside the J-Ring 

were in the range of 555 ï 637 mm whereas the difference in height was less than 40 mm. 

The specimen containing 10% CL showed the finest J-ring result among the other design 

mixes in terms of mobility through narrow sections where the value was 1.125 cm. The 

segregated portion in percentage must be Ò 20% as that is the requirement that needs to be 

fulfilled by SCC mixes. The lowest segregated portion value of 8.00% was recorded by the 

mix design containing 30% CL whereas the highest segregated portion value of 11.78 % 

was recorded by the control mix design. 
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Table 2. Properties of Fresh SCC mix design 
Samples 
 
 
 

 

Slump Flow Test J-ring Test Sieve Segregation 
Test  

Slump 
Flow, SF 
(mm)  

Flow 
Time,  
t500 (s)  

Inner 
Flow 
Heigh
t  
h1 
(cm)  

Outer 
Flow 
Heigh
t h2 
(cm)  

Passin
g 
ability, 
PJ 
(cm)  

Diamete
r of J-
ring 
Flow,  
FJ (cm)  

Weight 
of Pan + 
Pass 
Material 
WPP 
(kg)  

Segregat
e Portion 
in 
Percenta
ge,  
SR (Ò 20 
%)  

0% CL   545.00  4.55  4.50  2.125  2.375  63.70  1.35  11.78  

10% CL 657.50  6.53  3.00  1.875  1.125  55.50  1.31  10.20  

20% CL 590.00  5.75  2.875  1.625  1.250  57.30  1.23  9.33  

30% CL 555.00  5.15  4.625  2.375  2.250  58.90  1.15  8.00  

 
Compressive strength of SCC  

 

The compressive strength results of SCC are shown in Figure 2. The overall strength of 

the SCC increased for all specimens. The lowest strength was recorded at day 7 where 29.20 

MPa was recorded by the control concrete specimen containing 0% CL whereas the highest 

strength of 45.70 MPa was recorded by the specimen containing 10% CL at day 28. The 

highest 7-day strength of 35.40 MPa was recorded by the specimen containing 10% CL 

while the lowest 7-day strength of 28.10 MPa was recorded by the specimen containing 

20% CL. 

 

At day 14, the lowest strength of 32.40 MPa was recorded by the specimen containing 

20% CL while the highest strength of 42.00 MPa was recorded by the  specimen containing 

10% CL. At day 28, the lowest strength of 34.80 MPa was recorded by the specimen 

containing 20% CL while the highest strength of 45.70 MPa was recorded by the specimen 

containing 10% CL. Thus, it can be seen that SCC containing 10% CL achieved a higher 

compressive strength compared to other specimens. 
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 Figure 2. Compressive strength test result of each SCC batch at 7, 14 and 28 days of wet 

curing 

 
Water absorption by SCC 

 

The water absorption results of all specimens are shown in Figure 3. In general, the 

water absorption of all specimens showed an increase in value. The lowest water absorption 

at day 7 was 4.45% by the control specimen whereas the highest water absorption was 

12.15% by the specimen containing 30% CL at day 28. 

 

At 7 days, the lowest water absorption of 4.45% was recorded by the control specimen 

while the highest water absorption of 8.76% was recorded by the specimen containing 30% 

CL. At day 14, the highest water absorption of 10.41% was recorded by the specimen 

containing 30% CL while the lowest water absorption of 4.50% was recorded by the control 

concrete specimen. At day 28, the highest water absorption of 12.15% was recorded by the 

specimen containing 30% CL while the lowest water absorption of 5.24% was recorded by 

the control specimen. 

 

Hence, based on the average water absorption of all specimens, the results showed 

increasing water absorption with time along with the increasing percentages of the cement 

leftovers from spun piles for all of the mix designs. 
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 Figure 3. Water absorption test results for each SCC batch at 7, 14 and 28 days of wet 

curing 

 
DISCUSSION 

 

The increase in strength of SCC incorporated with cement leftovers from spun piles was 

directly proportional to the increment in the duration of wet curing. If the cement leftovers 

are added into SCC in appropriate percentages, the increments in SCC strength would be 

relatively high compared to other percentages that would only result in a small increment in 

strength. In this study, the percentage of cement leftovers added to SCC which led to a 

relatively high strength increment was 10%. Thus, cement leftovers from spun piles are 

capable of increasing the strength of the SCC when they are added in the right proportions. 

 

The increment in water absorption of SCC was directly proportional to the increase in 

wet curing days which increased the percentage of cement leftovers added to the SCC 

mixes. 20% of cement leftovers added to SCC shows moderately low increments in terms of 

water absorption compared to 30% of cement leftovers which resulted in the highest 

increment in terms of water absorption of SCC. Hence, suitable percentages of the cement 

leftovers from spun piles can decrease water absorption. 

 

The increment in terms of SCC water absorption was directly proportional to the 

increasing percentage of cement leftovers added in SCC mixes. This is due to the physical 

properties of cement leftovers which are extremely porous. As a result, it absorbs a lot of 

water and makes the SCC mixes less workable. To overcome the problem, additives are 

required to be added into fresh SCC mixes during the mixing process to restore its 

workability. Therefore, superplastizer (SP) type Adva181 was added to control the 

workability of fresh SCC mixes. 
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The increment in SCC strength was due to the increase in wet curing duration and the 

percentage increase of cement leftovers added to SCC mixes. The higher the percentage of 

cement leftovers added to SCC mixes, the higher the water-cement ratio. Due to the 

inadequate water-cement ratio of the SCC mixes, the chemical reaction of hydration 

between the cement and water will be disrupted (Neville, 2012 and Nguyen et al., 2016). 

This would affect the strength of the SCC produced. Therefore, the appropriate percentage 

(for example, the proper percentage of LC used in this research was 10%) of cement 

leftovers from spun piles and the amount of superplasticizers to be added to fresh SCC 

mixes as an additive need to be considered carefully in order to produce high-strength SCC. 

 

CONCLUSIONS 
 

The conclusions that can be made from this study are as follows: 

 

i. The compression test results shows that the increment in the compressive strength 

of SCC containing cement leftovers from spun piles was due to the increase in wet 

curing duration and the increase in the percentage of cement leftovers used 

compared to the control SCC (no cement leftovers added). After 7 days of wet 

curing, the compressive strength of all specimens fell within the range of 29 MPa to 

34 MPa. After 14 days of wet curing, the compressive strength of all specimens fell 

within the range of 32 MPa to 42 MPa. Finally, after 28 days of wet curing, all the 

specimens achieved compressive strength values between 34 MPa to 46 MPa. 

 

ii. From the water absorption test results, it was clear that the increment in water 

absorption of the SCC added with cement leftovers was due to the increase in wet 

curing duration and the increase in the percentage of cement leftovers added to the 

SCC mixes compared to the control SCC. After 7 days of wet curing, the water 

absorption of all specimens fell within the range of 4% to 9%. After 14 days of wet 

curing, the water absorption of all specimens fell within the range of 4% to 11% 

while specimens cured for 28 days had water absorption values between 5% to 12%. 

 

iii.  It was found that the percentage of cement leftovers to be used as an additive in 

SCC should be appropriate in relation to the mass of cement used. If the percentage 

used is too low, the effects of the cement leftovers from spun piles as an additive in 

SCC mixes would not be too prominent. Meanwhile if the percentage of cement 

leftovers used is too high, it will affect the water-cement ratio of the SCC mix and 

reduce its strength SCC. Based on the results of this study, the appropriate 

percentage of cement leftovers to be used as an additive in SCC is 10% of the mass 

of cement used to prepare the SCC mixes. 
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Abstract 
Understanding on the effects of interfacial friction within narrow wall is important in the design 
of underground stope backfill system. Laboratory scale stope model made of metal such as 
aluminium is normally used to simulate the actual stope paste backfill system, however, 
verification of such system in terms of interfacial friction behaviour is lacking. This paper 
presents the experimental results on the interfacial friction between backfill material and the 
aluminium narrow wall system as well as the internal friction of the paste backfill. Standard 
and modified direct shear tests are employed to investigate such behaviours under dry and 
saturated conditions for uncemented paste backfill (UCPB) and cemented paste backfill 
(CPB). For the CPB, cast in-situ and precast is also compared. The shear stress-strain 
behaviour is showcased in detail for every test. The general findings show that the interfacial 
friction angle (ŭ) at the backfill-aluminium interface is weaker than internal friction angle ( )z of 
the backfill itself with an average factor of 0.69 (ŭ/z =0.69). This factor is comparable to 2/3 
or 0.67 which is commonly used in the design and analyses. The results help to better 
understand the behaviour of the backfill system, enabling engineers to optimize the paste 
backfill system design. 
 
Keywords: Shear strength, Stress-strain, Interfacial shear, Narrow wall, Arching 

 

INTRODUCTION 
 

The growing demand on mining products to improve and sustain human civilization had 

increase the numbers of mining activities around the world (Sheshpari, 2015). Mining is an 

activity to seek and extract profitable minerals embedded within the Earthôs crust (Yilmaz et 

al., 2003). Due to the scarcity of minerals around the ground level, deep mining is the next 

challenge for the mining companies to maintain their profit margin (Nasir & Fall, 2008; 

Sheshpari, 2015). Underground ore extraction will create mined-out spaces (stopes) in forms 

of narrow rectangle with plan dimensions of 15ï40m and heights of 50ï100m and above 

(Helinski et al., 2007; Rankine & Sivakugan, 2007) that could reduce the ground stability 

and indirectly giving impact to ore recovery rate and safety issues (Ghirian & Fall, 2015). 

Mining activities result in huge quantities of waste rock stockpiling and tailings 

impoundments (Li & Yang, 2015). 

 

Mine backfill is a new tailings management technique that utilise dewatered slurries as 

uncemented paste backfill (UCPB) or cemented paste backfill (CPB) to fill-up stopes for 

underground general stability (Benzaazoua et al., 2004). The cemented paste backfill (CPB) 

is widely adopted in underground mining industry around the world due to its technical, 

environmental and economical strongpoints (Belem et al., 2002; Yilmaz et al., 2003; 

Benzaazoua et al., 2004; Fall et al., 2008; Li & Yang, 2015). CPB utilizes dewatered tailing 

waste, binding agent and water to create a free-flowing slurry-paste form to be filled into 

stopes and hardened as adjacent underground mine support (Helinski et al., 2007; Fall et al., 

2008; Ghirian & Fall, 2015; Sheshpari, 2015). CPB mix proportion is usually in between of 

3ï7% by weight for binder and 70ï85% by solid for tailings (Landriault, 1995; Orejarena & 
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Fall, 2008; Nasir & Fall, 2009; Orejarena & Fall, 2011). CPB has high water content with 

water cement ratio (w/c) between 2.5 and 7% that exceed the water needed for a completed 

hydration of cement. High w/c ratio is required in order to be able to pump the CPB through 

a pipeline without causing clog (Ramlochan et al., 2004). After backfilling, the weight of 

the backfill within the stope is not only transferred to the bottom of the stope but also 

transferred stope side walls. This phenomenon is known as arching effect (Terzaghi, 1943). 

When arching occurs in a filled stope, the vertical stress at the bottom of the fill is less than 

the overburden weight due to the horizontal transfer of stress to the side walls (Marston, 

1930; Terzaghi, 1943). This stress transfer is primarily associated with the frictional and/or 

cohesive interaction between CPB and stope sidewall (Belem & Benzaazoua, 2008). 

 

The stability of CPB structures is a function of many factors, such as the mechanical 

properties of the CPB as well as the interfacial friction between the CPB and the sidewall. 

Nasir & Fall (2008) and Koupouli et al. (2016) realised the importance of information on 

the shear strength parameter of CPB-stope wall and had conducted test on the interfacial 

friction angle between CPB and their rock samples. From common design practice, the 

internal friction angle of CPB is often used as the interfacial friction angle between CPB and 

rock because shear failure is not likely to occur at CPB-rock interface due to the high 

surface roughness of unevenly excavated wall (Terzaghi, 1943; Pierce, 2011; Li et al., 2003; 

Koupouli et al., 2016). With the presence of significant pressure and heat, foliation of rock 

will occur and reduce the surface roughness and thus resulting in overestimation of the 

arching effect (Mitchell et al., 1982). Consequently, overestimation will lead to failure and 

incur major loss. 

 

 
Figure 1. Schematic of (a) deposition of CPB into stope, (b) stress generate when deposited into 

aluminium narrow wall, (c) investigation of shear behaviour with direct shear test 

 

To the best of the authors' knowledge, there are no data published on the interfacial 

friction between CPB deposition and aluminium wall in a laboratory scale model. Authors 

are developing a laboratory scale modelled narrow wall backfill system using aluminium as 

the materials to simulate the stope. Thus, the model requires validation if it can represent the 

stope with regards to the interfacial friction standpoint. Figure 1 shows the importance of 

interface shear properties of CPB-aluminium wall as a basic understanding on the behaviour 

of CPB when deposited into the model. In consideration of the facts that are mentioned 

above, a research program has been conducted at the University of Malaysia Sarawak to 

study the interfacial friction behaviour of the deposition of CPB into narrow wall. The main 
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objectives of this paper are, to present the results of the experimental evaluation on the shear 

behaviour of CPB and interface friction behaviour corresponding to the aluminium wall 

under different shearing conditions, to develop a basic understanding of the shear behaviour 

of CPB-aluminium interface and, to correlate with the experiment on stress-strain CPB 

deposition within aluminium narrow wall. 

 

MATERIALS 
 

The CPB is reproduced in the laboratory by mixing fine silica flour, cement and water. 

The properties of these three materials are controlled and consistent in order to ensure 

reproducibility and repeatability of the results. 

 

Silica flour as tailings 
 

Silica flour is used as a replacement for tailings. Silica flour is a finely ground 

crystalline silica which mainly consist of SiO2 is commercially obtained from 

SILVERBOND® Pasir Gudang, Johor, Malaysia. SILVERBOND® crystalline silica is 

produced from a high purity quartz with SiO2 of 99.38% as shown in Table 1. The 

SILVERBOND® is inert, neutral in pH, and comes with a good consistency. 

 
Table 1. Main chemical elements in SILVERBOND® 

Element Al Ca Si Fe Na S K Mg Ti 

  wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% 

PG20 0.33 0.01 99.38 0.01 0.01 0.00 0.02 0.01 0.04 

 

Nasir & Fall (2008), Fall et al. (2010), Fall & Pokharel (2010), Abdul-Hussain & Fall 

(2012), and Ghirian & Fall (2013) had used silica flour as tailing replacement on the 

research due to its benefits and its similarity of particle size towards tailing from the average 

of nine Canadian mine tailings. The particle size distribution of the ground silica used is 

shown in Figure 2. The particle mean diameter is 25ɛm. According to paste fill standard 

(Potvin et al., 2005), the paste fill should contain at least 15% of passing with particle size 

of 20ɛm. Table 2 summarizes the physical properties of the silica flour. They were 

uniformly-graded with a coefficient of uniformity Cu of 3.66 and free of sulphide minerals. 

Sulphide will oxidise into sulphate and will affect the shear strength of CPB with its 

corresponding interface. 

 
Table 2. Physical properties of SILVERBOND® 

Parameter Gs D10 D30 D50 D60 D90 Cu Cc  ȹ 

Unit -  ɛm ɛm ɛm ɛm ɛm -  -  -  

Value 2.67 8.2 17 25 30 56 3.66 1.17 1.91 
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Figure 2. Particle size distribution of silica flour and the average particle size distribution from 9 

Canadian mines 

 

Portland cement as binder 
 

Ordinary Portland cement is manufactured by Cahya Mata Sarawak (CMS). The quality 

of cement is satisfactory as CMS cement exceeds the standard requirement specified in 

Malaysian Standard MS EN 197-1 which is equivalent to ASTM C150 (CMS, 1998). 

Amount of binder used is decided by the percentile of dry mass of tailing which is kept at 

5% throughout the experiment.  

 

ὄϷ           (1) 

 

where MB is the mass of binder and MDry-T is the mass of dry tailing. 

 

Water 
 

Clean consumable tap water supplied by Kuching Municipality Water Board is used for 

mixing in this experiment. The water is clean in terms of turbidity, pH, and chemical 

residual as claimed in their quality control standards (KWB, 2000). The pH of the water is 

6.84. 

 

Aluminium platform 
 

Aluminium plate of 60×60×5mm dimension was prepared by cutting from a bigger 

piece of aluminium plate using a shear cutter. The surface roughness is controlled by using 

new aluminium plate acquired from the same source. Aluminium plate used is 

incompressible under a range of applied pressures. 

 

SPECIMEN PREPARATION 
 

The interface shear behaviour is studied by shearing UCPB and CPB with the 

aluminium plate. UCPB acts as a contrast to show the significance of binder on improving 

the properties of the paste. Brand new silica flour (from the bag) with initial water content 

less than 0.2% is used for the preparation of every type of specimen. Preliminary test such 

as slump test and UCS test are conducted to seek for the most suitable mix design for both 

UCPB and CPB as shown in Figure 3. 
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Figure 3. Graph showing (a) UCS value for different amount of binder used (b) Yield stress 

corresponding to the solid content (%) and slump height. 
 

CPB has a common UCS application range of 0.2MPa to 5MPa but usually the target 

strength is 1MPa at 28 days and 0.3MPa at 3 days (Sheshpari, 2015). Ghirian & Fall (2016) 

and Wu et al. (2016) had showed the relative UCS value at different curing time where at 3 

days of curing, the UCS strength should be around 0.3MPa. 5% of binder is required to 

obtain the UCS value of 0.3MPa. Slump tests were conducted with different solid content 

but the amount of binder is fixed at 5% due to UCS requirement. A range of dimensionless 

slump height (z/H) are obtained from a modified slump test namely fifty cent rheometer 

which allows yield stress identification (Pashias et al., 1996). Yield stress below 200Pa is 

recommended for a clog-free flow within a pipeline (Cooke, 2008). Thus, 72% solid content 

is selected for it only gives 115Pa of yield stress. 

 

UCPB sample is prepared as standard soil testing procedure for direct shear test 

according to ASTM D3080 (2011). CPB samples were prepared in three forms; cast in-situ 

for internal shear and interfacial shear and precast for interfacial shear. With the same mix 

composition of 72% solid content, 5% of cement by weight and water-cement ratio of 7.7 as 

shown in Table 3 were used to prepare for all CPB specimen. The amount of binder and 

days of curing is fixed as it has insignificant effects towards the interface shear strength 

(Koupouli et al., 2016). The materials are mixed until homogenous within dissolution stage 

of hydration process. The mixture is cast into the direct shear box as a mould to prepare the 

precast CPB. As for cast in situ CPB, it is poured directly into an assembled direct shear box 

with an aluminium surface levelled with the shearing plane as shown in Figure 4. Minor 

gaps between the square aluminium plate and the direct shear box is filled with silicon 

sealant to avoid the formation of griping mechanism. Excess silicon sealant will be removed 

as it will interfere with the shearing surface. The CPB sample is cured under high humidity 

in 3 days in an enclosed basin with the presence of thin water layer below the sample. For 

saturated test, CPB after 2 days curing is cured under saturated condition for 1 day. 

 

 
Figure 4. Preparation of CPB specimen prior testing with direct shear apparatus. 
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Table 3. Specimen mixture characteristics 
Specimen 

Binder 
content, 
Bw (%) 

Solid mass 
content,  Cw 
(%) 

Water 
content (out 
of total), wT 
(%) 

Water 
content (out 
of solid), wS 
(%) 

Water to 
cement 
ratio, w/c 

Slump 
height, 
S (mm) 

UCS 
(kPa) 
3d 

Yield 
stress 
(Pa) 

UCPB 0 72 28 38.9 - 21 48 70 

CPB 5 72 28 38.9 7.7 17 314 115 

 

EXPERIMENTAL PROGRAM 
 

Experimental approaches 
 

This direct shear test is conducted to correlate with an experimental investigation of 

UCPB and CPB deposition. By referring to Figure 1, as the deposition takes place within a 

narrow wall, vertical stress will be transferred to the side wall due to arching. Heating from 

the cement hydration contribute to the expansion and thus, arching is intensified. Expected 

thermal expansion and arching effect of the specimen towards the aluminium side wall 

behaves like a normal force contributing towards the interface shear plane. Normal stress 

applied in the direct shear test is back calculated from the condition of backfill within the 

narrow wall without any overburden stress (i.e. only self-weight). The self-weight of UCPB 

and CPB deposition is equivalent to 16kN/m2 of normal force applied onto a direct shear 

sample. In order to develop to fit into the Coulomb model, the direct shear test is conducted 

in three normal stresses: 16kN/m2, 32kN/m2 and 48kN/m2. No deformation can be observed 

if the normal stress applied to CPB that is cured for 3 days with 5% binder content is less 

than 100kPa (Yilmaz et al., 2008). Saturation of the specimen is also concerned as excess 

water is present during deposition due to the requirement of workability. 

 

Direct shear apparatus 
 

ELE International digital direct shear apparatus is used for the testing. It allows the 

modification to be done to investigate the interfacial friction behaviour. Rapid shear box test 

conforming ASTM D3080 (2011) is conducted for all the variation of specimen. 

 

Test procedure 
 

The specimen is assembled in a way that fulfil the experiments in Table 4. For 

interfacial shear, the specimen and the aluminium surface had to be exactly at the shearing 

plane. Normal stress is applied accordingly and sheared at the rate of 1mm/min until 15% 

shear strain is archived. Aforementioned shear rate is selected based on ASTM3080 and 

explained as follows. The longest time required for UCPB samples to archive 90% 

consolidation is 0.5min as CPB takes less time than UCPB. The total estimated elapsed time 

for failure is 5.8min and the horizontal displacement at failure is at 6mm. Thus, the 

maximum displacement rate suitable for these experiment is 1.03mm/min and below. All 

data were recorded manually. 

 

Test plan 
 

Dry silica flour, saturated silica flour and interfacial shearing between saturated silica 

flour and aluminium with different initial density was investigated under UCPB category. 
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Table 4. Test plan for direct shear test 
Specimen UCPB CPB 

Shearing 
condition 

Dry Saturated Dry Saturated 

UC-UC UC-A UC-UC UC-A C-C CC-A PC-A C-C CC-A PC-A 

*Note that UC is UCPB, C is CPB, CC is cast in situ CPB, PC is precast CPB and A is aluminium. 

 

RESULTS AND DISCUSSION 
 

The direct shear results are presented in terms of shear stress-strain, and Mohr-Coulomb 

envelope that shows cohesion/adhesion and friction angle parameter. Data obtained on the 

deformation behaviour of specimen under different shearing condition are beyond the scope 

of this paper. The shear stress-strain curves of UCPB and CPB are shown in Figure 5 and 

Figure 6. Generally, two types of curve can be observed which are nearly perfect plateau 

elastoplastic curve (Figure 5a, b, and Figure 6) and elastoplastic curve with strain hardening 

(Figure 5c and d). 

 

 
Figure 5. Shear stress-strain of UCPB under different shearing condition.  (a) Dry UC-UC (b) Dry UC-

A (c) Saturated UC-UC (d) Saturated UC-A 

 

Each test in Figure 5 is investigated under different density but only the one initial 

packing of 1.75g/cm3 is discussed in this paper because it correlates with the density of the 

mix design for UCPB and CPB used. Figure 5a and b show the internal shear stress-strain 

behaviour of dry silica flour and interface shear stress-strain behaviour of dry silica flour 

with aluminium surface with no presence of water for saturation whereas Figure 5c and d 

are sheared under a saturated condition. Specimens in Figure 5a and b behaves like a fine 

granular remoulded sample. Shear stress-strain behaviour of remoulded specimen normally 

behaves like elastoplastic curve with strain hardening where peak stress is not presented as 

overconsolidated. The internal shear stress of UC-UC is greater than UC-A interface by 

56.0%, 53.4% and 51.0% with respect to the normal stress of 16kPa, 32kPa and 48kPa. 

When saturated, the silica flour appears to behave like a block of paste although no cement 

binder is added. The greater initial gain as shown in Figure 5c, d in shear stress compared to 

dry silica flour is partly due to the formation of minor cohesion within UCPB and adhesion 

between of UCPB and aluminium surface. After overcoming the shear strength from the 

adhesive/cohesive behaviour, lubrication effect due to the presence of water will generally 
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reduce the friction and thus resulting in minor gain in shear stress after 2% shear strain. The 

ultimate shear strength for saturated case is slightly higher due to the minor 

adhesion/cohesion. 

 

Figure 6a-c show the internal shear stress-strain behaviour of CPB and interface shear 

stress-strain behaviour of CPB-aluminium under different casting method whereas Figure 

6d-f show the same tests but under saturated condition. Binder content and curing time is 

kept to be the same throughout the tests since the interface shear stress-strain behaviour is 

significantly affected by binder content if the shearing occurred within CPB and within a 

cast in situ CPB-aluminium interface shear (Nasir & Fall, 2008) although it has been 

established that the interface shear stress-strain behaviour is insignificantly affected by 

binder content and even less affected by curing time (Koupouli et al., 2016). Figure 6c and f 

shows similar shear stress-strain behaviour as Figure 5b and d but possess higher shear 

stress throughout the shearing. Similar behaviour may be due to the same contact in between 

specimen and aluminium but the difference in shear stress value is most likely due to the 

greater surface roughness of CPB compared to UCPB which is rather soft and does not have 

the ability to control its surface roughness. The interface shear stress of precast CPB and 

aluminium does not varies much from each other due to the counterbalance effect as 

mentioned in UCPB-aluminium interface. 

 

Figure 6a, b, d and e show shear stress-strain behaviour in between of CPB-CPB and 

CPB-aluminium interface under saturated and unsaturated condition. First peak shear stress 

can be seen at region less than 3% shear strain for both unsaturated and saturated CPB-

aluminium interface which is due to the failure of the cementation bond between CPB-

aluminium interface. This is supported by post-shear observation where a very thin 

frictional layer of CPB remains on the aluminium surface. It is confirmed that there is 

bonding in between cast in situ CPB as the layer cannot be easily removed from the surface 

of aluminium. After the peak shear stress, the shear stress remains or slightly increase 

beyond 3% shear strain. For CPB-CPB shear, shear stress had reached its peak at around 1% 

shear strain then it remains or slightly increase for the rest of the shearing. The internal 

shearing of CPB possess the highest shear strength regardless the saturation condition then 

followed by cast in situ CPB-aluminium interface and finally precast CPB-aluminium 

interface is the weakest in terms of shear strength. The effects of saturation on the shear 

strength CPB is insignificant but to some extent it affects the friction angle and cohesion. 

 

Figure 7 shows the Mohr-Coulomb envelope of UCPB and CPB under different 

shearing condition and Table 5 shows the cohesion and friction angle obtained from Figure 

7. These envelopes were produced by fitting a linear regression line for each dataset and for 

all regression line was more than 0.967. Every shear failure envelope obeyed the Mohr-

Coulomb failure criterion where the increase in shear stress is linear to the normal stress 

induced. Friction angle (ʟ) and cohesion c) under our range of normal stress (ǹ) was 

obtained from (2). 

 

† ὧ  „ÔÁÎ•           

       (2) 

 

where ̱  is the shear stress. 
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Figure 6. Shear stress-strain of CPB under different shearing condition (a) Dry C-C (b) Dry CC-A (c) 

Dry PC-A (d) Saturated C-C (e) Saturated CC-A (f) Saturated PC-A 

 

It is expected that there should not have any cohesion for cases other than CPB-CPB 

and cast in situ CPB-aluminium. Cohesion obtained in the range of -2.7kPa to 1.8kPa are 

obtained as results of curve fitting. Hypothesis was made to explain these small deviations 

by understanding the shearing condition and the trend of the cohesion value. As mentioned 

before, saturated shearing condition have the tendency to create a paste-like block where a 

minor adhesive behaviour will be created in between the material itself and towards another 

surface. It is notable from the UCPB Mohr-Coulomb envelope that the minor cohesion 

created is higher when the specimen is saturated and the adhesive is greater in between of 

the paste-like material itself rather than in between UCPB-aluminium interface. Minor 

adhesion as discussed in saturated UCPB specimens is lesser at saturated precast CPB as the 

particles of CPB have a greater tendency to be bonded and remained within CPB itself 

rather than creating a minor adhesive effect by sticking to the aluminium surface like UCPB 

did. Though a cohesion of 0.7kPa is still observed because the surface of CPB is slightly 

dissolved due to saturation and hence some of the soften parts behaves like paste and thus 

creating a lesser adhesive behaviour compared to saturated UCPB. The cohesion obtained 

from CPB-CPB shearing is greater than the adhesion obtained from cast in situ CPB-

aluminium interface shear by 110.2% for unsaturated condition and 104.3% for saturated 

condition. Aforementioned specimen at unsaturated condition generally have higher 

cohesion than saturated condition. The presence of water can promote minor adhesion to 

non-cohesive material but at the same time it will also reduce the bonding strength of CPB 

and thus reducing the cohesion value. 
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The friction angle of the UCPB material are tested under different initial density. The 

internal friction angle of UCPB is in between of 27.85° to 37.45° and interfacial friction 

angle of UCPB is in between of 23.20° to 26.13°. The highest friction angle for all cases of 

UCPB shearing are shown in Table 5. The friction angle of unsaturated UCPB is greater 

than saturated UCPB by 5%. Such reduction in friction angle is due to the lubrication effect 

between water and particles. The friction angle of UCPB-aluminium interface is 

significantly lower due to the smooth surface of aluminium platform. The friction angle of 

precast CPB-aluminium interface is higher than UCPB-aluminium interface as the surface 

roughness of CPB is higher than UCPB. The friction angle of the specimens with cohesion 

is affected by the high initial shear stress due to cementation bond. Thus, showing less shear 

stress gain from the variation of normal stress applied and reduces the friction angle of the 

material upon obeying the linear law of Mohr-Coulomb envelope. As the CPB is sheared 

under a saturated condition, the reduction of bonding strength/cohesion of CPB will gives a 

higher friction angle value. 

 

 
Figure 7. Mohr-Coulomb envelope of (a) UCPB and (b) CPB under different shearing condition. 

 

Nasir & Fall, 2008 shows the interfacial friction angle and adhesion of cast in situ CPB 

(dry, binder = 4.5%, w/c = 7.6 and cured at 3 days) and smooth limestone rock were found 

to be 24.78° and 27.06kPa. The adhesion is higher than our results as the surface roughness 

of aluminium is smoother than the rock that are claimed to be smooth. Formation of minor 

gripping mechanism due to hardening of CPB is more significant at rougher surface. As the 

bonding failed due to shearing, the surface of the aluminium and limestone (compressive 

strength of 27MPa) is not likely to be damaged whereas CPB failed and form a thin and 

evenly distributed layer of CPB on aluminium surfaces and rock surfaces (Nasir & Fall, 

2008). Thus, the shearing occurs between CPB and the thin layer of CPB on the surface of 

other material so the interfacial friction angle is similar. Koupouli et al., (2016) shows the 

interfacial friction angle and adhesion between precast CPB and smooth granite rock were 

38° and 8kPa respectively. The rather soft behaviour of CPB (4.5% binder and 3 days of 

curing) will deform at 100kPa applied pressure and above (Yilmaz et al., 2008). Koupouli et 

al., (2016) applied up to 200kPa of normal stress on CPB sample which have the tendency 

to cause deformation and takes shape of the surface roughness of the granite used. Thus, 

some shear strength required to break the bonding formed due to deformation of CPB. The 

surface of aluminium is smoother than granite so the resulting interfacial friction angle is 

lower. 
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Table 5. Specimen cohesion and friction angle under each shearing condition 

Specimen UCPB CPB 

Shearing 
condition 

Dry Saturated Dry Saturated 

UC-UC UC-A UC-UC UC-A C-C CC-A PC-A C-C CC-A PC-A 

Cohesion (kPa) -2.7 -1.6 1.8 1.2 24.8 11.8 -1.7 19.2 9.4 0.7 

Friction angle (°) 37.45 26.13 35.68 24.73 23.83 25.96 31.60 26.94 27.91 
30.4
7 

 

CONCLUSION 
 

The paper presents the experimental results on the interfacial friction between backfill 

material and the aluminium narrow wall system as well as the internal friction of the paste 

backfill. This study explains the shear stress-strain behaviour of the internal and interfacial 

friction of the backfill system. The values shear strength, cohesion, and friction angle and 

some comparisons are reported. A thorough analysis is made on each dataset obtained then 

the following conclusion can be drawn: 

 

- The shear failure envelopes both internal and interfacial tests fit Mohr-Coulomb 

failure criterion. 

- The presence of water can alter the final shear strength depending on initial material 

condition. 

- The interfacial friction angle of CPB-A is higher than shear strength of CPB-CPB 

shearing by a factor of 1.06. 

- The interfacial friction angle of UCPB-A is lower than shear strength of UCPB-

UCPB shearing by a factor of 0.69. 

- The interface shear behaviour for both cast in situ and precast CPB-A are 

comparable with previous finding on interface shear behaviour of cast in situ and 

precast CPB-rock. 

 

Data that are presented in this paper will be useful for the understanding of stress 

distribution of CPB within aluminium narrow wall in simulating the CPB ï rock wall 

behaviour in real stopes. Sufficient shear strength at the interface might be able to reduce 

vertical stress generation from volumetric thermal expansion. 
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Abstract 
Cement is widely applied in soil treatment to enhance its geotechnical properties. The 
treatment techniques of dredged marine soils (DMS) are an essential and necessary in 
assuring the effectiveness for a long-term solution. Particularly the application of it as a 
backfill material. The reuse of DMS as geomaterial will minimize the impact to environment. 
The disposal of DMS into the ocean or on land are unsatisfactory in managing its large 
quantity which indicates a high demand on new ocean and land disposal. DMS are classified 
as contaminated waste that contain of organic matter and heavy metals. Contaminated DMS 
can harm aquatic organism, animals and human. It must be disposed safely to ensure the 
contaminants are not released. This paper presents a cement-treated of Kuala Perlis DMS 
(3.4 LL) with varying dosage of cement (2.5 ï 40 %) at different curing period (1, 168, 336 
and 672 hours). It shows the undrained shear strength (su) value of cement-treated DMS 
throughout the curing process. The results for cement dosage above 20 % shows a good 
improvement in su value and the strength development were found increased after 168 hours 
of curing. It was explained that the lowest water-cement (w/c) ratio tend to have a higher su 
value of the cement-treated DMS. 
 
Keywords: Dredged marine soils; Cement-treated DMS; Undrained shear strength; Water-cement 

ratio 

 

INTRODUCTION 
 

Large volume of unwanted dredged marine soils (DMS) with high initial water content 

were produced annually from the maintenance works of ports and waterways, as well as the 

dredging of rivers and lakes. Their initial water content is about 2 to 3 times of liquid limit 

(LL). These works are crucial in keeping harbors and waterways navigable, preventing flood 

of river and restoring the ecosystem of degenerative water bodies (Zhu et al., 2007; Bian et 

al., 2016). The DMS from dredging works are often dispose by dumped in the sea or stored 

at on land disposal sites (Rekik and Boutouil, 2009). Disposal of this DMS is costly and 

always poses a significant challenges when to find a suitable sites to dispose the waste. 

DMS are exhibit with low shear strength, high compressibility and their natural water 

content are higher than its LL (Zhu et al., 2007; Kang et al., 2015; Kang et al., 2016; Kang 

et al., 2017). Rather than disposed or stored the waste, it can be reuse or recycle as a geo-

waste-material with suitable pre-treatment such as cement-treated method (Chan et al., 

2012). 

 

Cement-treated soils are known as one of economical and environment-friendly 

solutions. Cement mixing method make these waste materials useful as a geomaterial for 

various construction works. It is widely applied to enhance the properties of soil foundation 

structures such as embankments, earth dams and river levees (Bian et al., 2016; Ho et al., 

2017). Cement-treated soils possess certain extent of structures as a result of the cement 

hydration and pozzolanic reactions (Zhu et al., 2007; Chiu et al., 2008). Cement hydration 

occurred rapidly when the pore water encountered with cement. The hydrated calcium 

silicates (CSH), hydrated calcium aluminates (CAH), hydrated calcium aluminium silicates 
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(CASH) and hydrated lime / calcium hydroxide (Ca(OH)2) are known as the major 

hydration products. It leads to a rise of pH value of the pore water caused by the 

dissociation of Ca(OH)2. The silica and alumina from the pozzolanic materials were 

dissolved by the strong bases. It is similar as the reaction between a weak acid and strong 

base. The hydrous silica and alumina will then react with calcium ions liberated from the 

hydrolysis of cement from insoluble compounds (secondary cementitious products) and 

hardens with time (Horpibulsuk et al., 2011). Generally, the short-term strength 

development is mainly attributed by cement hydration. While, for long-term strength 

development is mainly attributed by pozzolanic reaction between clay minerals and 

Ca(OH)2 formed by cement hydration (Ho et al., 2017; Horpibulsuk et al., 2003). 

Furthermore, cement treatment leads to a flocculation of the fine fractions in soils and 

increases their particle size and modifies their plasticity (Rekik and Boutouil, 2009). 

 

The strength mobilization of cement-treated clay is influenced by many factors. Such as 

the quantity of cement used, the mixing methods of admixtures, the curing conditions and 

characteristics of the nature of soils (Kang et al., 2015). Water content of soils considerably 

influence the strength of cement-treated soils (Ho et al., 2017). This parameter is usable in 

interpret quantitatively other mechanical properties of the cement-treated soils, such as 

yielding and shear strength (Chiu et al., 2008). The strength of cement-treated soils were 

relied on the proportion of water-cement (w/c) ratio. It is an important factor in determining 

the ultimate strength and stiffness gain of the soil. High ratio of w/c leads to the lower 

strength in soils. Where the strength of cement treated soils is inversely proportional to the 

w/c ratio. Moreover, w/c ratio affects the hydration kinetics. Where the higher w/c ratio 

leads to the higher hydration rate (Rekik and Boutouil, 2009; Yun et al., 2006; Chan, 2016). 

 

EXPERIMENTAL WORK 
 

Distilled water was added to the DMS to achieve the consistency of 3.4 LL for each 

sample to achieve the same as natural water content of the DMS. Cement was added to the 

DMS at a dosage of 2.5 ï 40 %, corresponding to the w/c ratio as shown in Table 1. Those 

dosages were investigated to determine cemented DMS behavior at different w/c ratio. DMS 

and cement was thoroughly mixed by using kitchen mixer at a lower speed. The mixture 

was then transferred into a rectangular airtight container (see Figure 1) and cured for 1, 168, 

336 and 672 hours before a laboratory vane shear (LVS) test were performed. 

 

 
Figure 1. Cement-treated DMS specimen 
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Table 1. Specimen list and mix ratio 
      Mix Proportions       

Specimen 

Natural 
Water 

Content Wet Soil  Dry Soil Water, W Cement, C 
Cement 
Dosage W/C 

  % (g) (g) (g) (g) (%)   

2.5C 

240.74 2000 586.96 1413.04 

14.67 2.5 96.3 

5C 29.35 5 48.1 

10C 58.70 10 24.1 

20C 117.39 20 12 

40C 234.78 40 6 

 

RESULTS AND DISCUSSIONS 
 

Material 
 

The studied materials was dredged from Kuala Perlis, Kedah of Peninsular Malaysia in 

year 2016. The properties results of the dredged materials are reported in Table 2. The 

natural water content is about 240.74 % (3.4 LL), dried in an oven at 100 ºC (BS 1377-

2:1990:3.2). The particle density value of dredged material is 2.36, measured using a small 

pyknometer method (BS 1377-2:1990:8.3). The liquid limit value is 71.70 % by using a 

cone penetrometer method (BS 1377-2:1990:4.3). The plastic limit and plastic index value 

for dredged material are 40.06 % and 31.64 %, respectively (BS 1377-2:1990:5). The 

dredged material was classified in high plasticity silt, MH for its soil type (Unified Soil 

Classification System). 

 
Table 2. Properties of dredged marine soils 

Soil type High plasticity silt, MH 

Natural water content, wnat (%) 240.74 
Specific gravity, Gs  2.36 
Liquid limit, LL (%) 71.70 
Plastic limit, PL (%) 40.06 
Plastic index, PI (%) 31.64 

 

Shear Strength 
 

Undrained shear strength, (su) was obtained by LVS test. Figure 2 indicates the su values 

for various cement dosage ranging 2.5 ï 40 % at different curing time (hour). It shows the su 

value of the DMS were proportionated to the curing period. At dosage below 10 %, the rate 

of su increment did not show a significant changes throughout the curing process. It shows 

these ratios are insufficient enough to strengthen the DMS due to its high natural water 

content. While for dosage at 20 and 40 %, the su are increases rapidly up to 168 hours of 

curing. It was expected that the su will continuously increase beyond the 672 hours of 

curing. Several studies have revealed that the strength increases as samples undergo longer 

curing time and maximum value of strength were attained for the 28 days (672 hours) curing 

time (Yun et al., 2006; Vakili et al., 2016). It is because extended curing time is required to 

induce cementation of soil (Rahman et al., 2013). Kang et al. (2016) clarifies the pozzolanic 

reaction will begin upon 28 days (672 hours) of curing where indirectly will producing the 

cementing products in cement-treated DMS. 
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Figure 2. Undrained shear strength, su at different curing time 

 

The relationship of su and w/c for the preliminary study are presented in Figure 3. These 

two factors describes a good correlation between the su and w/c value. It shows the high 

value of w/c tend to have the lowest su and it verifies the w/c factor are strongly affecting the 

su of cement-solidified DMS. Furthermore it shows the prolonged curing of cement-

solidified DMS results in continuous increasing of su. Liu et al. (2008) introduced a simple 

index of total water-cement ratio (R) where defined as (1). Where mw represents the weight 

of water on the mixed soil-cement, including the water in original soils and water in slurry 

cement. And mc represents the weight of cement in dry state.  

 

 R = mw/mc        (1) 

 

 
Figure 3. Relationship between su and water-cement ratio 
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According to Kang et al. (2016), the estimation of strength development at early stages 

is important for construction project. Figure 6 illustrates the strength development with 

curing time at log-log scale and strength increment coefficient b1 with cement content at 

early stages of curing time (within 3 days), respectively. The strength development can be 

expressed as shown in (2) and (3). Where t is curing time, a1 is strength at 1 hr of curing, 

and b1 is the rate of strength increment within 3 days. Kang et al. has mentioned that in 

order to find the coefficient of b1, a log-log scale graph must be drawn (see Figure 4). 

 

 ln (qu or 2su) = ln (a1) + b1 ln (t)      (2) 

 qu or 2su = a1 t 
b1        (3) 

 

 
Figure 4. Strength development with curing time (log-log scale) 

 

Figure 5 shows the strength increment coefficient within 3 days (b1) close to zero when 

the cement content is small. Kuala Perlis DMS shows the b1 sharply increases with cement 

content up to 20 %. While b1 are slightly increases at dosage below 20 %. The level of b1 by 

hydration reaction generated during early curing time are small at dosage below 20 % (Kang 

et al., 2016). Thus, b1 can be expressed as in (4). Where e1 and e3 are strength increment 

parameters with cement content within 3 days of curing. And e2 represents the threshold of 

cement content for strength gain of treated clay. 

 

 b1 = e1 ln (c* - e2) + e3       (4) 
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Figure 5. Strength increment coefficient b1 with cement content at early stages of curing time (within 3 

days) 

 

Figure 6 represents the normalized initial water content of sample will change with 

variation in water content (see Equation 2). The weight of water, clay and cement will 

change depending on the cement content. Where soil and cement were considered as solid 

particles in determining the water content. The normalized water content at liquid limit were 

determined as mentioned in (5) and (6). Where ww is weight of water, ws is weight of soils 

and wc is weight of cement. There are no significant changes in value of ln su for cement 

dosage at 2.5, 5, 10 and 20 % (normalized water content: -0.024, -0.048, -0.095, -0.183). 

The difference in ln su can be seen significantly in the 40 % of cement dosage (normalized 

water content: -0.335). Henceforth, it shows higher wc value and prolonged curing are the 

factor of ln su to increase. 

 

       (5) 

  

 
        (6) 
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Figure 6. Variation of su at normalized water content 

 
CONCLUSION 

 

The most obvious finding to emerge from this study is that the su value of cement-

treated DMS were induced by the lower w/c and prolonged curing time. For su at dosage 20 

and 40 %, it shows an increment up to 168 hours of curing time. The prolonged curing 

showing an increment value of su. The changes of w for dosage 2.5 and 5 % were neglected. 

It is regarding w values at dosage 2.5, 5 and 10 %, where it seems did not shows a major 

changes throughout curing process. It was evidently supported by previous study where the 

pozzolanic activity will begin upon 28 days (672 hours) of curing in producing the 

cementing products of DMS. The w/c ratio is a prime parameter in analysis the properties of 

DMS. The higher strength of DMS will be induced by the lower value of w/c or R, with the 

enhancement of the cementation bond strength. A study towards the variety of w/c ratio will 

assist in future studies in the appropriate cement dosage selection for high natural water 

content marine soils. 
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Abstract 
This study investigates the granular inclusion such as sand, palm oil clinker and recycled 
pavement materials, in conjunction with dredged marine clay from dredging project at Kuala 
Perlis, Malaysia to improve the consolidation rate. Dredged marine clay (DMC) known as 
geo-waste because of poor engineering properties. Thus, dredged and dump methods 
become an option to certain countries without any treatment before dumping it back to open 
waters. In addition, this method clearly gives the negative potential towards the environment 
especially the contamination of DMC to the marine ecosystems. Therefore, this study 
investigated the effect of granular inclusion to accelerated consolidation time and determine 
whether it can be reuse or not by used the 1D oedometer test. The results showed that the 
use of granular materials does suggest the increasing of consolidation rate as well as 
strengthen the soil particles of DMC. Moreover, the effective use of waste granular materials 
such as palm oil clinker and recycled pavement materials contributes to developing a 
sustainable society by reducing the huge quantities of solid wastes and establishing a sound 
environment. 
 
Keywords: Dredging; Dredged clay; Granular materials; Oedometer; Consolidation rate 

 

INTRODUCTION 
 

Dredged clay comes from the excavation activities to maintain the shipping channels or 

development for new structure near the ports. The volume of dredged clay worldwide keeps 

on increasing because the growth of industrial development and port expansion. It is 

apparent that increased dredging over the years was accompanied by increased of disposal 

costs. Dredging costs depend on the equipment, estimated dredged volume, type of dredged 

materials, disposal distance from the excavation site, time and disposal method. In Kuala 

Perlis, Malaysia, 937,000 m3 of dredged clay were generated in year 2016. The dredging 

cost that needs to be borne by Malaysian Government was RM 20-30 million to deepen the 

coastal area for tourism purposes (Wan Salim et al., 2012). As such, coastal region plays a 

significant role in the economic and infrastructure development as well as the tourism 

industry of the country (Lee, 2010). According to Anuar (2015), 60 % of the population in 

Malaysia lives near the coastline. There are 107 ports in Malaysia including Sabah and 

Sarawak (Khalid et al., 2011). Based on Marine Department of Malaysia, a total of 7 major 

federal ports namely Port Klang, Johor, Tanjung Pelepas, Kuantan, Penang, Bintulu and 

Kemaman. The number of ports and harbours would clearly influence the frequency of 

dredging activities at coastal areas. Despite of dredging cost is high, it could be a hindrance 

to port authorities for regular maintenance to support the continuation and further 

development of harbours (Kaliannan, 2016). 

 

Dredging activities have increasingly been viewed as bringing potential adverse effects 

on the environment. It is particularly so because of the disposal of unwanted dredged 

materials at sea. This method is a frequent practice in dredging works. It causes the 

environmental problems in short and long terms in both marine and estuaries environments. 

The potential effects of dredging, i.e. interference with marine and river traffic, coastal 
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erosion, saline wedge intrusion, noise generated by the dredging plant and high turbidity 

parameter (Bray et al., 1997).  On the other hand, Manap and Voulvoulis (2015) reported 

that the sediments can cause changes in seabed and affect the marine lives with 

contamination. Dredged clay is considered as soft soils (geo-waste) because of the poor 

engineering properties. It is high in compressibility, high in water content, low in load 

bearing capacity and low permeability. However, the dredged clay can be reused after the 

treatment based on the soils properties such as backfill materials, landfill cover, beach 

nourishment, land reclamation and wetland restoration (Shahri and Chan, 2015). 

 

The disposal of waste products from various industries may be a challenge these days. It 

has been reported that most of the waste materials contribute to environment pollution since 

of their non-biodegradable characteristics (Sen and Mishra, 2010). It been supported by 

Cabalar et al. (2016) that the construction industries are the main contributors produced 

huge pile of waste. Therefore, the environmental consequences of reusing these materials 

should be altogether explored to create sustainable and eco-friendly society. So, palm oil 

clinker (POC) and recycled pavement materials (RPM) are used as waste granular materials 

as well as sand. The present study focused on investigating the basic characterization of 

dredged clay and the effect of several types of granular materials inclusion in consolidation 

rate of dredged clay. 

 

EXPERIMENTAL WORK 
 

Materials 
 

The dredged clay studied in this paper were dredged in 2015 from Kuala Perlis jetty. 

The dredged clay is black, liquid and somewhat unpleasant due to the presence of organic 

matter as in Figure 1(a). The dredged clay was retrieved from the seabed at about 4 ï 6m in 

depth. The dredged clay samples were taken into the storage tank with doubled layer of 

plastic sampling bags from the dredger manually to prevent the moisture loss during 

transportation back to laboratory. Granular materials used in this study are sand, palm oil 

clinker and recycled pavement materials. All the granular materials used are in same 

particles size ranged between 2 ï 2.36 mm. 

 

POC is produced from the incineration process of oil palm shells and fibres. This waste 

product is collected from inside the boiler. The POC looks like a porous stone in gray colour 

(Figure 1b). The clinkers are usually flaky and irregularly shaped. The broken edges are 

rough and spiky. The POC for this study was collected from a palm oil mill factory at Pasir 

Gudang, Johor. RPM (Figure 1c) was collected from roadways at Gemencheh, Negeri 

Sembilan during the refurbishment work. RPM is a processed material containing 

aggregates coated with bitumen binder generated when a bituminous pavement is removed 

for construction or resurfacing up to about 100 mm depth. The material contains of 

aggregates coated with bitumen from the base course layer. It typically had lower bitumen 

binder content. 
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 (a) (b) (c) 

Figure 1. (a) Dredged clay; (b) Palm oil clinker; (c) Recycled pavement materials 

 

Methods 
 

An experimental programme was performed on raw sample of DMS and DMS mixed 

with various waste granular materials such as recycled pavement materials (RPM) and palm 

oil clinker (POC) to evaluate the changes in engineering properties and the potential 

granular inclusion to increase the consolidation rate. The proportion of sand and DMS 

content is determined in percent with respect to dry weight of soil. The purpose of mixing 

with kitchen mixer was to make sure the samples are uniform. The homogenous mixture 

was then transferred into a metal ring of oedometer mould (75 mm dia. x 20 mm thick). 

Oedometer test was carried out by following the procedure prescribed in BS 1377 (1990). 

The ring containing the homogenous specimen was placed between the two porous stones, 

one at the top of the specimen and another at the bottom. The specimens were kept under 

water during the test. Incremental vertical stress was applied as follows: 5, 12.5, 25, 50, 100, 

200, 400 and 800 kPa, with each load being maintained for 24 hours. 

 

 
Figure 2. Illustration of mixed dredged clay-granular materials 

 

RESULTS 
 

Characterization of dredged clay and granular materials 
 

The main physical characteristics of dredged clay are reported in Table 1. The initial 

water content, measured by oven-drying method, is about 218.07% at 110°C. Based on the 

Atterberg limit tests, the values of plastic and liquid limits are 55.80 % and 66.50 % 

respectively. According to Unified Soil Classification System (USCS), the soil is classified 

as high plasticity silt (MH). The obtained specific gravity value for this soil is 2.68. Figure 3 
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shows the particle size distribution of dredged clay and granular materials.  Grubb et al., 

(2010) stated that the water content of DMS is in the range of 100 % - 200 %. It is proven 

that the DMS in liquefied form and slurry. Each location of dredging gives different value 

of water content because it has a different soil profile with distinct attributes of its own. 

 

In terms of the chemical properties, the pH value for DMC is 8 which the pH 

concentration is more than 7. Thus, conclude that the soil is alkaline and in range with 

average seawater (Chester and Jickells, 2012).  Figure 3 shows the dredged clay is finer than 

sand, POC and RPM. POC and RPM were proven to be coarser than sand. Based on USCS, 

POC and RPM particles are classified as well-graded gravel (GW), whereas sand particles 

are classified as well-graded sand (SW). In addition, the specific gravity for sand, POC and 

RPM are 2.65, 2.17 and 2.39 respectively. Specific gravity values for POC and RPM are 

lower than the typical specific gravity of natural granular materials (2.65-2.70). Lower Gs of 

RPM is attributed to bitumen binder coating, whereas POC is due to the texture that have 

many voids. 

 
Table 1. DMC characterization for Kuala Perlis 

 

 

 

 

 

 

 

 

 

 

 

 
 

Table 2. Properties of granular materials 
Properties SAND POC RPM 

Specific gravity, Gs 2.65 2.17 2.39 

Soil classification (USCS)    SW     GW     GW 

Properties Dredged clay 

Initial water content, wc 218.07 % 

Specific gravity, Gs 2.68 

Liquid limit, LL 66.5 % 

Plastic limit, PL 55.8 %. 

Plasticity index, PI 10.69 

pH 8.0 

WC/LL 3.27LL 

Soil classification (USCS) 

MH 

Sand  1% 

Silt 38 % 

Clay 61% 
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Figure 3. Particle size distribution of dredged clay, sand, POC and RPM 

 

Effect of granular inclusion on consolidation rate of dredged marine clay 

 

Figure 4 shows the one-dimensional compression curves of DMC mixture with granular 

materials. Regardless of the types of granular materials, a general observed trend was that 

the strength increased with the mixture of sand, palm oil clinker and recycled pavement 

materials. The compression curves of specimens with DMC mixed fold into one at last stage 

in the tests. There was clearly improvement in the settlement reduction for the DMC mixed 

rather than the DMC only. DMC-RPM and DMC-SAND are slightly more compressible 

than DMC-POC. It is possibly because both POC have a pozzolanic reaction of silicon 

oxide (SiO2) and Aluminum Oxide (Al2O3) which give a further increase of strength 

reaction (Rahman et al., 2014). On the other hand, the angularity and porosity surface 

texture of POC are typically more compressible because the sharp edges in the angular 

particles tend to be overstressed during increasing in the confining pressure. However, the 

DMC-SAND, DMC-POC and DMC-RPM mixture samples exhibited greater improvement 

on the strength and stiffness of DMC. This suggests that, at the same vertical stress, the 

DMC alone without any granular materials are more compressible than the granular 

inclusion. 

 

In addition, the DMC mixed with granular materials shows a good drainage ability by 

fasten the consolidation time. The usage of granular materials as a replacement of cement 

eventually minimize the emission of CO2 in the future. Figure 5 shows the time plot for all 

the homogenous mixture at 5 kPa, 12.5 kPa, 25 kPa and 50 kPa. As expected, all the sample 

mixture shows the same path at 5 kPa till reach the end of primary consolidation. Especially 

for the DMC-SAND show more good drainage than the DMC-RPM and DMC-POC at all 

stage of vertical stress. There has high possibility that the physical properties of granular 

materials influence the drainage flow. For example, RPM still coating with the bitumen 
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while the POC have many of voids. Despite have different physical characteristic, the 

mixtures still give an improvement on the DMC. 

 

 
Figure 4. Compression curves of dredged marine clay-granular materials 

 

 
(a) (b) 

 

 
 (c) (d) 

Figure 5. Time plot for homogenous-granular materials (a) 5 kPa, (b) 12.5 kPa, (c) 25 kPa and  
(d) 50 kPa 
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CONCLUSIONS 
 

Based on the results presented in this paper gives an overview of the current research on 

the effect of granular inclusion towards the consolidation rate of dredged clay. Higher 

compressibility of DMC is attributed to the high-water content of soil particles contact upon 

loading. However, the inclusion of granular materials shows a good drainage ability and 

reduce the settlement. This highlights the possibility of waste materials act like cement as a 

binder. This could reduce of usage the cementation on the soil for the future. This will help 

to reduce environmental impact and being more economical. The disposal of the POC and 

RPM in landfill may harm the environment. So, if the waste materials include dredged clay 

is reused, it could help to reduce the environmental effects. 
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Abstract 
Clay soil is known to create many problems in civil engineering works specifically from the 
design, construction and maintenance stages. Special consideration should be taken 
especially in the design of infrastructures on clay soil. Over consolidation ratio (OCR) and 
the undrained shear strength (Su) of clay soil is very important in the field of Geotechnical 
engineering as it can be used to estimate the behavior of clay. In this study, a relationship 
between undrained shear strength and over consolidation ratio (OCR) parameters was 
found to establish a non-linear correlation formula. Laboratory experiment was done by 
taking undisturbed samples at different depths of 0.5 m from 1.0m to 3.5m below ground 
level. The samples were then tested under the odometer and vane shear test to obtain the 
OCR values and the undrained shear strength (Su) respectively. It was found that the OCR 
and shear strength values are inversely proportional at similar depths and at the same 
undrained conditions. The OCR value however, decreases when the soil strength 
increases. An acceptable correlation was obtained from the relationships where the R2 
values were very close to 1.0 using polynomial equations. The comparison between the 
experimental result and previous researchers produced a non-linear correlation that shows 
a similar pattern with this study. 
 
Keywords: Clay, Over-consolidation ratio, Undrained shear strength 

 

INTRODUCTION 
 

Marine clay soil presents several challenges for Geotechnical Engineers as they pose 

problems related to stability and settlements. The characteristics of soft clay are high 

compressibility, low strength and low permeability. As a comparison to other types of soils, 

the strength development of soft clay is time dependent. General construction problems in 

this deposit are insufficient bearing capacity, excessive post construction settlement and 

instability on excavation and embankment forming. The behaviour of soft clay can be 

classified according to the over consolidation ratio (OCR) of the soil. The formation of clay 

soil defines the OCR values and it can be described as the ratio of previous maximal pre-

consolidation pressure (ůc) and current effective stress (ův) (Urbaitis et al., 2016). The OCR 

values of the soil can be used to determine its past condition where vital information can be 

obtained in predicting settlements. OCR is also essential in geotechnical design to indicate 

soil strains under construction (Szymanski et al., 2006). Based on the stress magnitude and 

stress history, OCR values can be used to classify clay soils if there are nonconsolidated 

(OCR < 1.0), normally consolidated (1.0ï1.5), overconsolidated (1.5ï10.0) and higly 

overconsolidated (OCR > 10.0) (Urbaitis et al., 2016).  

 

Due to the difference in current and past stress conditions, the undrained shear strength 

of the soil too will be different for soils having different OCR values. Hence, the 
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relationship between undrained shear strength (Su) and over consolidation ratio (OCR) for 

cohesive soil (marine clay) is among the important relationship in field of geotechnical 

engineering in order to estimate the settlement behavior. By obtaining the Su of the soil at 

different depths, the values will form a pattern of correlation with the OCR values of the 

soil. Therefore, with the correlations obtained, predictions can be made of the Su with the 

varying OCR values. In this study, soil samples of Batu Pahat, Johor soft marine clay will 

be tested. Although there are several research has been done that also correlates the 

undrained shear strength (Su) and over consolidation ratio (Nunez, 1989; Springman, 1989, 

2004; Sheahan et al., 1996; Philips and Valsanker, 1987) a good comparison can be made in 

order to find out of the behaviour of the local Batu Pahat clay in Johor. 

 

MATERIALS AND METHOD 
 

For this research, the Batu Pahat soft clay samples were taken from field near to the 

Research Centre for Soft Soils (RECESS) in UTHM as shown in Figure 1. The samples 

were obtained at three different points to ensure repeatability in the results. The top soil is 

firstly excavated to the point where the marine clay zone was found. The samples were then 

collected in an undisturbed condition using PVC pipes that was penetrated manually to the 

ground. The first sample was obtained at a depth of 1.0 m, and then was taken at every 0.5 

m below that which is at 1.5 m, 2.0 m, 2.5 m, 3.0 m and at 3.5 m. The different in depth was 

to obtained different conditions of Over-consolidation ratio (OCR). Figure 1 shows the 

condition of the samples in the PVC pipes as undisturbed. The PVC pipes were then sealed 

with wax and covered with thin-film plastic to maintain its moisture content. The 

consolidated fully automatic machine is a laboratory device used to perform consolidation 

testing of soil samples. 

 

 
Figure 1. Location of the samples taken from RECESS, UTHM 

 

Samples taken 

UTHM 
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Figure 2. Undisturbed sample collection using PVC pipes 

 

The odometer apparatus was used to perform the consolidation testing for the soil 

samples. The test was done to produce results of the void ratio versus the log pressure (e-log 

curve) curve. This is to obtain pre-consolidation parameter using the Casagrande (Das, 

2014; Casagrande, 1936) theory which is important in finding the OCR value. OCR is 

define as the ratio of the pre-consolidation pressure (ůc) and the effective overburden stress 

(ův), (OCR = ův / ůc). Then, a laboratory vane shear test as shown in Figure 3 was done on 

the undisturbed sample at each of the depth and location obtained. This is to ensure a 

comparison can be made between similar depths for the results obtained from the 

consolidation test and the vane shear test. 

 

 
Figure 3. Laboratory vane shear test 
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RESULT AND ANALYSIS 
 

The soil samples were also classified according to BS1377:1990 (Urbaitis et al., 2016). 

Table 1 shows the soils properties and its classification from this study and also some 

references from past research on clay around Batu Pahat area. The soil is classified to be 

CL, which is inorganic clays of low to medium plasticity. It is seen that the properties of 

other soft soil differs slightly in its properties, however showed similar specific gravity 

values. Figure 4 shows an example of the void ratio,e and log pressure,ů (e-log ů) plot for a 

sample at depth of 3m taken from point 2. The graph is used find the preconsolidation 

pressure in accordance with the Casagrande theory and also determine the OCR value of the 

soils. The summary of the results of the effective overburden stress (ův), the pre-

consolidation pressure (ůc) and the OCR values for each depth and sample location point is 

shown in Table 2. Three undisturbed samples were obtained at different points at similar 

depths to obtain the average value of the OCR and repeatability of the results. Table 3 

shows the average value of the undrained shear strength (Su) obtained for the laboratory 

vane shear test. 

 
Table 1. Soil properties of marine clay 

Soil Properties Authorôs Results 
Chan and 

Ibrahim (2008) 
Robani and 

Chan (2009) 
Chan and 

Ho (2011) 

Liquid Limit 
Plastic Limit 
Plasticity index 
Soil type 
Specific gravity 

42.86 
33.27 
15.29 
CL 
2.64 

70 
31 
35.54 
- 
2.66 

68 
32 
36 
- 
2.62 

68 
32 
36 
- 
2.62 

 

 
Figure 4. The determination of preconsolidation pressure for sample at depth 3 m taken at point 2 

 
Table 2. The values of OCR at different depths and location 

 Point 1 Point 2 Point 3 

Depth(m) ův ůc OCR ův ůc OCR ův ůc OCR 

1 5.57 22 3.58 6.54 23 3.51 5.37 23 3.45 

1.5 8.97 23 2.56 9.05 26 2.87 9.13 24 2.59 
2 12.68 24 1.89 12.99 35 2.69 12.07 22 1.90 
2.5 16.36 32 1.95 16.74 37 2.20 16.74 30 1.89 
3 21.16 35 1.65 21.93 54 2.46 20.71 36 1.71 
3.5 25.23 42 1.66 25.94 54 2.08 23.98 35 1.46 
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Table 3. The undrained shear strength at various depths  

 Point 1 Point 2 Point 3 

Depth(m) Undrained shear strength (Su), kN/m2 

1 10 14.01 11.61 

1.5 11.91 15.39 13.06 

2 13.76 15.96 14.082 

2.5 14.56 17.11 15.17 

3 15.95 17.13 16.12 
3.5 16.15 17.9 16.35 

 

Correlation between Shear Strength and Consolidation Ratio 
 

Correlations of the OCR and the undrained shear strength (Su) is plotted in Figure 5. It 

can be seen that as the OCR increases the undrained shear strength (Su) decreases. The 

correlation that was obtained is represented by a polynomial equation that has a R2 of 0.701. 

The equation obtained can be used to predict the soil behaviour for soils having different 

OCR values. Figure 6 then shows the correlation obtained from this study and it is 

compared with other works from past researchers (Ladd and Foott, 1974). It can be seen that 

the ratio of the undrained shear strength (Su) and the effective stress pressure ratio of the 

samples is firstly calculated. This shows that the increase in this ratio provide an increase in 

the OCR. It is also seen that the in this study, the Batu Pahat clay samples show similar 

patterns in the correlation with other past studies. Hence, this correlation can be used for 

clay soils with similar properties such as that recorded in Table 1. 

 

 
Figure 5. Correlations obtained from the relationship of OCR and Su  
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Figure 6. Variation of undrained shear strength to effective stress pressure ratio with over 

consolidation ratio for 5 clays (Ladd and Foott, 1974) and clay Recess UTHM 

 

CONCLUSIONS 
 

From the findings obtained in this study, the value of undrained shear strength is 

increased with increase effective stress. OCR values of clay soil are inversely proportional 

with the undrained shear strength from vane shear test of soil samples. This mean, OCR 

values will decrease with the increasing of the undrained shear strength. The correlation 

between OCR value and undrained shear strength from vane shear test has been established. 

From the correlation Su and OCR value can be predicted using the polynomial equations 

which depends on the value of, Su=(0.1065OCR2 -1.946.OCR+18.322). Based on the 

equation ,OCR value can be predicted by knowing the value of undrained shear strength. It 

is observed that the average OCR value will be increase with the decreasing of undrained 

shear strength.  As the OCR value can be correlated with the undrained shear strength, it is 

good indication that OCR value can be used to predict an undrained shear strength for the 

soil. The comparison between the experimental results and from previous researchers, both 

produced an equation of a non-linear correlation. It shows that the undrained shear 

strengthôs increase with decrease of OCR values. A similar pattern of Su-OCR relationship 

with previous research was observed for the marine clay. 
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Abstract 
The REM (Roseneath, Epsilon, and Murteree) formations are proven gas prone intervals in 
the Cooper basin, South Australia. In-situ geo-mechanical and petrophysical properties are 
controlling the efficiency of hydraulic fracturing stimulation in Shale Gas reservoirs. The core 
samples and well logs were provided by DSD (Department for State Development) from 
Encounter-1 well drilled in Cooper basin, South Australia. X-ray diffraction, Mineral Model, 
uncompressive strength tests and petrophysical well logs were used to provide insights to 
brittleness Index Model of Roseneath Formation. Mineral modelling for quantitative evaluation 
of mineralogy was carried out through integration of XRD, and well logs with aid of Interactive 
Petrophysics software. The total organic content (TOC) was estimated using well logs and 
validated with TOC obtained from cuttings, whereas, total porosity was determined using 
density log. The mineralogical composition of Roseneath Formation is quartz, clay, 
carbonates (siderite) with minor quantities of Rutile and Anatase. The brittleness index was 
determined in terms of geomechanical properties and mineralogy. The brittleness index from 
geomechanical properties (BI_1) ranges from 0.20-0.92 derived by combining dynamic 
Youngôs modulus (BI_YM), Poisonôs ratio (BI_PR) from well logs (acoustic and density log) 
and static Youngôs modulus, Poisonôs ratio. There are seven empirical relations used to find 
brittleness index (BI-2- BI-7) from mineralogy. The total brittleness index (BI-T) was estimated 
by taking average of BI-1 and BI-7 because BI_7 showed very positive correlation with BI-1. 
On the bases of BI_T the formation was classified into brittle (BI= >0.48), less brittle (BI= 
0.32-0.48), less ductile (BI= 0.16-0.32) and ductile (BI= 0-0.16). Statistical regression 
analyses between BI-1 and BI-7 showed that quartz and carbonates are brittle minerals while 
there is a significant decrease in brittleness index with an increase in total organic content 
(TOC) and porosity. Therefore, brittleness index can also be classified using total organic 
contents and porosity. The most suitable layers identified where BI-1, BI-7 and BI-T were 
greater than 0.40 can serve as good fracturing candidate for hydraulic fracturing. Whereas, 
the ductile layers can hinder the growth of induced fracture during hydraulic fracturing 
stimulation. The Brittleness Index Model developed is valuable for evaluation of hydraulic 
fracturing effects in unconventional Shale gas reservoirs. 
 
Keywords: Shale Gas, Brittleness Index (BI), Total organic contents, porosity, Brittleness Index 

model, Hydraulic Fracturing 

 

INTRODUCTION 
 

Due to low effective porosity and permeability, large scale hydraulic fracturing 

treatments are necessary in shale gas reservoirs to exploit natural gas. Brittleness or 

Fracability should be considered before stimulation of reservoir (Dunn et al., 1973; Li et al., 

2011; Li et al., 2012b; Luffel et al., 1992; Jarvie et al., 2007; Soeder 1988; Ahmed et al., 

2017). In industry, Brittleness Index is considered as an important parameter in selection of 

good quality shale (Rickman et al., 2008; Wang et al., 2009). Field experience documents 

that whole interval is not suitable for stimulation, therefore it is requited to locate suitable 

intervals for hydraulic fracturing stimulation (Britt et al., 2009; King, 2012). 
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In order to maximize the efficiency of Hydraulic fracturing stimulation, an integrated 

geomechanical, petrophysical and geochemical properties through well logs and core data is 

applied to evaluate Brittleness Index (BI) of Roseneath shale formations, Cooper Basin, 

South Australia. Cooper basin is main Australiaôs onshore gas basin that contain Roseneath, 

Epsilon, Murteree (REM) formations. The detailed mineralogical and Petrophysical study of 

these formations were carried out previously using advance techniques like Quantitative 

Evaluation of Minerals using Scanning Electron Microscopy (QEMSCAN), XRD, 

Computerized Microscopy (CT). The previous study indicated that REM interval have high 

level of heterogeneity in term of Petrophysical and geomechanical properties (Bazunu et al., 

2015; Ahmad et al., 2014).  

 

However, very limited work has been done on detail evaluation of brittleness index 

specifically for Roseneath and Murteree Formation (Iqbal et al., 2017). The reservoir 

petrophysical properties is important to characterize the reservoir (Iqbal et al., 2017) During 

stimulation treatment, brittle minerals in shale reservoir are responsible for fracture 

initiation (Jarvie et al., 2007). Quartz and carbonates are considered most brittle minerals 

and increase the brittleness index but there are many researchers considered carbonate as 

partially brittle minerals (Jin et al., 2014b; Rybacki et al., 2016). Some researchers have 

observed that brittleness index (BI) of reservoir increase with a decrease in total organic 

content (TOC) and porosity, with general concept that strain rate increase with an increase 

in number of pores (Jin et al., 2014b ; Gharahbagh et al., 2011; Mohôd BK, 2009; Palchik,  

2004; Rajabzadeh et al., 2012; Wang and Gale, 2009; Chang et al., 2006; Holt, 2015) but 

some believed that BI should be increase with an increase in TOC and porosity with concept 

that soft rock can easily be break (Holt, 2015; David et al., 2014). Therefore, in order to find 

relationship between these vital properties, effect of total organic content, total porosity and 

brittle minerals on brittleness index (BI) were investigated through different statistical 

regression analyses.  

 

The brittleness index (BI) was defined through integration of petrophysical, 

geomechanical and geochemical properties and then classified in to different mechanical 

behaviors. Firstly, dynamic geomechanical properties were measured using well logs (Sonic 

and density) whereas static geomechanical properties were measured from laboratory 

experiments like unconfined compressive strength. The calibrated geomechanical properties 

were used for estimation of BI_1. Secondly, quantitative analysis of mineralogy was carried 

out from XRD, SEM results and well logs using Interactive Petrophysics software namely 

ñmineral modellingò to find BI_2 to BI-7. Finally, the comparative analyses were carried 

out between all approaches of BI. The suitable approach was selected to find Total 

brittleness index (BI-T). Then rock classified into brittle (BI= >0.48), less brittle (BI= 0.32-

0.48), less ductile (BI= 0.16-0.32) and ductile (BI= 0-0.16) based on total brittleness index 

(BI-T) (Perez and Kurt, 2013). The total organic contents and total porosity estimated using 

well logs were compared with Brittleness Index. The brittleness index Model developed 

using all geomechanical, geochemical and petrophysical properties for selection of sweet 

spots/potential layers for hydraulic fracturing stimulation. 
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The stratigraphy of Cooper Basin is shown in Figure 1.   

 

 
Figure 1. The General Stratigraphy of Cooper Basin, showing Nappamerri and Gidgealpa groups 
(Permian Roseneath ïEpsilon-Murteree shale, rectangle showing the studies formation (Primary 

Industries and Resources South Australia report, 2011). 

 

MATERIALS AND METHOD 
 

The integrated study has been carried out to locate brittle/potential layers for hydraulic 

fracturing stimulation in Shale Gas reservoir. The complete suite of wireline logs (Sonic, 

density, resistivity, neutron, Photoelectric effect) and core data were used for this study. 

First, static and dynamic geomechanical properties were estimated using sonic and density 

log with core data. Secondly, mineral contents were quantified through integration of XRD, 

SEM and well logs with the aid of Interactive Petrophysics Software (IP). The workflow 

adopted is shown below in Figure 2. 
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Figure 2. Workflow adopted to develop Brittleness Index Model 

 

X-RAY DIFFRACTION (XRD) 
 

The quantitative and qualitative analyses on four samples was performed by XRD 

analyses. The samples and all analyses were conducted by approximately dissolving 2g of 

each sample in ethanol and micronized for 10 minutes in a McCrone micronizing mill. 

Ethanol was evaporated by placing samples in an oven at 60º. The dried samples were then 

grounded by agate mortar and pestle and then placed in XRD sample mounts for 

experiment. The quantitative analyses were performed using commercial package TOPAS 

from Bruker AXS and SIROQuant from Sietronics Pty Ltd. 

 

UNCOMPRESSIVE STRENGTH TESTS (UCS) 
 

This test was conducted to calculate elastic parameters. The sample plug was prepared 

using a diamond encrusted wire saw using light mineral oil, Shell P874 as a cutting fluid 

and cut perpendicular to bedding plane of sample. The sample then subjected to hydrostatic 

stress of 0.5 MPa. The sample deformation ceased and loaded under constant average axial 

strain rate of approximately 0.5% giving load rate of approximately 0.265 mm/hour until 

sample failed. The elastic parameters like Youngôs modulus (E) and Poissonôs ratio (v) are 

determined from tangential slop of curve of deviatoric stress vs average axial strain and 

tangential slope of curve of average radial strain vs average axial strain at between 40% and 

60% of maximum deviatoric stress. 
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BRITTLENESS INDEX (BI_1) BASED ON GEOMECHANICAL PROPERTIES  
 

The geomechanical properties like Youngôs modulus (E) and Poissonôs ratio (v) were 

used to calculate BI_1.  The dynamic properties were estimated from well logs (sonic and 

density) while static properties were estimated on core samples. The calibration carried out 

between dynamic and static properties and calibrated values were used for analyses. The 

following relations were used to calculate BI_1 shown below: (Fjar et al., 2008; Rickman et 

al., 2008). 

 

ὄὍͅρ
BIE BIV

                      (1)     

BIE         (2) 

BIv         (3) 

 

where BIE and BIV are Brittleness Index (BI) based on Youngôs modulus and Poisonôs 

ratio, Emax and Emin are the maximum and minimum calibrated Youngôs modulus 

respectively and Vmax and Vmin are maximum and minimum calibrated Poisonôs ratio 

respectively. The dynamic Youngôs modulus and Poissonôs ratio were calculated using 

equations below: 

 

 Ὁ ”ὺ        (4) 

 ὠ         (5) 

 

where ” = density from density log, ὺ= Shear velocity in km/s from sonic log, ὺ= 

Compressional velocity in km/s from sonic log. 

 

BRITTLENESS INDEX (BI_2 TO BI_7) BASED ON MINERALOGY 
 

There are different models proposed for estimation of Brittleness Index based on 

mineral contents as mentioned (Table 1). The BI_2 to BI_7 considered mineral contents. 

The BI_2 to BI_6 is based on previous study in literature. In current study, BI_4 and BI_6 

were combined to obtained new model BI_7, which considers quartz and carbonate as a 

brittle mineral with negative influence of porosity on BI. 

 
Table 1. Brittleness Index Models based on Mineral contents 

Brittleness Index Models References 

BI_2 
 

 
BI_3 
 
 
BI_4 
 
 
BI_5 
 
 
BI_6 
 

1002
ClayCarQ

Q
BI

++
=

1003
ClayTOCCarQ

CarQ
BI

+++

+
=

 

1004
ClayTOCCalDolQ

DolQ
BI

++++

+
=

8.8

1
09.15 ³

+++

+
=

ClayCarHMQ

HMQ
BI

 

++++
=

ffwFwFwFw

FW
BI

wdwdCbCbsbsb

sbsb
6

    Jarvie et al., 200731 
 
 
    Jin et al., 2014a, 2014b ï 
 
 
    Wang and Gale, 2009 
 
 
Ahmed. Alzahabi et al., 2015 
 
 

          Raybacki et al.,2016 
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BI_7 

++++
=

ffwFwFwFw

FW
BI

wdwdCbCbsbsb

sbsb
6

 

           This study  

 

where Q = quartz, Car = carbonates, Dol = dolomite, TOC = Total organic content, Wsb 

= weighing factor (0-1) for strong brittle minerals, Wwd = weighing factor (0-1) for weak 

ductile minerals, WCb= weighing factor (0-1) for carbonate minerals, Fsb = fraction of strong 

minerals like quartz, feldspar and Pyrite, Fwd = fraction of weak/ductile minerals like clays 

and TOC, FCb = fraction of carbonates, Wsb = Wwd =Wɗ= 1 and WCb=0.5 in case of BI_6 

while it is WCb= 1 in BI_7. 

 

TOTAL BRITTLENESS INDEX (BI_T)  
 

The statistical regression analyses were carried out between all approaches of BI as 

shown in figure 3. It has been seen that there is very good correlation exist between BI_1 

and BI_7. Therefore, he Total brittleness index were calculated by taking average of BI_1 

and BI_7 and then rock was classified in to brittle BI= >0.48), less brittle (BI= 0.32-0.48), 

less ductile (0.16-0.32), ductile (BI= 0-0.16) according to classification proposed by (Perez 

et al., 2015). The layers where Both BI-1 and BI_7 greater than 0.40 were considered brittle 

and good fracturing candidates (Jin et al., 2014b). 

 

 
 

 
 

  
Figure 3. Plot of Brittleness index in term of brittle minerals verses brittleness index in term of 
geomechanical properties (BI-1). Note, better positive relation exists between BI_1 and BI_7 
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TOTAL ORGANIC CONTENT (TOC) AND TOTAL POROSITY (ūT)  
 

The organic richness can be quantified from well logs. The TOC measured using well 

logs and empirical relations proposed by (Passey 1989; Ahmad et al., 2017). 

 

)(02.0)(10loglog basline

baseline

sonic tt
R

R
R D-D+=D

    (6) 

 

where ȹ log R is separation, R, ȹt, are resistivity in ohm-m, compressional slowness in 

µsec/ft respectively and Rbaseline, are resistivity corresponding to ȹtbaseline ,. The constant 

values 0.02, is the ratio between scales of resistivity and sonic log. The empirical relations 

used to compute TOC: 

 
LOMRTOC *1688.0297.2(10*)log( -D=

      (7) 

 

where TOC is total organic content (wt%) and LOM is measured level of maturity 

which is obtained from vitrinite reflectance or thermal alteration index using maturation 

indicator. Quantification of porosity done in such a way that first matrix density was 

estimated using volume of each mineral contents and grain density. Then, density log used 

to calculate total porosity. 

 

MINERAL MODELLING 
 

The consistent volume of minerals present in formation is required to do detail 

evaluation of shale gas formation which can be achieved by integrating wireline logs, 

geochemical data and XRD results (Bust et al., 2013). Therefore, mineral model developed 

using interactive petrophysics software for Roseneath Formation.  The lithology determined 

using GR cut off values. The GR cut off values for siltstone were 80-120 API and >120 API 

for shale which is based on criteria proposed for Cooper Basin (Sun et al., 2004). 

 

RESULTS AND ANALYSIS 
 

The mineralogy quantified on four samples indicated that Roseneath shale has averaged 

quartz (30.5%), Siderite (Mg) (2.25%), rutile (1%), anatase (1%), Kaolinite (14 %), illite 

(45.25%) (Table 2 and Figure 4, 5). 

 
Table 2. Soil properties of marine clay 

Mineral Averaged(%) 

Quartz 
Siderite (MG) 
Siderite 
Rutile 
Anatase 
Kaolinite 
Illite 

30.5 
2.25 
6.75 
1 
1 
14 
45.25 

 

The Mineral model developed using Interactive petrophysics showed the variability of 

each mineral contents for Roseneath Formation as shown in Figure 4 below. There are 9 

zones developed based on variations in GR values. 
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The lithology determined from GR logs clearly indicated that Roseneath Formation 

consist of mainly shale and minor siltstone beds. The static geomechanical properties 

calculated from stress-strain graph obtained from uncompressive strength tests (Figure 6). 

The log based Youngôs modulus and poisonôs ratio range from 21.33 GPa to 63.84 GPa and 

0.15 to 0.35 respectively. Log based elastic parameters were calibrated with static values 

that are ranging from 11.28 GPa to 34.84 GPa and 0.22 to 0.42 respectively (Figures 7). The 

Brittleness Index (BI1) estimated based on calibrated elastic parameters and ranges from 

0.37 to 0.99. The Brittleness index obtained by taking average of Brittleness Index based on 

Youngôs modulus (BI_YM) and brittleness Index based on Poissonôs ratio (BI_PR). The 

brittleness index (BI_2 to BI-7 based on mineral contents compared with Brittleness Index 

(BI_1) (Figure 8). 

 

 
Figure 4. Mineralogy model of Roseneath Formation in Encounter 1 well, demonstrating quartz, 

kerogen and clay minerals. The track 3 and 4 demonstrating wireline logs used, track 5 showing total 
porosity, track 6 showing total organic content, black dots showing good match with log based TOC, 

track 7 showing mineralogy variation.   Quartz (Yellow color), Kaolinite (Green color), Illite (brown 
color), Siderite (Pink color), Anatase (light blue), Rutile (dark blue) and kerogen (Black color) 
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Figure 5. Quantification of bulk mineralogy from XRD for Roseneath Formation, depth 3293.10m 

 

Figure 6. Showing graph of stress and strain used to compute elastic parameters (Youngôs modulus 
and Poisson's ratio), axial strain (Blue, radial strain (red) and volumetric strain (green) 
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Figure 7. Dynamic and Static geomechanical properties for Roseneath Formation, Encounter 1 well, 
track 1 and 2 showing depth and zonation, track 3 showing compressional (Vp in Km/sec) and shear 

(Vs in Km/sec) velocities, track 4 showing bulk density log used to calculate YM_DY (dynamic Youngôs 
modulus) and PR_DY ( Dynamic Poissonôs ratio) in track 5 and 6, track 7 and 8 showing YM_C  

(Static/calibrated Youngôs modulus) , PR_C ( static/ calibrated Poissonôs ratio), track 9 and 10 showing  
Brittleness. 
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Figure 8. Brittleness Index (BI-2 ï BI-7) measured from mineral contents compared with Brittleness 
index (BI-1) measured from geomechanical properties for Roseneath Formation, Encounter 1 well. 

Track 1, 2 showing depth and zonation, track 3 showing compressional (Vp in Km/sec) and Shear (Vs 
in Km/sec) velocities, track 4 showing RHOB (Bulk density log), track 5 ï 6 showing BI 1- BI-7 in 

comparison with BI-1. 
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RESULTS AND DISCUSSION 
 

Roseneath shale consists of dominantly clays (dominantly illite, kaolinite and some 

chlorite, quartz and siderite) from Patchwarra Trough to Allunga Trough (Jadoon et al., 

2016;Ahmad 2014). The XRD results clearly indicated that Roseneath shale and Murteree 

shale samples are dominant with clay minerals (Kaolinite and illite), quartz and siderite. The 

ternary diagram developed for Roseneath Formation clearly revealed abundance of more 

clays and quartz in both formations as shown in Figure 9. The mineral contents calculated 

from Mineral modelling compared with XRD results and a good match found between them 

that validated the mineral contents estimated from mineral modelling in Figure 10. 

 

 
Figure 9. Ternary diagram for Roseneath Formation, Encounter 1 well 

 

 
Figure 10. Comparison of Mineralogy from XRD with mineralogy from Mineral modelling. The red 
dots indicating minerals from XRD on sample for Roseneath Formation from Encounter 1 well 

 

Brittleness Index commonly used in petroleum industry based on geomechanical 

properties including Youngôs modulus, Poisonôs ratio and mineralogy to find potential 

targets for stimulation of shale gas reservoirs (Jarvie et al., 2007; Rickman et al., 2008). 

Several definitions of brittleness neglect geological factors such as rock composition, origin 
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and habit of mineral rock components (such as quartz, calcite, and type of cement. 

Therefore, to obtain reliable brittleness, it is necessary to combine conventional well logs 

with direct measurement of geomechanical properties such as Youngôs modulus (E) and 

Poissonôs ratio (v) (Rickman et al., 2008 ; Grieser et al., 2007). The brittleness Index 

increased with increase in youngôs modulus and decrease in Poissonôs ratio. The Brittleness 

Index (BI-1) compared with BI-2 ï BI-7 and there is good match found between BI-1 and 

BI-7, whereas, almost same curves founded in many intervals through all approaches. There 

was high correlation coefficient founded between BI-7 and BI-1 (R2 = 0.74) as shown in 

figures 3 above. 

 

In general, high TOC is associated with higher clay contents and higher clay contents 

make rock ductile which are less prone to make fractures and less resistant to proppant 

embedment ( proppant grain when embedded into fracture  face due to interaction between 

proppants and fracture surface and consequently decrease fracture conductivity and fracture 

width (Li et al., 2017; Wang and gale 2009). As presence of organic matter (TOC) can be 

indicated by wireline logs (Passey 1989). The Total organic content compared with 

brittleness index and there is not large impact of TOC on BI observed. However, TOC 

contents generally decrease with an increase in brittleness index. Similarly, the rock strain 

also affected by porosity, increase in rock porosity leads to increase of its strain at failure, 

and therefore, decrease its brittleness. The presence of pores and micro-cracks (Porosity) 

have a significant effect on mechanical properties of rock. For example, many researchers 

including (Gharahbagh  et al., 2011; Mohôd BK (2009) founded that compressive strength 

and tensile strength of rock decrease with increase in porosity. The total porosity compared 

with brittleness index and there is significant decrease in Brittleness index observed with 

increase in porosity shown in Figure 11. 

 

Therefore, BI-1 and BI-7 selected as a best approach to calculate Total Brittleness Index 

(BI_T). The comparative analyses of Brittleness Index shown that increase of amount of 

quartz and carbonates (Siderite) increase the brittleness index. The brittleness index models 

developed for Roseneath formation where good fracturing candidates may have selected 

based on Total Brittleness Index (BI-T), BI-1 and BI-7 as shown in Figure 11.  
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Figure 10. Brittleness index model for Roseneath formation from encounter 1 well. Track 2 and 3 

showing lithology and zonation, track 4, 5 and 6 showing clays, Qtz. (quartz), and Car. (carbonates), 
track 7 showing TOC (Total organic content), track 8 showing T.PHI (Total porosity), track 9 showing 
BI-1, track 10 showing BI-7, track 11 showing total brittleness index ( BI-T) used for classification of 

zones into brittle, less brittle , less ductile, ductile. High clay contents zones (black arrow), high quartz 
and carbonates zones (Green arrow), and most brittle zones (Red rectangle). 
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CONCLUSIONS 
 

The following conclusions are made based on results. 

 

¶ The consistent volume of mineral contents can be obtained through integration of 

well logs and core data.  

¶ Brittleness Index obtained from BI_1 is very close to brittleness index (BI-7). 

¶ Statistical regressions between different approaches clearly indicated that quartz and 

siderite are brittle minerals and there is significant decrease in total organic contents 

and porosity with increase in brittleness index and vice versa. 

¶ The quartz and carbonate (siderite) are brittle minerals and mineralogical brittleness 

index should be calculated by taking ratio of (quartz + carbonate) contents to 

(quartz+ clays + carbonates + total porosity).  

¶ The Total Brittleness Index (BI-T) used to classify rock into different behaviors and 

Roseneath Formation fall in brittle, less brittle and very few layers fall in less 

ductile with no ductile layers identified.  

¶ Most producing layers are associated with layers with high brittleness index, BI-1, 

BI-7 and BI-T.  

¶ Brittleness Index Model covering geomechanical, geochemical and petrophysical 

properties were used for selection of optimum targets/sweet spots/ for hydraulic 

fracturing. 

¶ The brittle and less brittle layers are considered more suitable for hydraulic 

fracturing, whereas, ductile layers can hinder the growth of fracture during 

stimulation. 
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Abstract 
Climate change may be defined as a change in the mean weather patterns which lasts for an 
extended period of time. Climate change is caused by factors such as precipitation 
temperature, rate of evaporation, and variation in solar radiation received by earth. Other 
than that, human activities have also been identified as significant causes of recent climate 
change and often referred as global warming. According to Intergovernmental Panel on 
Climate Change (IPCC), nearly all regions of the world are expected to experience a net 
negative impact of climate change on water resources and freshwater ecosystems. The state 
of Sarawak is well known for its long and wide rivers. Numerous activities such as 
commercial, industrial and residential can always be found in the vicinity of the rivers. If the 
projections are accurate, the productivity of these activities will be reduced, hence, in a 
longer term may affect the economy of the state as whole as well. The aim and objective of 
this research is to find out the interaction between current meteorological conditions with 
water production and consumption, within the Kuching area in order to evaluate impact of 
climate change on water resources. Using Classical Multiplicative Time-Series Modeling, 
data was forecasted and the trend between selected meteorological data (precipitation, 
evaporation, temperature and solar radiation) is then discussed. From the data analysis, it 
was found that, water resources in Kuching may not be sustainable for much longer since 
current source of water supplies are almost at their peaks for the catchments. 
 

Keywords: Climate change; Precipitation; Temperature; Evaporation; Solar Radiation; Water 

Resources 

 

INTRODUCTION 
 

It is hard to talk about 21st century water issues without mentioning climate change. 

The climate is commonly defined as the weather averaged over a long period. The standard 

averaging periods is 30 years, but other periods may be used depending on the purpose. In 

contrast to climate, weather may be defined as the state or condition of the atmosphere at a 

particular place and time. According to NOAAôs National Centers for Environmental 

Information, 2016, Several models such as U.S. Standard Atmosphere (USSA), Goddard 

Institute for Space Studies (GISS), National Center for Atmospheric Research (NCAR), and 

Geophysical Fluid Dynamics Laboratory (GFDL) have been developed by Academy of 

Science of the United States, Canada, United Kingdom, Australia and Russia to predict 

climate change. These models are based on meteorological information to determine 

temperature and carbon dioxide variation. The research by Dahlman 2014 and United 

Nations Framework Convention on Climate Change, UNFCCC 2007, reveals that, the earth 

has been warming by several degrees during the last few decades. This trend is related to 

increasing of carbon dioxide and other greenhouse gasses in the atmosphere and it is 

believed that warming is likely to continue throughout the rest of the century. Generally, 

higher temperature leads to increase evaporation rates from water and land surface and then 

speed up the transpiration from plants. The increase in evapotranspiration will dry out the 

soil and leave less water available to flow into streams as well as infiltrate into the ground 

and recharge aquifers. Hence, the main impact of climate change is triggering the changes in 

http://onlinelibrary.wiley.com/doi/10.1029/2008WR007615/full#wrcr12121-bib-0021
http://onlinelibrary.wiley.com/doi/10.1029/2008WR007615/full#wrcr12121-bib-0021
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjP0qax3vLZAhVKDZoKHbUqAVEQFggkMAA&url=https%3A%2F%2Fncar.ucar.edu%2Fcommunity-resources%2Fmodels&usg=AOvVaw1_MdYXbef_us4dkdCvUR65
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hydrological composure of water bodies, and thereby in the quantity and quality of water 

resources which have social, economic, and environmental consequences. 

 

LITERATURE REVIEW  
 

During long periods in the past, the worldwide climate has been much warmer than it is 

now, and tropical or subtropical conditions dominated in many regions that now have 

temperate or even frigid climates. In 1750s, the greenhouse gas emissions have steadily 

increased where fossil fuels, coal oil and gas were burned by industry during that period. 

The warming trend of the first part of the twentieth century was indeed caused by increasing 

carbon dioxide levels in the atmosphere ñ(Roberts & Lansford 1979)ò. Since 1979, the 

National Oceanic and Atmospheric Administration (NOAA) satellites measure the natural 

microwave thermal emissions from oxygen in the atmosphere. The intensity of the signals 

measure at different microwave frequencies is directly proportional to the temperature of 

different, deep layers of the atmosphere (Spencer 2014). 

 

Two main categories of extreme weather events are simple and complex. Simple events 

are those that involve unusually high or low values for a single climate variable at a given 

location such as air surface temperature (eg: heatwaves) while the complex events are those 

associated with changes in a number of climate variables (eg: droughts) (Page, 2007). For 

the last 50 years, global temperature increase at an average rate of about 0.13°C per decade. 

In the next 20 years, the global average temperature will rise by around 0.2°C per decade. 

Currently, the global temperature anomaly increases 0.33°C (Dahlman, 2014). In Malaysia, 

changes in climate give an impact to the annual precipitation and lead to increasing in 

natural disaster (e.g. flood). Major flood was recorded since 1926 followed by 1949 and 

1971. On 12th November 2014, Kajang town and its surrounding areas were hit by flash 

floods after almost three hours of heavy downpour which began at 2pm (Star,2014). 

Recently, on 15 December 2014 until 3 January 2015; floods hit Malaysia and affect more 

than 200,000 people and 21 killed (Zainal and Sunitha, 2014). Mostly flood occurred in the 

East Coast and Northern region of Peninsular Malaysia namely Johor, Kedah, Kelantan, 

Negeri Sembilan, Pahang, Perak, Perlis, Sabah, Sarawak, Selangor and Terengganu. 

 

According to Ministry of Natural Resources and Environment Malaysia, (2013), as the 

climate changes, it gives a great impact to Malaysian agricultural sector, the forestry and 

biodiversity, coastal and marine, energy and transport, public health, as well as to socio 

economic impacts. For example, increasing in precipitation and flooding can damage crops, 

increase soil erosion, and delay planting (Agriculture). Other than that, it could result in 

waterlogged soils and soil nutrient leaching that could lead to tree mortality for mangrove 

forest (Forestry and Biodiversity). It could also distract water infrastructure, as sewer 

systems and water treatment plants are overwhelmed by the increased volumes of water 

(Public Health). 

 

METHODOLOGY 
 

In order to use a historical time series which should be fairly stable and has no 

significant trend, seasonal, or irregular effects, it is necessary to use smoothing methods to 

average out the irregular components. For this study, moving average technique which is 

extremely useful for assessing long-term trends is used. These series then forecasted using 
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Classical Multiplicative Time-Series Model as in eq. (1) in order to examine the impact of 

climate change on water resources within Kuching area. The data collected over a decade 

from 2005-2014 for the purposes of analysis. 

 

ὣ  Ὓ  Ὅ  Ὕ        (1)  

 

Where, 

 

Yt is the dependent variable 

Tt  is the trend component 

St is the seasonal component 

It is the irregular component 

 

Data arranged by monsoon is more convenient for this study since the gap between the 

forecasted data and the actual data is much closer compare to the data arranged by month. 

Monsoon is extensive seasonal change of wind direction. Based on current climate, 

Malaysia experience four monsoons season i.e. southwest monsoon, northeast monsoon, and 

two shorter periods of inter-monsoon season. As trends tend to be obscured by the random 

errors, some smoothing method is needed. The idea using moving averages for smoothing is 

that observations which are nearby in time are also likely to be close in value. The average 

eliminates some of randomness in the data, leaving a smooth trend component. In order to 

quantify the seasonal component and eliminate the irregularity for each season, each 

irregular component combined for each quarter is average as shown in Table1. 

 
Table 1. Seasonal component 

Monsoon Duration St 

1 From April to May 0.815 

2 From June to September 0.757 

3 October 1.077 

4 From November to March 1.377 

 

Trend component is obtained by Simple Linear Regression using depersonalized data as 

Y-variable and the t value as X-variable (using Tool Pak in Microsoft Excel). Recent study 

by Rostam Afshar and Fahmi (2012), reveals the ability of Fourier Series to simulate long-

term rainfall up to 300 years is viewed as an important finding in the study of rainfall 

forecast. Beatrice et al., (2014) found that long-term rainfall forecasting is viewed to be 

beneficial to the state of Sarawak in its future planning in various sectors such as water 

supply, flood mitigation, river transportation as well as agriculture. It may be noted that 

many forecasting techniques have been developed in recent years. Each has its special use, 

and care must be taken to select the correct technique for a particular application. The 

selection of a method depends on many factors specially availability of historical data, the 

degree of accuracy desirable, the time period to be forecasted, and the time available for 

making the analysis. Hence, Classical Multiplicative Time-Series Model has been used to 

forecast the historical data in order to identify the changes in climate in terms of 

precipitation, temperature, evaporation and solar radiation. 
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OVERVIEW OF RESULTS AND DISCUSSION 
 

Malaysia essentially observes tropical weather, without extremely high temperature.  

Throughout the year, the average temperature ranges from 20°C to 30°C. Based on World 

Weather & Climate Information, for Kuching city, the warmest month is May while coolest 

month is January. 

 

Precipitation 
 

For the past 10 years, precipitation data shows the minimum records for second quarter 

(Southwest Monsoon) and highest at fourth quarter (Northeast Monsoon). These results 

support the fact from Malaysian Meteorological Department website (2013), whereby the 

Northeast monsoon brings heavy rainfall and the major period of rainfall activity while 

Southwest monsoon signifies relatively drier weather. Overall, the precipitation has a 

positive correlation pattern where it increases approximately 20.15 mm and 12.44 mm in 10 

years and 30 yearsô respectively as shown in Figure 1. 

 

 
Figure 1. 30 yearsô rainfall forecasts 

 

Temperature 
 

The temperature in Kuching is constant from 2005 to 2007 but it slightly dropped in 

2008. From 2009 to 2014, the temperature rises linearly which indicates that the average 

temperature at Kuching area has risen about 0.39°C over the past 10 years as in Figure 2. It 

is also clear that in the future, more annual flocculation might occur. 
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Figure 2. 30 yearsô temperature forecasts 

 

Evaporation 
 

In contrast to precipitation and temperature results, the evaporation graph Figure 3, 

shows the negative correlation pattern. Logically, as temperature increases, the process of 

evaporation also increases. When the temperature raise, the kinetic energy of the molecules 

increases and cause the molecules move more rapidly. As a result, more molecules escape 

from the surface of the liquid and then increase the vapor pressure of the liquid. However, 

the downward trend had linked to a phenomenon called radiative global dimming. Changes 

in global dimming are caused an increase in particulates such as aerosol in the atmosphere, 

then interfered with the hydrological cycle by reducing evaporation and creates cooling 

effect that may have partially counter acted the effect of greenhouse effect of greenhouse 

gases on global warming (Archer, 2014). 

 

 
Figure 3. 30 yearsô evaporation forecasts 

 

Solar radiation 
 

According to Srinivasan et al. (2002), macroscopic pollutants in the atmosphere reduces 

10% sunlight reaching the surface in the area under the pollution cloud. Hence, analyzing 

the sun and its effect on climate is a little bit complicated since the amount of radiation 

arriving from the sun is not constant. Figure 4 shows the solar radiation graph at Kuching 

area for 10 years. The figure suggests that it has an overall trend overlaid with a random 

looking irregular component. The authors believe that currently in Kuching the air is much 

polluted compared to last ten years. So, weakening of solar radiation might be a factor that 
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causes reduction in evaporation at Kuching and a significant effect on the hydrological 

cycle. 

 

 
Figure 4. Solar Radiation at Kuching 

 

Production of Water and population 
 

As the population increases, the demand will also increase. However, increasing in 

population will affect the water demand for residence in Kuching area. As shown in Figure 

5, in 2030 the water production in Kuching intersects with the population. At this point, it is 

believed that Kuching will face water scarcity issue due to low water production. Thus, 

water resources in Kuching may not be sustainable for long since current source of water 

production supplies are almost at their peaks safe yield for the catchments. 

 

 
Figure 5.  Production of Water Vs Population 

 

CONCLUSION 
 

By analyzing the meteorological data namely precipitation, temperature, evaporation 

and solar radiation, results show that there are changes occurred within 30 years. These 

changes indicate that there is climate change occurring during that period but are considered 

as mild effect. But in future, the rate might be increasing due to other factors such as 

environmental issue, changing water quality, quantity and treatability that might catalyst the 

climate change. 
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Climate change is a continuing alteration that is indicated by temperature, precipitation, 

winds and also other variables which operate on different time scales. Ever since the 

Industrial Revolution, the phenomenon of climate change is primarily driven by factors such 

as the emission of greenhouse gasses and other substances to the atmosphere from burning 

of fossil fuels and conversion of land for forestry and agriculture which changes the land 

surface. Precipitation, temperature and evaporation demand are the major variables that 

influence water resource availability because the rate of evaporation greatly depends on 

precipitation and temperature. 

 

According to Intergovernmental Panel on Climate Change IPCC (2007, 2014), nearly 

all regions of the world are expected to experience a net negative impact of climate change 

on water resources and freshwater ecosystems where, intensity and characteristics of the 

impact can vary significantly from region to region. Chiewet al. (2013) showed that 

Changes in climate will affect the water availability in Kuching. Increasing in precipitation 

is not a guarantee the availability of water resource since changes in other factor such as rate 

of evaporation, temperature and solar radiation might influence the availability of fresh 

water infiltrate into the ground and recharge aquifers. Water resources in Kuching area may 

not be sustainable for very much longer. From the analysis, in 2030 it is believed that the 

sources of water supplies are at peaks safe yield for the catchments. Thus, it is very crucial 

to mitigate the consequences of climate change, the issues of changing water quality, 

quantity and treatability cannot be ignored by governments and water utilities. 

 

ACKNOWLEDGMENT 
 

The authors wish to express their gratitude to the Department of Civil Engineering 

UNIMAS and as well as the Department of Irrigation and Drainage (DID), Kota Samarahan, 

and Meteorological Department Kuching Branch for providing the required hydrology data 

as well as technical knowledge. 

 

REFERENCES 
 

Archer, D. (2014) e-Study Guide for The Climate Crisis: An Introductory Guide to Climate 

Change. Content Technologies. 

Beatrice C. B., Nasser R. A. (2014) Application of Mathematical Modelling in 

RainfallForecast: A Case Study in Sungai Sarawak Basin. International Journal of 

Research in Engineering and Technology(IJRET), 3(11):316-319. 

Chiew, S.Y., N. Rostam Afshar (2013) A Study on the Relationship between Climate 

Change and Peak Discharge in Sarawak River Basin. UNIMAS e-Journal of Civil 

Engineering, 4(3):23-28. 

Dahlman, L. (2014) Climate Change: Global Temperature. Retrieved from   

http://www.climate.gov/news-features/understanding-climate/climate-change-global-

temperature. 

Intergovernmental Panel on Climate Change IPCC (2014). Mitigation of Climate Change. 
The third part of the Fifth Assessment Report(AR5). Available on 

https://www.ipcc.ch/pdf/assessment-report/ar5//WGIIIAR5_SPM_TS_Volume.pdf 

Intergovernmental Panel on Climate Change IPCC (2007). The Physical Science Basis 

Summary for Policymakers. Contribution of WG1 to the Fourth Assessment Report of 

http://onlinelibrary.wiley.com/doi/10.1029/2008WR007615/full#wrcr12121-bib-0021
http://www.climate.gov/news-features/understanding-climate/climate-change-global-temperature
http://www.climate.gov/news-features/understanding-climate/climate-change-global-temperature


MCRJ Special Issue Vol. 5 | No. 3 | 2018  112 

the Intergovernmental Panel on Climate Change. Available on 

http://www.ipcc.ch/ipccreports/ar4-wg1.htm 

Ministry Of Natural Resources And Environment Malaysia (2013). The Second National 

Communication (NC2) of Malaysia to the United Nations. 

NOAA National Centers for Environmental Information, State of the Climate, Global 

Analysis for Annual (2016). published online January 2017, retrieved on September 11, 

2017 Available on https://www.ncdc.noaa.gov/sotc/global/201613. 

Page, E. A. (2007). Climate Change, justice and Future Generations. Edward Elgar 

Publishing. 

Roberts, W. O., & Lansford, H. (1979)  The Climate Mandate. United States. 

Rostam Afshar, N. & Fahmi, H. (2012) Rainfall Forecasting Using Fourier Series. Journal 

of Civil Engineering & Architecture(JCEA), 6(9):1258ï1262. 

Spencer, R. (2014). Global Warming. Retrieved. 

Srinivasan, J. et al. (2002) Current Science. Asian Brown Cloud,  fact and fantasy, 586ï592. 

Star, T. (2014), Kajang town flooded after downpour. Retrieved from 

http://www.thestar.com.my/News/Nation/2014/09/29/Kajang-town-flooded. 

United Nations Framework Convention on Climate Change (UNFCCC) (2007) Climate 

 Change    Impacts, Vulnerabilities and Adaptations in Developing Country. 

Zainal, A. A, V. D. Sunitha. (2014)  Malaysia flood: impacts & Factors contributing 

towards the restoration of damages. Journal of Scientific Research and 

Development(JSRAD), 2(14):53-59. 

  

https://www.ncdc.noaa.gov/sotc/global/201613
http://www.thestar.com.my/News/Nation/2014/09/29/Kajang-town-flooded


MCRJ Special Issue Vol. 5 | No. 3 | 2018  113 

CHALLENGES AND OPPORTUNITIES OF GREEN 
ROOF IN BUILDING DESIGN: A CASE STUDY IN 
BANDAR SERI BEGAWAN 
 
Shahriar Shams1, Pg Hj Ros Ismandi bin Pg Ismail2, Arifin bin Haji Zania3 and Asmirolasmi bin 
Haji Mohamad4  
 1Civil Engineering Programme Area, Faculty of Engineering, Universiti Teknologi Brunei (UTB), Jalan 
Tungku Link, Gadong, BE 1410, Brunei Darussalam  
2Acting Executive Engineer, Development Project Section, Directorate of Development and Work 
Services, Ministry of Defence, Bolkiah Garrison, BB 3510, Brunei Darussalam  
3Building Engineer, Head of Building & Technical Division, Department of Councils of State, BE 1310 
Brunei Darussalam 
4Department of Technical Services, Public Works Department (JKR), BB 3510, Brunei Darussalam 

 
Abstract  
Green roof like any other green technology serves the same purposes to address the issue 
of energy and environment simultaneously. Countries in Europe like Germany, Switzerland, 
Netherlands have a long tradition in practicing green roof and even in Asian countries like 
Singapore, China (e.g., Hong Kong) have government policy specific to promote greenery 
through green roofs. This is due to the fact that green roof is a viable option, which provides 
a significant number of social, environmental and economic benefits. Thus, the purpose of 
this study is to identify the challenges and opportunities of green roof application and its 
development in Bandar Seri Begawan (BSB), Brunei Darussalam. Planners and policy-
makers will be able to formulate policies suitable for implementing sustainable building by 
identifying the challenges of green roof in Brunei Darussalam and to promote awareness 
about green building. The study finds 93% of government and commercial buildings has steel 
pitched roof and 7% RC (Reinforced Concrete) flat roof which has the potential for green roof 
thereby saving energy and promoting a healthy living.  A survey was conducted regarding 
peoples willingness to implement green roof and only 24% are in favour of using green roof. 
Lack of awareness and high installation (BND $ 450 sq. m.) and maintenance (BND $ 13.50 
sq. m.) cost are the major challenges to the application of green roof in BSB. 
 

Keywords: Buildings, Bander Seri Begawan, Energy, Green roof, Urban Heat Island 

 

INTRODUCTION 
 

Green roof also known as living roof or vegetated roof is partially or completely 

covered with vegetation. It has waterproofed membrane consists of soil restricting the 

heating of roof surface directly. The green roof absorbs heat and water naturally due to the 

excellent insulation and filtration system combined with plant and layer of soils. Apart from 

thermal insulation of the roof, green roof keeps interior of the building cooler by protecting 

the roof from overheating in tropical countries. Green roof retains stormwater (Stovin et al., 

2015; Zhang et al., 2015), increase sound insulation (Veisten et al., 2012), improve 

ecosystem multi-functionality (Wang et al., 2014; Lundholm, 2015), act as fire protection, 

improve air quality (Luo et al., 2015), mitigates urban heat island effect (Susca et al., 2015; 

Coutts et al., 2013; Santamouris, 2014), reduces 15.2% cooling energy demand than 

conventional (Yang et al., 2015) and substantially reduces heat fluxes (40% to 75%) 

(Costanzo et al., 2016) and increase aesthetic value. Green roof is a green space created by 

adding layers of growing medium and plants on top of a traditional roofing system. 

Therefore emphasis have been given on development of eco-roof or green roof apart from 

thickness, texture, colour of roof in the design of green building (Shams and Motiar, 2017). 

 

http://www.mdpi.com/search?authors=Heng%20Luo&orcid=
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There are numerous examples on the application of green roof in developed countries 

like Germany (Köhler, 2006), Switzerland (Brenneisen, 2006), Netherlands (Taleghani et 

al., 2014), Australia (Nicholas et al., 2010; Wilkinson and Feitosa; 2015), Canada (Liu and 

Minor, 2005), China (e.g. Hong Kong) (Ng et al., 2012) and Singapore. Toronto one of the 

city in Canada estimates that a mere 8% of green roofed buildings will reduce heat island 

effect by around 2 degrees Celsius. Green roof having 1% percent increase in tree canopy 

cover can reduce air temperature by 0.14 °C (Middel et al., 2015). 

 

Green roofs can be two types: intensive and extensive based on their characteristics 

such as purpose, structural requirements, internal comfort, installation cost, irrigation 

requirements and accessibility. An intensive green roof comprises of shrubs, vegetables and 

even trees forms a complex ecosystem based on more structural loading (Dinsdale et al., 

2006) is often accessible. It requires more maintenance and has greater weight resulting into 

high capital cost (Townshend et al., 2007). Extensive green roofs comprises of light 

vegetation (herbs, wildflowers and grasses) with little load bearing capacity are often not 

accessible and it requires minimum maintenance with low capital costs. During the last 

decade, a large number of experiments and computer models have been used to investigate 

the behaviour of green roofs as an integrated building or environmental system. 

 

Green roof like any other green technology serves to promote environmental, social and 

economic benefits. The importance of implementing green roof system in urban areas is 

increasing with emphasis given on incentives to promote green roof installation over 70% 

European municipalities. Several countries now incorporated green roof into regulations 

such as in Stuttgart, Germany on all new flat-roofed industrial buildings should have green 

roofs. Toronto in Canada also approved a policy that requires all recent city-owned building 

to be constructed with 60% of green roof (Carter and Fowler, 2008). 

 

However, the concept for green building is relatively new for most of the builders, 

developers and designers in Brunei Darussalam.  In BSB, the capital city do not have many 

building characterised by green technology specifically with green roof due to lack of 

knowledge and awareness, financial affordability, lack of statutory mandate or regulation in 

building design. The implementation of green roofs in Brunei Darussalam will certainly 

provide benefits as well as challenges to both public and private sector. The findings will be 

discussed further reflecting past, present and future development of the BSB in Brunei 

Darussalam. 

 

Green technology application is seen as one of the sensible solutions, which are being 

adopted by many countries around the world to address the issue of energy and environment 

simultaneously. As a developing country and rapid development nation, Brunei Darussalam 

is no exception from problems related to urban development and its challenges. Since 

discovery of oil and gas in Brunei Darussalam in 1929, physical development in the country 

started to change gradually influenced by this oil industry. Within the last 10 years, the 

country experienced massive transformation in terms of buildings, road networks and other 

infrastructures promoting increased urbanization. There is still a construction boom going 

on in many parts of BSB despite slowing down of economy due to reduced oil price. This 

construction boom and overuse of resources, such as cutting down of trees due to 

construction activities contribute to serious landscape change, which eventually brings 

impact to ecological and hydrological cycle. The objective of this study is to review the 

http://www.sciencedirect.com/science/article/pii/S0360132314003217
http://www.sciencedirect.com/science/article/pii/S0360132311002228
http://www.sciencedirect.com/science/article/pii/S161886671400106X
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approaches in promoting the use of green roof in BSB and to explore the benefits and 

challenges or constraints of adopting this green roof technology in BSB, Brunei 

Darussalam. 

 

RESEARCH METHODOLOGY 
 

The research method used for this study involves intensive literature reviews on green 

roof. Field investigations were conducted on the existing building in BSB through satellite 

images and also taking photos of the existing building and roofing system. A number of 

buildings with their roof types were analysed for implementation of green roofs. A face-to-

face interview has been conducted with professionals who have been involved in green roof 

projects to seek for their opinions regarding green roof implementation in BSB. 

Questionnaires were given to numbers of students, NGOs and the people involved with 

public and government services. Data and information collected from the interviewees has 

been analysed to identify the challenges and opportunities of implementing green roofs in 

BSB. 

 

STUDY AREA 
 

Brunei Darussalam being a tropical country witnesses a high temperature (27oC ) during 

day time and heavy rainfall (2500 mm) during night time. Apart from hot and humid 

climate, the country experiences dry spell which may last for 2 to 3 weeks with no rainfall at 

all. BSB is located at the coordinate of 4°53'25"N, 114°56'32"E, Northeast Borneo Island as 

shown in Fig. 1. The city has tropical rainforest climate which is relatively hot and wet. The 

Northeast Monsoon blows from the month of December until March, while the Southeast 

Monsoon around June to October. In 2010, BSB average temperature ranges from 24 °C 

(75 °F) to 35 °C (95 °F) with March being the hottest month and December being the 

coldest one. 

 

           
Figure 1. Map of Bandar Seri Begawan, Brunei Darussalam (Source: Google Earth) 

 

Recently Brunei Darussalam experienced long dry spell starting from February to 

March 2016 with temperature rising up to 38oC.  Life becomes quite unbearable and people 

have to heavily rely on air condition and energy consumption reaches very high. 

 

On 1st August 2007, His Majesty the Sultan and Yang Di-Pertuan of Brunei Darussalam 

gave consent for the expansion of the city from 12.87 km2 (4.97 sq mi) to 100.36 km2 

https://en.wikipedia.org/wiki/Tropical_rainforest_climate
https://en.wikipedia.org/wiki/Monsoon


MCRJ Special Issue Vol. 5 | No. 3 | 2018  116 

(38.75 sq mi). The government of Brunei Darussalam through the Municipal Department 

had increased the area of BSB and ever since the enlargement; development activities are to 

a greater extent and will be expecting further increase.  As a result, there would be a high 

chance that more lands will be used and replaced by buildings which could threaten the 

existing vegetation and the ecosystem.  

 

Countries in some parts of the world are getting more urban very rapidly causing 

reduction of permeable land, forest areas affecting urban water run-off and urban heat island 

increase. Green roof installation is one of the solutions to mitigate the problems. Electrical 

consumption is reported to be high in Brunei Darussalam. Referring to statistic Brunei 

Energy and utilities used in 2014, 20% of the electrical consumption are from government 

building whereas as 36% is from residential. Given the generous subsidy scheme, this 

outsized individual consumer demand places a considerable burden on the government 

revenues and illustrates high-energy intensity in the sultanate. According to a report in the 

Brunei Times, in 2010 the Bruneian government spent BND $40 million (BND $ 1 = 0.73 

USD) electricity subsidy (out of a total energy subsidy of almost BND $1 billion and 

maintained the cheapest electricity rate out of all ASEAN member states at BND $0.11 per 

unit. As such, the country has the highest energy intensity in the sultanate. It is estimated 

that addition of 30% in green roof areas can contribute to the savings of electricity 

consumption by 2.56 (W/m2/Day) (Razzaghmanesh et al., 2016). 

 

RESULTS AND DISCUSSIONS 
 

The study finds that majority (about 93%) of the buildings in BSB are constructed with 

pitched roof where most are metal sheet roofing and some are roof tiles. Since, metal sheet 

roofing requires minimal maintenance, proper access to roof was not considered during the 

initial design of most buildings. Table 1 below shows that only 7% roofs are RC flat out of 

414 commercial buildings surveyed.  

 

Although most buildings in the city are constructed with metal sheet roofing and are 

difficult to access, most government buildings with metal sheet roofing has proper access to 

the rooftop for services and maintenance purposes. This gives one opportunity for 

installation of extensive green roofs in government buildings. 

 

Practising green roofs is not that overwhelming due to the fact 69% of Brunei 

Darussalam is covered by forest and publicôs perception and awareness towards installation 

of green roofs are not so encouraging (Figure 2). The Figure 2 illustrates that 24% of the 

building owners are keen to apply green roof system whereas 76% disagrees towards the 

application.  

 

Furthermore, many places within the city are obviously very rich in vegetation, where 

urban places can still be found covered by areas of forest in the surroundings. People 

apparently prefer to grow vegetation on the ground instead on rooftops as it is much safer 

and less problematic. Based on the questionnaire, 76% of the respondents prefer to have 

vegetation in backyard or in front of their houses rather than the rooftops. However, this 

must not be taken for granted. Since Brunei Darussalam is getting more developed, greenery 

might be sacrificed and would gradually reduce before realizing it. 
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Table 1. The estimated number of buildings in various locations within BSB 

Location Building Type 
Total Number of 

Buildings 
RC flat roof 

design 
Steel pitched 
roof design 

City Centre 
Commercial building  
and office building 

99 18 81 

Kiulap  
Commercial area 

Commercial building 60 1 59 

Gadong   
Commercial area 

Commercial building 74 2 72 

Old Airport Government  
Complex area 

Multi storey  
office building 

68 3 65 

Jln Kebangsaan 
Government  

Complex area 

Multi storey  
office building 

18 1 17 

Jayasetia, Anggerek  
& Serusop  

Commercial area 

Commercial building and 
office building 

95 4 91 

TOTAL 414 29 (7.0%) 385 (93.0%) 

 

 
Figure 2. Building owners perception on green roof 

 

However, Brunei Darussalam is moving gradually towards sustainable development. 

The green roof system is practised in some projects such as (i) The Prime Ministerôs Office 

(ii) Jerudong International School, (iii) Design and Technology Park Anggerek Desa, (iv) 

Kiulap Round About and (v) The New Women and Children block RIPAS (Raja Isteri 

Pengerian Anak Salleha) Hospital as shown in Table 2. Existing building designed with a 

safe reinforced concrete rooftop is much more preferred as safety of the workers and the 

public is a priority. Similarly, the loading capacity and available area of the roofs influences 

the extent of the opportunity to install intensive green roofs. Some areas in BSB offer good 

opportunities for green roof installation. Photos in Fig. 3 (a) to (e) illustrate a broad range of 

buildings in the city that has potential for green roof installation. 

 

Lack of technical awareness of green roofing system, the public tends to prefer 

conventional roofs which are much simpler and requires less maintenance. We have 

conducted interviews with the contractors and architects who are responsible for green roof 

design and installation of various projects in BSB to estimate the installation and 

maintenance cost of green roof. Initial cost for green roofs (intensive) on new building are 

ranged from BND $ 300 per sq. m to BND $ 600 per sq. m, (average BND $ 450 per sq. m) 

24%

76%

Agree

Disagree
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which include design, specification, labour and all components above the roof slab. The 

costs are generally affected by the ratio of hard and soft landscaping; access constraint; 

design and features; complexity of the work; equipment involved; the size and maturity of 

tree being installed and the type of vegetation being prescribed, irrigation system; lighting 

required; access and safety components to be added.  For retrofitting of an existing building, 

the cost is estimated to be an additional of 40% to 50% (average 45%) from the cost for 

green roof on new building. The cost of structural strengthening works will also have to be 

included if required. The main reasons why green roofs are expensive are due to imported 

green roof materials, limited local expertise and the lack of true competition in the pricing 

of tenders. Thus, high initial cost of installation and maintenance is another reason why 

people are reluctant to consider green roof during construction of building. 

 
Table 2. Existing green roof in Bandar Seri Begawan 

Name of Building or 
Infrastructure Owner 

Type of Green 
Roof 

Green Roof 
contractor 

Estimated Roof 
Area (m2) 

Prime Minister Office, Berakas 
BSB BIA/PMO Intensive K N Nursery         5000 m2 

Jerudong International School 
BIA Intensive K N Nursery 630 m2 

Anggerek Technology Park 
BEDB Intensive K N Nursery 300 m2 

Roundabout Kiarong/Kiulap 
PWD (JKR) Intensive K N Nursery 11500 m2 

Hospital (RIPAS) 
MOH Intensive K N Nursery 250 m2 

 
Total 17,680 m2 

 

Maintenance works for intensive green roofs are directly comparable to the maintenance 

for ground parks/landscape except for the difficulties associated with height access by 

maintenance staff. These will increase the maintenance cost generally in the range from 

20% to 60% which brings the costs for intensive green roofs to be between BND $12 per sq. 

m per year to BND $15 per sq. m per year (average BND $ 13.50 per sq. m.), depending on 

the green roof system build-up and type of planting used. The logistic aspects and 

transportation of materials as well as the roof orientation and the entire roof size are also the 

main factors on the cost variation. The larger the green roof area, the cheaper will be the 

cost on a square metre. 

 

From survey, research and investigation, there are several factors that we have identified 

as challenges to implement green roof in BSB. One of these major challenges is lack of 

awareness on the issue of green buildings.  Majority of the buildings identified in BSB are 

commercial buildings and several commercial building owners are reluctant to adopt green 

roof due to high initial cost and maintenance cost. Most of them think green roof is used for 

aesthetic purpose only.  

 

A number questionnaires were given out to four different categories such as students 

(35%), government employees (25%), private organisation (11%) and the public (29%) to 

identify the level of awareness and understanding on the application green roof system. 28% 

of the respondents agree with the application of the green roof while 17 % disagree on the 

installation of green roof as shown in Figure 4. Majority of them (55%) did not respond as 
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they are not aware what green roof is. The possible contributing factor for these results 

could be the limitation of technical awareness or exposure towards the green roof system. 

 

Retrofitting is another challenge for the existing buildings. Buildings with steel pitched 

roofs design would require extensive structural modifications to be retrofitted and would 

incur substantial cost. For example, integrity of waterproofing where water leakage from 

drainage system and possible root puncture could lead to interior damage if the selection of 

the correct waterproofing membrane system, root barrier and drainage layer are not 

correctly chosen. 

 

Green roofs require proper operation and maintenance to prevent failure of the green 

roof system. Failure of green roof includes leaks, plant loss, present of pesticides, 

inadequate drainage conditions, soil erosion due to wind and rain. Green roofs are dynamic, 

living systems and plant and soil communities change over time. Building owners will have 

limited resources for green roof maintenance, especially over the long term. Without regular 

care, some plants will die out while others will spread, including ñweedsò that will grow and 

establish on their own.  

 

Climate is also one of the constraints for green roof such as prolonged and heavy 

rainfalls can create pools of stagnant standing water and damage the plant. High temperature 

will affect some plant species; the heat stress can affect plant growth and development by 

influencing photosynthesis, respiration, water relations and membrane stability.  Strong 

wind in the other hand might blow away vegetation and soil.  

 

Green roof industry is booming in many cities like Singapore, Hong Kong (Tam et al., 

2011), and Melbourne due to their strong policies that had been introduced. These 

demonstrate that policies play an important role in implementing the green roof 

technologies for BSB. Currently the government of Brunei does not have a specific law, 

policies or even guidelines and design standard on green roof technologies. It is going to be 

a huge challenge for concerned authorities within the government to set up one. 
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(a) Land Survey Department 
 

(b) Public Works Department 

 
( c )  Partial aerial view of Government Complex  at Old Airport 

 
(d). Ministry of Development 

 
(e). Civil Service Department 

Figure 3. Broad range of buildings in the city that has potential for green roof installation 
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Figure 4. Awareness level on the issue of green roof among different categories of respondents 

 

CONCLUSION  
 

Degraded air and water quality, climate change and increasing urban heat island effect 

are all symptoms of unsustainable forms of developments. One of the ways of achieving 

more sustainable forms of development in cities is through increased implementation of 

green roofs. Brunei Darussalam is a country rich in vegetation having 69% of the area 

covered by forest. This should not be an excuse for not implementing the green roof system 

in Brunei Darussalam. The study finds that 93% of the total building in BSB is having pitch 

steel roof. Most of the existing government buildings built with flat roofs have potential for 

green roof application. BSB is gradually moving towards sustainable design although 

currently some new buildings do have green mark achievements. With the current increase 

in energy consumption, Brunei Darussalam should look closely into initiatives and make it 

mandatory for private buildings by incorporating green roof in building design code.  Green 

roof is very important and suitable for a country like Brunei Darussalam where most of the 

building is equipped with air-conditioning system. Apart from thermal cooling in the 

building green roof can reduce and resist high volume of runoff resulting from high 

intensive rainfall which occurs during rainy season in Brunei Darussalam.  This will enable 

Brunei Darussalam in a position to move forward towards implementing sustainable 

building where green roof contributes to sustainable design. 

 

RECOMMENDATION 
 

It is recommended to transform all the existing government building that has potential 

to retrofit with green roof and green exteriors. This is will encourage privates and 

commercial building owner to implement green roof as long term benefits of having green 

roofs will outweigh the risk associated with high initial and operational cost. Incentives to 

building owner are recommended to overcome the obstacles of adopting green roof and 

other green exterior. Incorporating new technology and controlled costs on green roof will 

also encourage owner of existing building to retrofit green roof/exterior. There is a 

persistent need for research on the types of vegetation suitable for green roofs in Brunei 

Darussalam. Future research on green roof retrofitting to existing building should consider 

economic analysis based on actual constructed and maintenance costs. 

 

 

17%

28%55%

Agree

Disagree

No Response



MCRJ Special Issue Vol. 5 | No. 3 | 2018  122 

ACKNOWLEDGEMENT 
 

We would like thank all the interviewees from government and private sectors by 

sharing their thoughts, and information, on green roofs and its implementation in BSB. 

 

REFERENCES 
 

Brenneisen, S. (2006) Space for urban wildlife: Designing green roofs as Habitats in 

Switzerland. Urban Habitats, 4(1):27-36.  

Carter, T. and Fowler, L. (2008) Establishing green roof infrastructure through 

environmental policy instruments. Environmental Management, 42(1):151-164. 

Costanzo, V., Evola, G., and Marletta, L. (2016) Energy savings in buildings or UHI 

mitigation? Comparison between green roofs and cool roofs. Energy and Buildings, 

114(15):247ï255. 

Coutts, A. M., Daly, E., Beringer, J., Nigel, J., and Tappe, N. J. (2013) Assessing practical 

measures to reduce urban heat: Green and cool roofs. Building and Environment, 

70:266-276. 

Dinsdale, S., Pearen, B., and Wilson, C. (2006) Feasibility study for green roof application 

on Queen's University Campus, Queens University. 

Köhler,  M. (2006) Long-term Vegetation Research on Two Extensive Green roofs in 

Berlin. Journal of Urban Habitats, 1: 3ï26. 

Liu, K. and Minor, J.  (2005) Performance evaluation of an extensive green roof. Paper 

presented at the Third Annual Greening Rooftops for Sustainable Communities 

Conference, Awards and Trade Show; 4ï6 May 2005, Washington, DC, 2005. 

Lundholm, J. T. (2015) Green roof plant species diversity improves ecosystem 

mutifunctionality. Journal of Applied Ecology, 52(3):726-734. 

Luo, H., Wang, N., Chen, J., Ye, X., and Sun, Y.F. (2015) Study on the thermal effects and 

air quality improvement of green roof. Sustainability, 7(3):2804-2817. 

Middel, A., Chhetri, N., and Quay, R. (2015) Urban forestry and cool roofs: Assessment of 

heat mitigation strategies in Phoenix residential neighborhoods. Urban Forestry & 

Urban Greening, 14(1):178ï186. 

Ng, E., Chen, L., Wang, Y., and Yuan, C. (2012) A study on the cooling effects of greening 

in a high-density city: An experience from Hong Kong. Building and Environment,  

47:256ï271. 

Nicholas, S. G., Williams, J., Rayner, P., and Rayno, K. J. (2010) Green roofs for a wide 

brown land: Opportunities and barriers for rooftop greening in Australia. Urban 

Forestry & Urban Greening, 9:245ï251. 

Razzaghmanesh, M., Beecham, S., and Salemi, T. (2016) The role of green roofs in 

mitigating urban heat island effects in the metropolitan area of Adelaide, South 

Australia. Urban Forestry & Urban Greening, 15:89ï102. 

Santamouris, M. (2014) Cooling the cities ï A review of reflective and green roof 

mitigation technologies to fight heat island and improve comfort in urban environments. 

Solar Energy, 103:682ï703. 

Shams S. and Motiar, M. (2017) Green Building. In Mondal P., and Dalai, A. K. (Eds.), 

Sustainable utilization of natural resources, CRC Press, Taylor and Francis, 539-566. 

Stovin, V., Vesuviano, G., and De-Ville, S. (2015) Defining green roof detention 

performance. Urban Water, 14(6):574-588. 

http://www.mdpi.com/search?authors=Heng%20Luo&orcid=
http://www.mdpi.com/search?authors=Ning%20Wang&orcid=
http://www.mdpi.com/search?authors=Jianping%20Chen&orcid=
http://www.mdpi.com/search?authors=Xiaoyan%20Ye&orcid=
http://www.mdpi.com/search?authors=Yun-Fei%20Sun&orcid=
http://www.sciencedirect.com/science/article/pii/S161886671400106X
http://www.sciencedirect.com/science/article/pii/S161886671400106X
http://www.sciencedirect.com/science/article/pii/S161886671400106X
http://www.sciencedirect.com/science/journal/16188667
http://www.sciencedirect.com/science/journal/16188667
http://www.sciencedirect.com/science/journal/16188667/14/1
http://www.sciencedirect.com/science/article/pii/S0360132311002228
http://www.sciencedirect.com/science/article/pii/S0360132311002228
http://www.sciencedirect.com/science/article/pii/S0360132311002228
http://www.sciencedirect.com/science/article/pii/S0360132311002228
http://www.sciencedirect.com/science/journal/03601323
http://www.sciencedirect.com/science/journal/03601323/47/supp/C
http://www.sciencedirect.com/science/journal/03601323/47/supp/C


MCRJ Special Issue Vol. 5 | No. 3 | 2018  123 

Susca, T., Gaffin, S. R., and DellôOsso, G. R. (2011) Positive effects of vegetation: Urban 

heat island and green roofs. Environmental Pollution, 159(8-9):2119ï2126. 

Taleghani, M., Tenpierik, M., and van den Dobbelsteen, A. (2014) Indoor thermal comfort 

in urban courtyard block dwellings in the Netherlands. Building and Environment, 

82:566ï579. 

Tam, V. W. Y., Zhang, X., Lee, W., and Shen, Y. Y. (2011) Applications of extensive 

green-roof systems in contributing to sustainable development in densely populated 

cities: a Hong Kong study. Construction Economics and Building, 11(1):15-25.  

Townshend, D. (2007) Study on green roof application in Hong Kong: Final Report, Urbis 

Limited, Architectural Services Department.  

Veisten, K., Smyrnova, Y., Klæboe, R., Hornikx, M., Mosslemi, M., and Kang, J. (2012) 

Valuation of green walls and green roofs as soundscape measures: including monetised 

amenity values together with noise-attenuation values in a cost-benefit analysis of a 

green wall affecting courtyards. International Journal of Environmental Research and 

Public Health, 9(11):3770ï3788.  

Wang, Y., Bakker, F., de Groot, R., and Wörtche, H. (2014) Effect of ecosystem services 

provided by urban green infrastructure on indoor environment: A literature review. 

Building and Environment, 77:88-100. 

Wilkinson, S., and Feitosa, R. C. (2015) Retrofitting housing with lightweight green roof 

technology in Sydney, Australia, and Rio De Janerio, Brazil. Sustainability, 7(1):1081-

1098. 

Yang, W., Wang, Z., Cui, J., Zhuand, Z.,  Zhao, X. (2015) Comparative study of the thermal 

performance of the novel green (planting) roofs against other existing roofs. Sustainable 

Cities and Society, 16:1ï12. 

Zhang, Q., Miao, L, Wang, X., Liu, D., Zhua, L., Zhou, B., Sun, J., and Liu, J. (2015) The 

capacity of greening roof to reduce stormwater runoff and pollution. Landscape and 

Urban Planning, 1 

  

http://www.sciencedirect.com/science/article/pii/S0360132314003217
http://www.sciencedirect.com/science/article/pii/S0360132314003217
http://www.sciencedirect.com/science/article/pii/S0360132314003217
http://www.sciencedirect.com/science/journal/03601323
http://www.sciencedirect.com/science/journal/03601323/82/supp/C
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mosslemi%20M%5Bauth%5D
http://www.sciencedirect.com/science/article/pii/S0169204615001887#aff0005


MCRJ Special Issue Vol. 5 | No. 3 | 2018  124 

COMPRESSIBILITY AND CONSOLIDATION 
BEHAVIORS OF DREDGED MARINE SOILS (DMS) 
ADMIXED WITH CEMENT AND/OR WASTE 
GRANULAR MATERIALS (WGM) 
 
Mohammad Zawawi Rosman and Chee-Ming Chan 
Department of Civil Engineering Technology, Faculty of Engineering Technology, Universiti Tun 
Hussein Onn Malaysia, 84600 UTHM, Pagoh, Johor, Malaysia 

 
Abstract 
Relatively low engineering properties of dredged marine soils (DMS) have rendered the soil 
as geo-waste which is most likely to be discarded back into the sea. Soil improvement by 
using cement could easily improve the engineering properties of the soil. However, with the 
increasing trends of green technology and sustainable engineering, many researchers seek 
for alternative pozzolanic materials such as coal bottom ash (BA) and palm oil clinker (POC) 
to fully or partially substitute the use of cement. Therefore, series of one-dimensional 
consolidation test were executed on samples with various percentages of admixtures in the 
present study. This study examines the compressibility and time-dependent consolidation 
behaviour of the samples. Based on the findings, cemented DMS shows higher void ratio 
than WGM-admixed DMS. The cement-WGM-admixed samples display considerable 
compressibility and time-dependent consolidation properties. Moreover, the addition of BA in 
cement-admixed DMS could reduce the usage of 5 % cement. These findings suggest that in 
general, WGM could be act as supplementary additives to cement. 
 
Keywords: Dredged Marine Soils, Coal Bottom Ash, Palm Oil Clinker, Consolidation, Oedometer 

 

INTRODUCTION 
 

In order to clear and maintain the shipôs navigation channel, dredged marine soils 

(DMS) are required to be excavated out along the waterway. Presently in Malaysia, DMS is 

known as geo-waste which is likely to be dumped rather than to be reused (Jong and Chan, 

2013). This type of soil is high in compressibility and low in load bearing capacity. If 

certain structure is exerted on top of this soil, it would incur the chances of extreme 

consolidation settlement. Soil improvement method such as soil solidification is able to 

enhance the engineering properties of this particular soft soil. The common hydraulic binder 

used in soil solidification is cement. Since 1970ôs, it was extensively used for construction 

and soil improvement works (Jaritngam and Swasdi, 2006). Due to the increasing growth in 

population and urbanization throughout the world, the demand for cement continues to 

grow. 

 

However, high production of cement has caused emission of greenhouse gasses (GHG), 

particularly carbon dioxide (CO2) that has affected the earthôs atmosphere. Furthermore, 

about 5-8 % of global man-made CO2 discharges were originated from the cement 

manufacturer which made it as a substantial contributor of CO2 emissions (Scrivener, 2014; 

Ramezanianpour, 2014; Huntzinger and Eatmon, 2009). Currently, there is an increasing 

interest in using alternate pozzolanic materials to fully or partially substitute the use of 

cement in soil improvement works. Pozzolanic materials have low cementitious properties 

by which react chemically in the presence of moisture. There are large volumes of 

combusted wastes or by-products that can also be termed as waste granular materials 
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(WGM) such as coal bottom ash (BA) and palm oil clinker (POC), which possess 

pozzolanic properties. 

 

BA is a byproduct of coal combustion which is used to generate steams and then 

converted it into electricity in the power generation plant. Whereas, POC is a biomass 

byproduct of incinerated palm fiber husk and shell which is also used to generate power in 

the palm oil mill. Both of these wastes or byproducts have low commercial values. 

Therefore, by acknowledging the pozzolanic nature of WGM, it is possible to beneficially 

reuse these materials in soil improvement work. 

 

This study set out to determine the compressibility and time-dependent consolidation 

behaviors of DMS treated with cement and/or WGM. In order to examine the individual 

effects of pozzolanic materials, the samples are prepared in various proportions. The 

coefficient of consolidation (cv) and time end of primary consolidation (t100) of the soil 

samples are also tested by using a standard oedometer. 

 

MATERIALS 
 

The materials used in this study were DMS and WGM. Ordinary Portland cement (C) 

was also used as a comparison between the conventional and alternate binders effect on 

DMS. DMS were retrieved from Kuala Muda waterways in Kedah district, Malaysia. The 

sample was taken from a depth of 8-10 m from the sea level by using a trailing suction 

hopper dredger. The raw samples were then secured in plastic bags and stored inside large 

air-tight containers to avoid any loss of moisture. 

 

The basic properties of the materials used are tabulated in Table 1. The natural water 

content (WC) for DMS is almost twice its liquid limit (LL). It clearly shows that the soil is 

soft and slurry. Based from the USCS (2011), DMS is classified as low plasticity silt (ML). 

On the other hand, WGM were categorized in the particles range of gravel-to-sand. Table 2 

displays the chemical properties of BA, POC and C. Both BA and POC were classified as 

Class F, whereas C was categorized as Class C. According to ASTM C618-15, cementitious 

and pozzolanic materials with SiO2+Al2O3+Fe2O3 Ó 50 % or CaO > 10 % is considered as 

Class C type which is not only pozzolanic but highly cementitious, whereas 

SiO2+Al2O3+Fe2O3 > 70 % is considered as Class F type which is pozzolanic but less 

cementitious. 

 
Table 1. Basic properties of the materials used in the study  

Properties DMS BA POC 

Natural water content, WC (%) 91.96 - - 

Liquid limit, LL (%)) 47.70 - - 

Plastic limit, PL (%) 31.50 - - 

Plasticity index, PI (%) 16.20 - - 

Specific gravity, SG 2.57 2.56 2.23 

Soil classification ML GP SP 
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Figure 1 display both of the granular materials, namely BA and POC. BA was collected 

from Tanjung Bin Power Plant in Pontian, Johor. It has a porous, glassy and dark 

appearances. As for POC, it was collected from Keck Seng (M) Sdn. Bhd. in Masai, Johor. 

 

The obtained POC was in the form of large chunks with rough and porous surfaces. 

Both of these materials were crushed and sieved passing 2 mm to keep it uniform and 

homogenize. Then, the materials were oven-dried at 105 c for 24 hours to ensure no 

moisture intact prior to mixing. Figure 2 shows the particle size distribution of the materials 

used. 

 
Table 2. Chemical properties of BA, POC and C 

Oxides (%) BA POC C 

Silicon dioxide (SiO2) 48.70 80.80 24.50 

Aluminium oxide (Al2O3) 26.50 4.50 9.42 

Calcium oxide (CaO) 8.80 2.30 54.20 

Iron oxide (Fe2O3) 8.50 5.20 5.20 

Titanium oxide (TiO2) 1.95 0.17 0.69 

Magnesium oxide (MgO) 1.85 1.34 1.40 

Potassium oxide (K2O) 1.10 3.66 0.98 

Others 2.05 0.90 2.30 

Classes F F C 

 

 
Figure 1. Coal bottom ash (left) and palm oil clinker (right) 

 

METHODS 
 

Eleven series of samples were made including the untreated and treated samples. 

Proportion of materials in mixtures are tabulated in Table 3. The soil samples were treated 

with 10 and 20 % of cement by dry weight of soil. Many studies have proven that cement 

content at minimum of 10 % had improved the engineering properties of DMS (Pakbaz and 

Alipour, 2012; Bushra and Robinson, 2010). Moreover, previous studies have reported that 

50-100 % of WGM have resulted with significant gain of strength and stiffness which was 

influenced by inter-particle bonding and pozzolanic reaction of these granular materials 

(Ibrahim and Razak, 2016). Hence, 50 and 150 % of WGM by dry weight of soil were used. 

Homogeneous mixtures of both WGM and C were also prepared to examine the 
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compressibility and consolidation effects of samples with low cement and high granular 

dosages and vice versa. 

 

 
Figure 2. Particle size distribution 

 

By using a conventional kitchen mixer, the materials were mixed thoroughly and then 

compacted inside the standard oedometer rings. According to Chan and Yusof (2015), the 

significant shear strength of treated DMS can be observed in the early curing period of 7 

days. Hence, the soil samples were left to cured in room temperature for 7 days prior to 

testing. The oedometer test and procedures were accordance to the standard (BS1377:5, 

1990). All of the samples were subjected to the fixed sequential loads of 12.5, 25, 50, 100, 

200, 400 and 800 kPa. 

 
Table 3. Sample mix proportions 

Samples 

Material 
proportions (%) 

Natural 
water 

content 
(%) 

Dry soil 
(g) Water (g) Binder (g) 

Water-
binder 

ratio (w/b) BA POC C 

Untreated - - - 

91.96 130.24 119.76 

- - 

10C - - 10 13.02 9.20 

20C - - 20 26.05 4.60 

50BA 50 - - 
65.12 1.84 

50POC - 50 - 

150BA 150 - - 
195.36 0.61 

150POC - 150 - 

10C100BA 100 - 10 
143.26 0.84 

10C100POC - 100 10 

15C50BA 50 - 15 
84.66 1.41 

15C50POC - 50 15 
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RESULTS ANALYSIS & DISCUSSIONS 
 

Noted that these samples are reconstituted samples, thus the soil is yet to receive any 

effective stress. Figure 3 displays the compression curves of the test samples in terms of 

void ratio (e) against logarithm of effective vertical stress (ůôv). Cement- and WGM-treated 

DMS shows apparent behavior of over-consolidation effect at pre-yield stage as compared 

to the untreated DMS. This finding, while primarily, suggests that cement and WGM have 

provide a chemical reaction to the soil and improve its engineering properties. Figure 4 

shows the settlement plot of untreated and 20C samples at its pre- and post- yield stresses 

Based on Table 4, the yield stress for untreated- and 20 % cemented-DMS are 23.5 and 220 

kPa. Cement- admixed DMS has higher yield stress and settlement reduction than untreated 

DMS. In term of compressibility, cement- admixed DMS samples have higher void ratio 

than untreated soil. It is highly due to the additional structure effect that is produced by 

cement bonding with clay (Horpibulsuk et al., 2003; Jongpradist et al., 2011). As for WGM-

admixed DMS, results show lower void ratio than untreated DMS. Do and Tran (2011) 

reported that as the WGM content increased, the initial void ratio reduced. In spite of that, 

as more stress applied on 150BA and 150POC samples, the void ratios remained higher than 

50BA and 50POC samples. It is probably due to the formation of soil skeleton of granular 

materials which is induced by WGMôs frictional resistance (Kanadasan et al., 2014; Gullu, 

2014). This can be proven with the cement-WGM-admixed samples, where 10C100BA and 

10C100POC have lower void ratio due to high WGM content as compared to 15C50BA and 

15C50POC that have higher void ratio due to high cement content. 

 

 
Figure 3. Compression curves; void ratio (e) versus log effective vertical stress (log ůôv) 
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The inclusion of 10 and 20 % of cement in DMS have significantly reduced the soilôs 

compressibility compared to the untreated DMS. Soft clay with high water content is 

comprised of so many clay clusters that surrounded by clayôs inter-void spaces 

(Horpibulsuk et al., 2003; Zhang et al., 2013; Yamadera, 1999; Nagaraj et al., 1995). With 

the addition of cement in clay, it helps to bind the clay at inter-void spaces. Low amount of 

cement is insufficient to gather the clay clusters at large inter-void spaces. Hence, the soil 

will develop a slight increase in strength. However, if the cement content is over a 

threshold, it will bind all of the clay clusters and gradually strengthen the soil. Clearly, 

higher cement content in DMS will reduce more of the soilôs settlement. With the addition 

of WGM in cemented DMS, it helps to provide effective settlement reduction which is 

equivalent to those of samples 15C and 20C. For instance, the compressibility of sample 

15C50BA is as good as sample 20C. Therefore, it can be concluded that by adding 50 % of 

BA in 15 % of cemented DMS could reduce the usage of 5 % cement in 20 % cemented 

DMS. 

 

Table 4 summarizes the consolidation test results which include compression index (cc), 

effective yield stress (ůôy), coefficient of consolidation (cv) and time for end of primary 

consolidation (t100). The ůôy was determined by using Casagandreôs method and the cc value 

was obtained at the slope of the virgin compression curve. The unit for cv is in term of 

practical unit accordance to (Head, 1982). The compression curves can be divided into two 

parts; namely pre-yield and post-yield. Pre-yield is a state when the effective vertical stress 

is less than the effective yield stress (ůôv< ůôy), at which the cc value is low. Whereas, post-

yield is a state when the effective vertical stress is more than the effective yield stress 

(ůôv>ůôy), whereby the cc value is high (Zeng et al., 2016). In the case of chemically treated 

soil, flocculation and aggregation activities will increase during cation exchange process 

which then improved the ůôy and reduced the cc of the soil samples (Nalbantoglu and 

Tuncer, 2001). However, the cc values differ accordance to the type of admixture used in the 

natural soil, at which will be explained in the following test results. 

 

Figure 5 displayed a relationship plots between ůôy and cc. It is clear to see that the 

treated soils have lower cc values than untreated soil. Cemented soil shows lower cc and 

high ůôy values than the natural DMS. According to Ho et al. (2010), the cementation effect 

can be observed through ůôy values where the increment of ůôy is due to the cementation 

bond of clay particles. As for WGM-admixed DMS, the samples turned into granular 

materials which give the soils the adequate cc than from the pozzolanic reaction that has less 

influence on the soil samples. In addition, the irregular shape and rough surfaces of WGM 

provide better interlock arrangement to the soil skeleton thus affect its shear resistance and 

compressibility (Kim and Do, 2012). The homogenous samples in Figure 4 display 

considerable cc and ůôy due to the addition of both cement and WGM. This implies that high 

cementitious materials produced high ůôy and more granular materials affected the cc. 

 

 

 

 

 

 

 

 



MCRJ Special Issue Vol. 5 | No. 3 | 2018  130 

 

Figure 4. Settlement plot of untreated and 20C samples at its pre- and post- yield stresses 

 
Table 4. Summary of consolidation test results 

Samples 

Compression 
index, cc 

Effective yield 
stress, ůôy 

(kPa) 

Coefficient of 
consolidation, cv 

at 800 kpa (m2/year) 

Time for end of primary 
consolidation, 

t100 at 800 kPa (min) 

Untreated 0.006 23.5 0.15 43 

10C 0.001 68 2.17 13 

20C 0.0004 220 3.99 9 

50BA 0.001 32 0.32 96 

50POC 0.001 36 0.47 78 

150BA 0.0001 42 2.12 75 

150POC 0.0001 58 1.31 60 

10C100BA 0.0005 90 2.75 17 

10C100POC 0.0004 65 2.68 22 

15C50BA 0.0006 140 2.52 18 

15C50POC 0.0007 120 1.16 35 
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Figure 5. Effective yield stresses (ůôy) versus compression index (cc) 

 

Also in Table 4, the time-dependent consolidation characteristics such as coefficient of 

consolidation (cv) and time for end of primary consolidation (t100) were listed. Loading stage 

of 800 kPa at large strain was selected to indicate the increase in cv and t100. Note that t100 is 

the time required for soil to fully removed the excess pore water and cv is a parameter used 

to determine the strain rate of soil that is applied with various effective stress. Based on 

Terzaghiôs effective stress theory, primary consolidation relates to the time-dependent 

compression test which correspond together with the dissipation of pore pressure (Zeng and 

Hong, 2015). However, many researchers have determined the primary consolidation 

through settlement-time plot, which is the renowned method in engineering practice 

(Robinson and Allam, 1998; Olson, 1986). Even so, a further work with more focus on 

determine t100 by using pore pressure transducer can be suggested. Therefore, in this study, 

both cv and t100 were derived from the compression curves by Casagandre method (log-

time). 

 

A correlation plot of cv against t100 was shown in Figure 6. There is an obvious boundary 

in t100 results between granular and cement-induced materials. Theoretically, WGM would 

be able to consolidate water faster due to the lots of opening or void in it. However, based 

on the result, WGM-admixed samples took longer time to reach primary consolidation. This 

is due to the low void ratio of WGM that can be witnessed in e- log ůôv plot. Interestingly, 

the cement-admixed DMS shows faster time to fully consolidate the pore water. This is 

likely due to the significant decrease of liquid limit and small increase of plastic limit 

caused by the reduction of surface activity of clay minerals by cement chemical reaction 

(Bhuria and Sachan, 1986). Cementation effect of cement also showed significant 

improvement in t100 for the homogeneous samples regardless of the WGM content. It can be 

concluded that cement influenced the t100 more effectively than WGM. 
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Figure 6. Time end of primary consolidation (t100) versus coefficient of consolidation (Cv) 

 

It is observed that the cv values increased accordance to the type of admixtures. WGM-

admixed DMS shows that the cv is generally increases with the addition of WGM. Priya and 

Rangaswamy (2015) also reported that the cv value increase with the granular materials 

which may be due to its particle size that makes the soil more permeable than the untreated 

soil. On contrary, cement-admixed DMS have significantly improved cv compared to 

WGM-admixed and untreated samples. As the cement content increased, a significant 

increase of cv was observed. Similar behavior was reported by Bhuria and Sachan (1986). 

As for the homogenous samples, both mixtures of cement and WGM in DMS produced an 

improved cv as equivalent to the effect of cemented DMS. Hence, it can be seen that by 

adding WGM in cemented soil could act as supplementary additives to cement. 

 

CONCLUSIONS 
 

Series of oedometer tests were performed on DMS admixed with cement and/or WGM 

at different mix proportions. This study demonstrates the influence of cement and/or WGM 

on the compressibility and time-dependent consolidation behavior of DMS. Key 

observations from this study are summarized as follows; 

 

Å WGM are classified as pozzolanic materials that is less cementitious as compared to 

cement. 

Å Cement-admixed DMS displayed higher void ratio than WGM-admixed DMS 

which is due to the structuration of cement bonding. 

Å The addition of 50 % BA in 15 % cemented DMS could reduce the usage of 5 % 

cement in 20 % cemented DMS. By adding WGM in cemented soil, it could act as 

supplementary additives to cement. 

Å DMS sample with high cementitious materials have produced high ůyô values which 

are affected by the cementation bond of clay particles. 

Å DMS sample with more granular materials have affected the cc values which are 

influenced by better interlock arrangement of the soil skeleton. 

Å Homogenous samples of both cement and WGM display considerable cc- ůyô and 

also t100-cv relationships. 
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Abstract 
Haze incidents have become more severe these days due to rapid urban and industrial 
development especially considering the harsh Southeast Asia haze events. Wind flow is 
known to influence the health and comfort of pedestrians and occupants of buildings through 
the dispersion of air particles including pollutants, thus potentially a useful medium in 
suppressing haze occurrences. This research targets to demonstrate the influence of high-
rise building configuration including shape and spacing, to reduce transboundary haze. 
Normalized velocity distribution of building planar shapes of squares, triangles and circles are 
simulated in Solidworks Flow Simulation, compared, and the best shape to reduce haze is 
further studied for the influence of doubled and tripled spacing. The effectiveness of the wind 
speed in haze reduction is evaluated through a minimum normalized wind speed as outlined 
in the Air Ventilation Assessment (AVA) system where lower wind speed is believed to 
potentially trap haze particles. With the CFD settings optimized and simulated, the circle 
building shape is observed to be most effective by yielding the smallest region of low-speed 
wind, 16.5% to 27.7% smaller than square and triangle buildings. Spacing insignificantly 
affects the wind speed regions with changes only up to 6.1%. However, larger spacing allows 
a larger wind passage through the layout but also carries the drawback of larger stagnant 
area leeward of each building. 
 
Keywords: Haze, High-rise Buildings, Wind, Simulation 

 

INTRODUCTION 
 

Haze is defined as a weather phenomenon that causes atmospheric visibility to reduce to 

less than 10 km due to the amount of suspended solid or liquid particles. The main factors 

involve both air pollution level as well as meteorological condition such as atmospheric 

humidity, wind speed and temperature by inducing particle scattering, dispersion and 

secondary aerosols respectively (Zhu et al., 2011). In this modern era where urbanization 

and industrialization has become rapid, haze incidents are becoming more frequent and 

severe due to uncontrolled pollutant levels and neglected measures leading to health 

problems such as irritation and lung diseases which could eventually lead to severe 

cardiovascular diseases from long term exposure. 

 

Southeast Asia has recently suffered critical haze conditions almost yearly since 2010 

and cases were recorded to start as early as 1991. Malaysia had recorded their air pollutant 

index (API) reaching up to 850 during the haze in 1997 which is very critical as values of 

300 are already considered hazardous (Cotton, 1999). These cases are believed to be the 

outcome of massive land and forest fires in Sumatra and Kalimantan, Indonesia in addition 

to the southwest monsoon and severe hot and dry climates during the period. To mitigate the 

haze incidents, preventive measures were deployed through the cooperation of ASEAN 

countries by adopting measures to distinguish the fires, prohibit burning during dry periods, 

share fire prevention and containment information, and put forward satellite data on actual 

open fires (Cotton, 1999). A much more solid measure in counteracting these haze events by 

manipulating wind conditions would be of significant benefit. 
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Many studies were done to investigate wind distribution of present urban settings and 

the effect of different building configurations through both physical experiments and virtual 

simulations. Certain studies focused on modelling and examining the wind flow through a 

part of existing cities and buildings while figuring out solutions for better wind flow 

(Akhatova et al., 2015; Bharat and Ahmed, 2012; Rajagopalan et al., 2014; Sandberg et al., 

2015; Yang et al., 2013; Zhang et al., 2005). Other studies were done to investigate the 

influence of more specific parameters of urban settings such as building arrangement 

(Blocken et al., 2008; Dai et al., 2017; Gnatowska, 2015; Hong and Lin, 2015; Iqbal and 

Chan, 2016; Ġarkiĺ et al., 2018; Wang et al., 2015; Zaki et al., 2011; Zu and Lam, 2018), 

street canyon height and separation (Cheng and Meroney, 2001; Cheng and Meroney, 2003; 

Gu et al., 2011; Xie et al., 2007), roof type (Ozmen et al., 2016; Toja-Silva et al., 2016; 

Tominaga et al., 2015) as well as individual building sizes and geometry (Hemida and 

Ġarkiĺ, 2014; Mavroidis et al., 2015; Sevaliar et al., 2012; Tominaga and Stathopoulus, 

2017; Xie, 2014). 

 

The reason for these dedications is mainly due to its significance in solving 

environmental problems related to health, comfort, safety and energy. Wind acts as a 

transport medium through air and thus provides general insight on the dispersion of 

pollutants. Iqbal and Chan (2016) claimed that airborne infections such as the severe acute 

respiratory syndrome (SARS) also transmit in the same way, making wind flow a significant 

factor in maintaining occupant health. Many studies were also aimed on providing comfort 

to pedestrians as well as building occupants by providing reasonable wind speeds at 

pedestrian level and thermal comfort through sufficient ventilation. Tsang et al. (2009) 

stated that winds too slow would lead to poor ventilation while fast winds would cause 

discomfort. 

 

A system known as the Air Ventilation Assessment (AVA) system was implemented in 

Hong Kong in order to allow smooth flow of wind through the tropical summer of the city 

in addition to inhibiting pollutant concentration (Ng, 2009). The system considers the 

balance of factors such as air temperature, humidity, clothing solar radiation and wind speed 

which includes utilizing the normalized wind speed (NWS) defined as the ratio of the 

pedestrian level wind velocity, V to the upper boundary velocity, Vo unaffected by ground 

features such as buildings. This value indicates the degree of impact of buildings on wind 

availability. Through this method, Iqbal and Chan (2016) figured the acceptable NWS to be 

from 0.1 to 0.3, thus distribution of wind speed exceeding these values is expected to allow 

greater porosity and thus lower level of haze severity. 

 

Entrapment of haze particles are expected to be most severe around high-rise buildings 

due to the higher entrapment height especially in cities where pollutant emission is also 

critical. High-rise buildings also tend to be designed in a wide range of shapes, both regular 

and irregular, such as the Darussalam Tower, Carigali Tower and Vortex KLCC Apartment, 

all varying in shape and in Kuala Lumpurôs city centre. These taller buildings can serve both 

business and residential purposes, while providing more flexibility in their planar design in 

comparison with low residential buildings. Therefore, studying and manipulating the wind 

flow around these buildings would be necessary in reducing haze. 
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As computer aided simulations provide much flexibility and cost-effectiveness through 

complex numerical model and fixed expenditure only on software, they have been widely 

used to predict and investigate wind velocity around buildings. Solidworks Flow Simulation 

is one of these tools, having advantages in terms of convenience to average users while 

including subject and mesh production in the same program. 

 

The main objective of the present study is to investigate and demonstrate the wind 

distribution effect of high-rise building configuration to mitigate haze occurrences using 

Solidworks Flow Simulation. The parameters taken into consideration are building shape 

and spacing. As none practice guidelines were specifically figured for urban wind 

application in Solidworks Flow Simulation, the best practice settings are determined and 

validated prior to the urban wind research. 

 

METHODOLOGY 
 

Simulation Validation  
 

To determine the accuracy performance of the results, the simulations are designed 

based on experimental data of an urban wind study by Iqbal and Chan (2016) due to the 

adequate detail it provides on the buildingsô dimensions and arrangement as well as inputs 

and results, thus offering a thorough and reliable wind study for comparison. A computer 

aided design (CAD) model of the building arrangement for Configuration 1, as shown in 

Figure 1, is created along with a base wider and longer than the computational domain 

acting as the ground, and further integrated into the simulation with wind incidence angle at 

0 degrees. 

 

 
Figure 1. Building layout from Configuration 1 (Iqbal and Chan, 2016) 

 

The height of the model is 0.4 m while the side dimensions: S1, S2, and S3 are 0.048 m, 

0.052 m, and 0.057 m respectively. For the building separations, Case 1 is used 

corresponding to a separation, W of 0.054 m. Velocity point goals are specified at the main 

data of interest, which are corner centers C1 to C16 as depicted in Figure 1 at 0.007 m 
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above ground. The point goals act as the convergence criteria as well as data recording to 

further evaluate corresponding normalized velocities (V/Vo) with reference to 10 m/s 

velocity at 1.8 m height for comparison with Iqbal and Chan (2016). In order to determine 

the optimum settings, investigation on each parameter setting is done independently until 

either either convergence of results is observed or normalized velocities are closest to the 

original study. The optimum control parameters concluded are listed in Table 1. 

 
Table 1. List of applied settings 

Parameter Setting 

Computational domain size Front : 15H 
Back : 85H 
Sides : 10H 
Height : 10H 

Input velocity 
ὠ ρπ

ώ

ρȢψ

Ȣ

 

Input turbulence intensity 10% 

Ground and wall condition Smooth adiabatic real wall 

Mesh refinement Initial global mesh : level 8 
Initial ground mesh : level 8 
Refinement : level 4 

 

A logarithmic input velocity profile is introduced to resemble the actual atmospheric 

velocity profile with the particular power law exponent (n) of 0.15 based on Iqbal and 

Chanôs (2016) terrain assumption. Note that further, óHô refers to the tallest height of the 

buildings used to determine the computational domain size as represented in Figure 2 and is 

a common basis in studying wind around buildings. These settings are validated by 

comparing wind velocity results with those of Iqbal and Chan (2016). 

 

 
Figure 2. Optimum computational domain 

 

Effect of Building Parameters  
 

With the validated settings, the wind distribution of three types of building planar 

shapes are developed to observe the influence on resulting wind velocity distribution. In 

order to control the comparison between the setups, the planar area is kept constant for all 

shapes while the goals as convergence criteria are set between each two buildings. These 

include shapes of square, triangle and circle as shown in Figure 3, where the 11 points 

labelled A to K represent the points of interest. 
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(a) Square (b) Triangle (c) Circle 

Figure 3. Building shapes and arrangements 

 

These shapes are similar to the planar shapes of high-rise buildings in the Kuala Lumpur 

business district. Specifically, some buildings in the area that resemble these planar square, 

triangle and circle shapes are the Darussalam Tower, Carigali Tower and the Vortex KLCC 

Apartment, respectively displayed in Figure 4. These shapes studied would give a general 

representation of the wind effect of such aforementioned high-rise buildings and hence their 

significance in reducing trapped pollutants. 

 

   
(a) Darussalam Tower (b) Carigali Tower (c) Vortex KLCC Apartment 

Figure 4. Examples of planar square, triangle and circle planar high-rise buildings 

 

The shape that is foreseen to be effective in flowing wind for haze mitigation is then 

chosen for further study of increased building spacing. Originally at 0.102 m and 0.084 m 

minimum horizontal and vertical spacing respectively, double and triple of those spacing are 

investigated with the best building shape. 

 

In the resulting contour, normalized velocity of more than 0.1 is required to provide 

comfort but values more than 0.3 is deemed more significant to reduce haze. On the other 

hand, areas with normalized velocity less than 0.1 is to be avoided as slow wind would 

potentially trap pollutants. These are the basis of evaluating the effectiveness of the building 

configuration in reducing haze occurrences. 
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RESULTS AND DISCUSSION 
 

Simulation Validation  
 

 
Figure 5. Normalized wind velocity at corners for the integrated optimum settings 

 

From Figure 5, it can be observed that the wind velocities produced in the integrated 

simulation exhibit a similar trend from the results of Iqbal and Chan (2016) where accurate 

results were achieved at corners C1 and C6. The present wind velocity trends and closeness 

are roughly precise but unfortunately, significant errors are most evident at corners C4, C12 

and C15. 

 

This may be due to several inadequacies of Solidworks Flow Simulation such as 

inefficient resource optimization and inadequate CPU processing power in addition to the 

complexity of the case studied. This drawback could be tackled by manually applying 

localised mesh at the specific spots. Overlooking those errors, comparative deduction of 

wind distribution is still realistic. 

 

Effect of Building Parameters  
 

The wind distribution produced through manipulation of building shape and spacing are 

evaluated according to three regions of wind condition listed in Table 2. 

 
Table 2. Wind regions. 

Normalized wind velocity Wind condition 

Smaller than 0.1 
Low wind and highest potential of 
pollutant entrapment. 

0.1 to 0.3 
Moderate wind and comfortable to 
pedestrians. 

Greater than 0.3 
High wind and potentially disperses 
pollutants. 
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Building Shape 
 

    
(a) Square (b) Triangle (c) Circle  

Figure 6. Normalized velocity contour of different building shape 

 

Figure 6 portrays how varying building planar shapes affect the wind distribution and 

their susceptibility to haze. The triangle and square building planar shapes allow wind to 

smoothly flow between the buildings in the direction of wind, connecting areas A to D, and 

areas H to E, which might act as an efficient transport corridor for haze particles. However, 

the area most upstream prior to the group of buildings, labelled L clearly shows large 

stagnation for the square and triangle shaped buildings while being almost negligible for the 

circle shaped buildings. The areas between vertical buildings, labelled B, C, F and G are 

also more stagnant especially further outward compared to the circle buildings. Normalized 

velocity at these points for the square and triangle shaped buildings suffer up to 62.5% 

slower wind than the circle shaped buildings. The overall wind distribution also indicate that 

the circle shaped building group have only 9.7% area of low wind region, which is the 

smallest compared to the square and triangle buildings, at 11.7% and 13.5% respectively. 

These low wind regions especially between buildings are to be minimized in order to reduce 

pollutant entrapment which could accumulate into haze, and thus the circle shaped buildings 

like the Vortex KLCC Apartment building show reasonable justification to be most 

effective against haze formation. However, in reality, building shapes also depend on other 

factors including space availability and specific purposes which also requires proper 

consideration in their design. 
 

Building Spacing 
 

Figure 7 justifies that doubling and tripling the spacing of the building arrangement also 

significantly influences the wind distribution. Larger high wind region corridors connecting 

area A to D and area H to E are formed in the flow direction which would help disseminate 

any haze particles coming through the area. Although the configuration with the smallest 

spacing creates the largest overall high wind area at 70.7% and the least overall low wind 

area at 9.7%, the wind region areas marginally differ with the other largely spaced 

configurations, only up to 6.1% difference. The smallest spacing configuration has the 

disadvantage of a large entrapment area at the most downstream area after the building 

group, labelled M while the larger spacing distances contain drawback through the larger 

entrapment areas in the wake region of each building, areas B, C, G and F instead. 

Generally, it would be ambiguous to conclude the best haze reduction configuration but in 

the case of haze caused by transboundary pollution, the larger spacing potentially allows 

more immigrant pollutants to pass through the larger passage. However, modifications are 

still needed to overcome the stagnant wind area behind each building. 




































































